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Abstract

The built environment is a major contributor to global greenhouse gas emissions and ur-
gently requires decarbonization. Despite the decline in operational carbon emissions,
which continue to fall as energy-efficient buildings rise, embodied carbon (EC) emissions
from material extraction, production, and construction have become increasingly promi-
nent, accounting for an increasing share of total building emissions. Establishing a bench-
mark value for buildings is essential for assessing, comparing, and mitigating emissions
in new construction because it helps set goals, evaluate performance and resource effi-
ciency, promote sustainable building practices, and lay the groundwork for decarbonizing
the urban built environment. Globally, building carbon benchmarks are developed using
life cycle assessment and statistical methods, whereas whole-life carbon assessment
frameworks are increasingly adopted with regulatory integration. However, broader ap-
plicability remains constrained by methodological inconsistencies. This research reviews
existing benchmarking studies and identifies discrepancies via semi-systematic and criti-
cal analyses. The results reveal that 81% of benchmark studies apply bottom-up ap-
proaches, and nearly 88% focus on residential buildings. The range of benchmark values
for residential buildings using the bottom-up approach varies from 1.3 to 63.9 kg
COze/m?/year, whereas the top-down approach ranges from 1.2 to 27 kg COze/m?/year.
The overall range is 1.2 to 92.5 kg COze/m?/year, reflecting substantial variation due to
variable scopes, typologies, modeling approaches, and data sources. This research high-
lights the urgent need for standardized benchmarking methods to ensure comparability
across studies, enable effective policy implementation, and support decarbonization. Ad-
ditionally, this study proposes a framework for establishing EC benchmarks and strate-
gies that promote low-carbon, resource-efficient urban development.

Keywords: life-cycle assessment (LCA); embodied carbon; building; benchmark;
sustainable construction; method review

1. Introduction and Background

Currently, climate change is widely recognized as one of the most significant threats
to the planet. Since the 1800s, anthropogenic activities have been responsible for
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increasing greenhouse gas (GHG) emissions, thereby intensifying global temperature
[1,2]. In 2022, the construction and building sectors were responsible for nearly 37% of
global CO: emissions, accounting for 34% of energy demand [1,3,4]. The built environ-
ment contributes to over one-third of global energy-related carbon emissions [5,6]. An
IPCC ARG report (2023) [7] indicates that buildings are a critical domain of action because
they have a significant potential to reduce GHG emissions [8]. At the same time, the built
environment is increasingly impacted by the effects of climate change [9-11].

The global status report for building and construction [1] projects that consumption
of building materials will nearly double by 2060, leading to a steep increase in emissions.
A substantial potential for reducing GHG emissions exists by implementing material effi-
ciency strategies, such as intensive use, lifetime extension, reuse, recycling, and related
approaches [12]. For example, using recycled materials could reduce the GHGs of resi-
dential buildings up to 80% within G7 countries [1]. Pathways to achieve this net-zero
goal require a comparison ‘reference’ or benchmark value (used interchangeably) to im-
prove efficiency. Related terminology in the literature includes limit values, targets, or
baselines. This need for a reference framework underscores the importance of developing
benchmarks to enable comparisons and to assess and improve the global warming poten-
tial (GWP) performance of buildings [13].

1.1. Building Emissions

In a building project, GHG emissions occur throughout the entire life cycle, primarily
during the product and construction stages (A), use stage (B), and end-of-life stage (C).
The total emissions generated across these stages constitute the whole-life carbon (WLC)
of the building, which is quantified using a whole-building life-cycle assessment
(WBLCA), as schematically illustrated in Figure 1 [1,5,14].

Operational carbon (OC) emissions are defined as GHG emissions generated from the
day-to-day energy use of buildings, primarily heating, electricity, cooling, and other en-
ergy needs over the building’s lifetime. Many studies have focused on improving and
optimizing the energy efficiency of buildings to reduce the operational energy demand in
pursuit of sustainable buildings [15].

Embodied carbon (EC) emissions are generated from construction and material pro-
cesses throughout the entire life cycle of buildings and include emissions from raw mate-
rial extraction, transport, manufacture, construction, maintenance, and disposal of build-
ing materials [16,17]. The importance of EC emissions is reflected by the fact that, of the
total emissions from the built environment, 10% are EC [14]. Emissions can be divided
further into “upfront,” “in-use,” and “end-of-life” EC emissions. The upfront EC emis-
sions (A1-Ab5) are associated with material production and construction phases occurring
prior to building occupancy (Figure 2). Compared with other types, upfront emissions are
particularly significant, as they are released into the environment before the building be-
comes operational [18]. The in-use EC emissions (B1-B5) relate to emissions from the ma-
terials and processes required for building maintenance. End-of-life EC emissions (C1-
C4) refer to those produced from the demolition, transportation of building scrap, waste
processing, and disposal [5,16,19,20].
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Figure 1. Emissions produced due to a building project over its lifetime.

Figure 2 was adapted from the EN 15978:2011 [21] framework and depicts the life-
cycle phases of a building, identifying the WLC, EC, and OC emissions. In Figure 2, Mod-
ule D reports benefits and burdens beyond the system boundary (after the end-of-waste
state), including the net impacts from material recycling, reuse, energy recovery (e.g., sec-
ondary fuels), and avoided energy production from waste incineration [22].
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Figure 2. Life-cycle carbon assessment of a building from EN 15978:2011 [21].

1.2. Importance of Setting the Emission Benchmark

A critical step in enabling the transition toward a sustainable built environment is
the definition of appropriate environmental reference values. In addition, ISO 21678:2020
[23] identifies several key roles of benchmarks in the building sector, emphasizing their
use in setting design-stage targets, guiding public procurement, supporting architectural
competitions, and informing decision making throughout the building life cycle. Simi-
larly, the Product Environmental Footprint (PEF) framework defines a benchmark as a
reference point or standard used for comparison, whether in terms of energy consump-
tion, material usage, or associated environmental impacts. Taken together, ISO 21678 and
the PEF framework underscore the pivotal role of benchmarks in transitioning to a sus-
tainable built environment [24,25].

Accordingly, the primary application of benchmarks is to serve as a transparent and
consistent reference for assessing and evaluating the energy and environmental
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performance of buildings. This reference relies on the collection and availability of accu-
rate, verifiable data, as availability can restrain the accuracy of results [13]. This bench-
mark is typically expressed via statistical indicators (e.g., median, mean, mode, or percen-
tile values) in accordance with the International Energy Agency (IEA) Annex 72 project
[26]. This benchmark represents typical building carbon emissions, calculated by combin-
ing data from multiple buildings and summarizing data with statistical measures, as de-
picted in Figure 3 [6,27,28].

Statistical indicator
as benchmark*

111 S N N . N N TS

Carbon emissions across buildings
(kg COzeq/m?)

Number of buildings —’

*Statistical indicator can be mean, median, mode or percentile value.

Figure 3. Benchmark values established by aggregating carbon emissions from multiple buildings
and applying a statistical indicator.

Most scientific communities have historically focused on optimizing operational en-
ergy use in buildings to reduce emissions associated with energy use or OC emissions.
However, EC emissions have increasingly gained attention due to their critical contribu-
tion to overall building emissions, a trend that has become more evident in recent years
[5,8,15]. In the framework of the European Directive on the Energy Performance of Build-
ings (EPB), well-established benchmarks for energy use in buildings have been proposed
in the building sectors of EU member states [29]. Building energy benchmarking involves
comparing the energy use in buildings with that of a best-practice or reference building
[25,30,31], and its implementation has demonstrably contributed to reductions in opera-
tional energy use and emissions [13]. Efforts to create this benchmarking are provided by
rating systems, including LEED [32], BREEAM [33], Green Star in Australia, the American
Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) [34] stand-
ard, MOSTADAM [35] (green building rating system developed in Saudi Arabia), and
others, which enable the comparison and evaluation of a building’s overall performance
based on credit-based assessment frameworks [13,36,37]. Furthermore, substantial efforts
have been made to incorporate EC emissions into these rating systems [38].

The use of life-cycle assessment (LCA) and building rating systems can enable a more
comprehensive evaluation of environmental impacts [39]. In contrast, the establishment
of LCA-based benchmarks remains at an early stage of development [40]. The EC emis-
sions must be assessed because they are expected to be predominant in an energy-efficient
building, as well as due to the reason of decarbonization in the electricity grid and efficient
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energy operations. The World Green Building Council [20] has projected that EC emis-
sions will account for approximately 50% of the total carbon emissions associated with
upcoming new construction until 2050. Thus, the need for a proper calculation of and re-
duction in EC emissions is of critical importance. Recent studies have focused on estimat-
ing EC emissions and establishing benchmarks to support the development of roadmaps
to reduce the WLC of buildings [28,41]. Many studies from Finland, Sweden, Denmark,
North America, Spain, and the EU have initiated carbon baselining efforts for buildings
using the LCA method [28,42].

1.3. Objectives and Scope

This study aims to analyze carbon benchmarks established for buildings, covering
EC and OC emissions. The existing literature presents a range of global benchmarks for
the building sector, such as the IEA Annex 72 project [26,43], as well as analyzing 17 case
studies from the IEA Annex 72 project [44]. These focus on the development and applica-
tion of global reference values and methodological guidance for carbon assessment across
multiple building typologies. A previous review by Trigaux et al. [25] compiled studies
on carbon benchmarks by compiling 23 benchmarks. While valuable, their review pre-
dates a substantial body of recent literature and does not capture the rapid expansion of
benchmarking efforts following the introduction of national WLC regulations and disclo-
sure requirements in Europe and elsewhere. Additionally, Tigani et al. [45] focused on
reducing EC emissions across buildings and explored the potential of carbon benchmark-
ing to reduce EC emissions; however, their focus was primarily on mitigation potential
and design strategies, with limited critical assessment of how benchmarks are actually
constructed, including differences in system boundaries, life-cycle coverage, metrics, and
underlying data sources.

Against this background, the objective of this study is to provide an updated and
systematic evaluation of carbon benchmarks developed for buildings, focusing specifi-
cally on climate change impacts. This work analyzes more than 42 benchmark studies,
substantially expanding the evidence base compared with earlier reviews. This study crit-
ically examines differences in benchmark definitions, system boundaries, life-cycle stages,
functional units, and data availability across building typologies and regions. This work
clarifies the current challenges and gaps and proposes future directions for enhancing
benchmarking. Moreover, this study analyzes only those articles that focus on carbon
benchmarks (climate change impact), without addressing other environmental categories
such as acidification, eutrophication, etc. This research does not critically analyze the in-
clusion of building elements (e.g., primary or secondary structural finishes, floors, walls,
doors, frames, etc.) or superstructure and substructure components because it aims to pro-
vide a high-level overview of existing benchmarking systems for the GWP of buildings.
The study scope is to present and discuss benchmarks and their methods, rather than to
conduct an in-depth examination of specific construction components.

This study makes several contributions to the field of carbon benchmarking. It pro-
vides an extensive analysis, extending the work by Trigaux et al. [25]. Beyond synthesiz-
ing recent benchmark values, this study contributes by (i) providing a critical and updated
comparison of how carbon benchmarks are defined and applied across the literature, (ii)
proposing a structured benchmarking framework with EC reduction pathways, and (iii)
situating benchmarking practices within an evolving policy and stakeholder context. This
study examines the challenges and practical aspects of implementing benchmarks in reg-
ulatory frameworks, offering insight into their broader context. This work references a
recent Building Performance Institute Europe (BPIE) report [42] from Europe, providing
policymakers with valuable guidance on enacting legislation to reduce WLC emissions in
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buildings and emphasizing the importance of establishing and advancing benchmarking
efforts.

This paper is organized as follows. Section 1 provides an overview of building emis-
sions and the need to establish benchmarks. Next, Section 2 outlines the method employed
in this critical review, and Section 3 discusses approaches used for estimating EC and
benchmarks. Then, Section 4 details the process of establishing benchmark systems, con-
sidering multiple aspects and methods, and Section 5 presents the results. Next, Section 6
analyzes and discusses these studies, highlighting their limitations and suggesting areas
for future improvement. Finally, Section 7 concludes this study.

2. Method

This study employs a semi-systematic review approach to offer a high-level overview
and focused insights into the field of carbon benchmarking of buildings. The comprehen-
sive scope of this review focuses on understanding how carbon benchmarks have been
developed, while aiming to synthesize and contextualize findings from existing studies to
offer a broad overview of this field. This narrative review highlights the current ap-
proaches, gaps, and challenges in this field. The wide range of relevant studies includes
articles and references from renowned academic databases, including Scopus (given its
broader journal coverage) and a supplementary search conducted using Google Scholar.
Boolean operators (AND and OR) were employed to narrow the search and pinpoint per-
tinent publications. This work also includes technical reports from experts, academia, and
organizations. The search was conducted using the keywords in the query table. Thor-
ough manual searches were conducted on Google Scholar, along with a snowball ap-
proach. Keywords identified through snowballing were systematically re-evaluated to
capture any recent publications that could further contribute to this study. The final selec-
tion of publications for analysis was based on their relevance and contribution to the re-
search objectives, encompassing a diverse range of sources, including journals, abstracts,
conference papers, reports, and key references identified during the literature review,
which were retrieved from the data sources.

The research scope and questions, inclusion and exclusion criteria, and databases
were defined during the planning phase. The inclusion criteria for selecting articles were
based on their relevance to the critical analysis of carbon benchmarks in the building sec-
tor and included only articles (i) based on carbon emission benchmarking specific to build-
ings and (ii) including a value for the carbon benchmark. Studies focusing solely on OC
emissions or energy benchmarks were excluded; only those including EC emissions, ei-
ther alone or alongside OC emissions, were considered. The filter criteria applied to the
Scopus database were articles in (1) the English language, (2) document types that were
limited to full-text articles or journal papers, and (3) the time frame that was limited to
those published between 2000 and 2024 to ensure up-to-date research findings.

Following the initial search, the retrieved articles were screened based on their titles,
abstracts, and keywords to assess their relevance to the research objectives. Studies that
did not directly address carbon benchmarks for building construction (e.g., those focused
on other sectors, materials, or that only mentioned benchmarks without providing values)
were excluded from this review. Of the 304 studies, 190 were excluded. Applying the in-
clusion criteria reduced the count to 114. After further exclusion, 42 remained, which un-
derwent a thorough review and content analysis to identify key themes, methods, appli-
cations, limitations, and gaps related to carbon benchmarks in the building sector. Special
attention was given to articles that provided critical insight, innovative approaches, and
empirical data to contribute significantly to the understanding of carbon benchmarking
practices.
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Table 1 summarizes the queries for searching for documents in Scopus, which served
as the primary database. Figure 4 provides the review protocol of this study, while the
word cloud in Figure 5 was generated exclusively from the titles of the reviewed articles.
Titles were selected as they concisely reflect the primary focus of each study and reduce
noise introduced by methodological or contextual details typically present in abstracts
and full texts.

Table 1. Search queries and results from the Scopus database.

Query Results
TITLE ((building OR buildings OR construction OR residential) AND (bench- o4
mark OR benchmarking) AND carbon)
TITLE ((building OR buildings OR construction OR residential) AND (bench- ”
mark OR benchmarking) AND embodied)
ABS ((building OR buildings OR construction OR residential) AND (benchmark 179
OR benchmarking) AND embodied)
ABS ((building OR buildings OR construction OR residential) AND (benchmark 94

OR benchmarking OR baseline) AND “embodied carbon”)

Total number of studies (n=304)

> Excluded based on title and abstract (n=190)

Records screened based on inclusion and

exclusion criteria (n=114)

Exclusion based on criteria: (n=72)

| - Carbon benchmarks not specific to
buildings

Studies reviewed (n=42) - Sole focus on operational carbon emissions
-No values provided for these benchmarks

Figure 4. Review protocol of this study.
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Figure 5. Word cloud generated from the titles of the reviewed articles, illustrating the frequently

occurring terms.

3. Approach to Embodied Carbon Calculations

The critical importance of EC emissions has led to its quantification across the WLC
of buildings using a widely adopted tool for environmental impact assessment: the LCA
prescribed by ISO 14040:2006 [46] standards [20,47,48]. The outcomes of the LCA are es-
sential for supporting decarbonization strategies. Moreover, international standards, in-
cluding ISO 21930:2017 [49], and European standards, including EN 15804+A2: 2019 [50]
and EN 15978:2011 [21], have also recommended the use of LCA. The LCA tool has been
employed to evaluate the environmental effects of buildings throughout their life cycles,
as recognized by the European Commission [25]. It accounts for the direct and indirect
environmental effects associated with the production, transportation, use, and end-of-life
phases of a material (or product), process, or service throughout its entire lifetime, com-
monly referred to as “cradle-to-grave” [38,51]. The LCA has also evolved to incorporate
temporal dimensions through prospective LCA, assessing the potential future environ-
mental impact of emerging technology as it is scaled [52]. This tool can provide a broader
overview of environmental effects across diverse categories, including climate change,
acidification, resource use, human toxicity, and more. To conduct an LCA study, three
approaches can be employed: process LCA, input-output LCA (IO-LCA), and hybrid
LCA. Existing studies have employed these methods to quantify EC emissions of build-
ings [53].

3.1. Top-Down Approach (Input-Output LCA)

The economy-wide IO-LCA applies a top-down approach that employs sector-wise
financial data in a national economy as inputs for calculations of EC emissions, where the
sectors include manufacturing, energy, construction, services, and others, depending on
the national IO dataset [54]. This approach estimates direct emissions associated with sec-
toral operations (e.g., energy use and process emissions), followed by indirect emissions
originating from upstream sectors through trade via the purchase of goods and services.
The emission intensity is expressed as kilograms of carbon dioxide equivalent (kg COze)
per national currency (€, ¥ $, etc.) and is obtained by the division of emissions by the
“monetary value shared by that sector in the national economy” [4].

A top-down benchmark aims to translate global climate objectives into quantifiable
targets at the regional or local levels [55,56]. This technique can estimate building life-cycle
carbon emissions at an aggregated (macro) scale using data from national and regional
building inventories by estimating the annual material flows, inputs, stocks, and outputs
through statistical or estimated model-based data.

The Paris Agreement (2015) and the 2000-Watt Society are typical examples of this
approach, where the targets are defined at an aggregated level, including for buildings
[6]. Consequently, this approach is particularly relevant for national-level LCA studies,
where the objective is to determine the overall emissions of an activity or sector without
detailed breakdowns or further disaggregation [4,54]. Some research associated with this
approach for building EC calculation includes research by Zhu et al. [57], who employed
statistical data to calculate the EC emissions for the building sector and to project future
scenarios. Another study employed national floor area statistics to evaluate the materials
and stocks, which were used to estimate EC emissions at a national scale in China [58].
Other studies, such as those by Fishman et al. [59] and Tanikawa et al.[60], have presented
relevant implementations of the top-down approach [61]. Nevertheless, these studies gen-
erally do not rely on detailed information at the individual building level due to limita-
tions associated with coarse sectoral resolution and the aggregation of multiple industries,
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which makes it difficult to accurately isolate building-related activities. In addition, as-
sumptions related to imports, price inhomogeneity, and sensitivity to sectoral investment
patterns further limit precision [4]. The ranges across environmental indicators may be
underestimated or overestimated by -51% to 96% using this approach [62,63].

3.2. Bottom-Up Approach (Process LCA)

Process-based LCA is a widely used approach implemented by most studies. This
approach breaks down the life cycle of a product (or system) into unit or individual pro-
cesses, such as raw material extraction, manufacturing, transportation, and other relevant
activities. These unit processes are analyzed for their environmental impact by translating
the inputs into outputs using emission factors. Process LCA aggregates the impacts of
these unit processes along complex production chains to derive the overall environmental
effect [4,54]. The effectiveness of this method lies in its potential to specify and detail pro-
duction processes and supply chains. Given its advantage of detail, this method is re-
garded as more accurate for tracking processes, materials, and energy flows associated
with the entire life cycle of a product, including its production, supply chain, use, and
end-of-life stages [38,53].

Several studies have employed LCI data for individual buildings to quantify their EC
emissions. According to a GBCA report [4], process LCA has been employed as a primary
approach for estimating EC emissions in the Australian building sector, alongside other
methodologies. The integration of LCA and building information modeling (BIM) to eval-
uate the emissions of typical residential buildings has been conducted in various studies
[64-66]. A study in China [67] was also based on a process-based LCA model for China’s
building construction sector to estimate carbon emissions. Nevertheless, extending this
approach to a larger region, such as a city, can be challenging due to the high number of
buildings.

A process-based approach is typically considered more detailed compared with an
IO analysis, but it is more demanding in terms of manual exercise and time. Nonetheless,
this method is susceptible to systematic truncation errors arising from the finite bounda-
ries of the product system, which may omit contributions beyond these limits. As per
Ward et al. [62], earlier values indicate that between 2% and 77% of the entire environ-
mental effects may be disregarded by the truncation error, varying based on the sector
and environmental indicator considered [54].

3.3. Hybrid Approach

The hybrid LCA combines the process LCA and IO-LCA techniques to address the
limitations of each while leveraging their respective strengths. By combining a detailed
process-based analysis with comprehensive 1O data, the hybrid LCA minimizes the trun-
cation error and enhances the accuracy of sector-specific emission allocation [4,68]. How-
ever, this approach requires a trade-off between increased complexity and greater time
requirements. Although the approach by Yang [69] was questioned by others [70,71], it
has proven to be more accurate and complete, with realistic data availability. As per Dixit
[72], the hybrid approach offers the most holistic quantification of embodied flows.

Remote-sensing approaches utilize satellite or aerial data to estimate material stocks,
often using indicators (e.g., nighttime light intensity) to represent human activity and re-
lated socioeconomic factors. This approach was applied to investigate carbon emissions
associated with building material production and spatial distributions in Beijing, China,
using a material flow analysis, GIS software (ArcGIS 10.2), and extensive data mining [73].
It was also used in building districts in the UK, using a spatiotemporal model and com-
puter modeling [74]. Soonsawad et al. [61] also applied this approach in Canberra, Aus-
tralia. In a recent study in China [53], the EC emissions of buildings were investigated
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using nighttime light data and data on building material intensity. Langston et al. [75]
applied a hybrid LCA approach to assess EC emissions in buildings, integrating process-
based and IO data. A hybrid LCA is commonly considered the best approach for LCA;
however, cautious interpretation remains paramount in all LCA studies, recognizing the
advantages and disadvantages of all methods [54,63,76].

4. Establishing a Benchmark

This section introduces the criteria for establishing benchmark values, presenting the
standards, approaches, reviews, and reports that provide guidance, rules, and recommen-
dations. ISO 21678:2020 [23] explains how benchmarks can fulfill the functions (Section 1)
and focuses on criteria for benchmarks in buildings and construction work, in addition to
VTT’s final report [77].

Liitzkendorf et al. [78] distinguished between different types of benchmark values,
including limit, reference, best practice, and target values. The limit value is the minimum
satisfactory acceptable performance level, typically denoting the lowest acceptable level
on an assessment continuum. Reference values are typically based on local statistical data,
surveys, theoretical assessments, or demonstration projects. This value represents the cur-
rent business-as-usual value, typically an average or median value. Best-practice values
have been determined via experimental or demonstration projects, demonstrating exem-
plary performance in specific contexts. Finally, the target value represents a performance
level exceeding the reference value, indicating the maximum theoretically attainable level
[26,79].

These benchmark values are employed to compare performance levels [43], as ex-
plained in the IEA EBC program, project “Annex 72: Assessing Life Cycle Related Envi-
ronmental Impacts Caused by Buildings,” which aims to reduce the environmental effects
associated with buildings as well as “Benchmarking and target-setting for the life-cycle
based environmental performance of buildings” [26,43]One of the objectives is to develop
specific environmental benchmarks for energy, GHGs, and other impacts. This project was
an expansion of the two previous Annexes, 56 and 57. Currently, Annex 72 [26] has fin-
ished, and Annex 89, “Ways to Implement Net-zero WLC Buildings” [79], is in progress.
One of its primary objectives is to formulate guidance and suggestions to set WLC targets,
while outlining strategies and actions for carbon reduction [79]. The EBC Annex 72 project
calls the last two values (best-practice and target value) Targets I and II, based on perfor-
mance level.

Several methods have employed the top-down, bottom-up, or hybrid approach using
linear interpolation, statistical analyses, or reference building modeling [80]. A technical
report by the EU Joint Research Centre [81] addressed several benchmarks, methods, and
systems based on LCA indicators, outlining a framework for establishing life-cycle per-
formance benchmarks for buildings and offering an initial set of benchmark values for
residential buildings across Europe. The graduated approach in the report defines the ob-
jectives and scope of benchmarking, followed by data collection, quantification, and pre-
liminary benchmark establishment. Then, this approach progresses to identifying areas
for improvement and reviewing the developed benchmarks and targets before iterating
the process from the initial step [4,81].

In contrast, VIT’s report [77] explains the development criteria of the benchmarking
process along with the data sources, in addition to providing recommendations for sus-
tainability indicators on buildings. Benchmark development involves defining the bench-
mark type, selecting suitable data sources, and specifying the functional equivalent. Indi-
cators must employ consistent reference units with proper normalization and aggregation
for comparability. The recommendations for the indicators are given for six phases and
corresponding subphases of the building process from customer briefing to use [77].
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This work has further progressed to a third step based on a report by VITO [82],
applying the PEF method for environmental assessment of buildings and constructions.
Moreover, this section presents the latest guidelines and recommendations by Annex 72
[26] in accordance with ISO 21678:2022 [23]. Recently, Trigaux et al. [25] presented and
analyzed existing environmental benchmarking systems for buildings. They revisited the
most commonly employed benchmark systems from standards, labeling schemes, sus-
tainability rating tools, and academic investigations, drawing primarily from older re-
views [77,80-82] and consultations with field experts from IEA EBC Annex 72 [26,43,83].
This comprehensive analysis of existing benchmarking systems by Trigaux et al. [25] was
based on the analytical framework, grounded in methodological reports and literature
reviews on LCA benchmarks. The analysis categorized evaluation aspects into six primary
domains, each encompassing several sub-aspects. As illustrated in Figure 6, this struc-
tured framework enables systematic comparative analysis to assess the effectiveness of
benchmarking approaches and methods. Another study provided an overview of 17
benchmarking systems documented in IEA EBC Annex 72, covering a few aspects while
discussing the core methodological choices for generating benchmarks [44].

The latest ISO 21678:2020 [23] standard provides comprehensive principles, require-
ments, and guidelines for developing benchmarks in buildings and civil engineering
work, ensuring transparency, comparability, and reliability across environmental, social,
and economic indicators. Annex 72 [26] expands on this framework by offering practical
methodologies for life-cycle-based benchmarks, including non-renewable energy use,
GHG emissions, and other environmental impacts. This annex specifies system bounda-
ries, definitions, documentation, and interpretation, supporting science-based, climate-
aligned, and actionable benchmarks for policy, design, and industry practice. Annex 72
[26] provides a set of rules and recommendations for a benchmark developer, as listed in
Table 2.

Table 2. Guidance for benchmark development [26].

Annex 72: Rules and Recommendations for Benchmark Development

1. Reference units

2. Temporal and territorial validity

3. Granularity of the benchmarks across different dimensions

4. Benchmark systems with multiple indicators

5. Requirements for individual buildings versus groups of buildings

6. Issues particular to bottom-up derivation of benchmarks

7. Issues particular to top-down derivation of budget-based «inter-mediate targets» on
the way to net zero

8. Special case: issues particular to existing buildings in use
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Evaluation Aspects

Assessment  Functional
methods equivalent
LCA method Reference unit
LCA tool Reference study
LCA database period
Geographical
Definition of GonEErE
benchmark values Building elements
¢ Comparative base included
Benchmark

approach Benchmark scope

Benchmark + Life cycle stages

typology +  Environmental
Sources for indicators

benchmark

Benchmark
Benchmark applications

communication Building types
< Communication Type of

approach construction work

Figure 6. Evaluation aspects and sub-aspects for analyzing methods and approaches for bench-
marking, adapted from Trigaux et al. [25].

5. Results

National benchmarks are standardized reference points or metrics used to measure
and compare the performance, efficiency, or quality of activities, processes, or sectors
within a country, providing a country-specific reference for evaluating how entities per-
form relative to national standards. These benchmarks help identify best practices, set re-
duction goals, and monitor progress toward national and international climate commit-
ments, as well as facilitate policy implementation aimed at reducing GHG emissions from
buildings [84].

Some countries have developed national carbon benchmarks for the building sector
using either primary data collected in the country or global generic databases, depending
on the degree of determination in achieving national targets. Primary data encompass the
original, site-specific information directly collected from a process, facility, or project un-
der study. These data reflect actual measurements, records, or surveys from manufactur-
ers, construction sites, or organizations, rather than generic databases (e.g., Ecoinvent or
Okobaudat). Examples include industry-specific data, national building stock infor-
mation, manufacturer-specific EPDs, and national inventories.

This work also examines a few other studies that cover a broader region or are appli-
cable globally. The choice of assessment methods varies: some countries adopt regionally
developed methods, while others use standardized methods. The presence of national da-
tabases improves primary data collection, leading to more precise outcomes that accu-
rately represent the real situation. Furthermore, the scope boundaries are determined by
data availability, leading to inconsistencies even within the same country. While a limited
number of studies provide disaggregated results for individual life-cycle phases, a sub-
stantial portion report only aggregated values or include partial scopes without quantify-
ing contributions by phase. Direct comparison of studies with heterogeneous system
boundaries (e.g., A1-A3 only versus full A-C) can be misleading and may compromise
the reliability of benchmark interpretations. In this regard, an indicator is proposed, called
the scope completeness index, which evaluates the inclusion of standardized life-cycle
stages defined under EN 15978, ranging from Al (raw material supply) to C4 (final dis-
posal). Each stage is assigned equal weight and scored in a binary manner (1 if included
and 0 if not) regardless of its relative contribution to the total EC. The scope completion
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index is a normalized indicator that quantifies the relative completeness of life-cycle stage
coverage in an LCA study by assigning equal binary scores to the inclusion or exclusion
of standardized system boundary modules. The mathematical formulation of the scope
completion index is derived from the modular life-cycle structure defined in EN 15978
and from binary inclusion approaches commonly adopted in comparative LCA review
studies. The index does not aim to represent the relative contribution of life-cycle stages
to total emissions but serves as a transparent indicator of system boundary completeness.
The SCI has been included for each reviewed study in Table 3.
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Table 3. Summary and report of sub-aspects by study, presenting variability in the range and study period of benchmark values.

Carbon Bench- Scope Com- Geograph Reported
Benchmark k Val Life-Cycl Pe-
enchmar Method Tools Database/Data Sources Values ife-Cycle pleteness In- ical Cover- Benchmark S fudy Pe
Study (kg Stages dex ace Units riod (Years)
CO2ze/m?/Year) &
Zimmermann . Building LCA tool _ . Switzer- m?heated GFA Not men-
E 11-17. fied 2 -
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Konig [86] ISO 14040 (LEGEP) database 2640 B6, C1, C4 0.5 Germany m?NFA per year 80
Konig and De Building LCA tool National LCA database A1-A3, B4, Bo, )
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Open House et . European LCA database Al1-A3, B1, B4, )
al. [88] EN 15978 Tool not mentioned (ESUCO) 25.5-50.5 B6, C3, C4, D 0.562 Europe m2NFA per year 50
Moschetti et al. Al1-A5, B2, B4,
- 1 1 2
[89] ISO 14040-44 SimaPro LCA tool Ecoinvent LCI database 35 B6, B7, C1-C4 0.8125 Italy = m2GFA per year 50
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i - b
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floor area per
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Barjotand EN 15978, EN i 5.8-6.4 Al1-A5 0.3125
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UK, and
Singapore

a: Includes heating/ventilation/hot water, power, and construction/refurbishment, »: based on compilation of previous LCA studies, may or may not include, < not

calculated by the model directly, ¢: assume a lifetime of 50 years (average) as the range varies within studies, ¢ not explicitly mentioning the stages, : no refur-

bishment needed for 50 years, 8: adding effects from operational and embodied from new construction and renovation, M not explicitly mentioned, i: assume a 30-

year life as per the US Department of Energy (DOE), i: limit values for mixed-purpose buildings, : best practice for residential buildings, : study period varies, as

do benchmark values, ™: integrated assessment models, ™: as per IMPRO (Environmental Improvement Potentials of Residential Buildings projects) (EU Commis-

sion). Abbreviations: DGNB: German Sustainable Building Council, EPB: energy performance of buildings, EPD: environmental product data, ICE: Index of

Carbon and Energy, IFC: industrial foundation class, 1O: input-output, BIM: building information modeling, LCA: life-cycle analysis, LCIA: life-cycle impact

assessment, NFA: net floor area, PEF: Product Environmental Footprint, GFA: gross floor area, WLC: whole life cycle, IVL: Swedish Environmental Research

Institute, MRIO: multi-regional input-output, EU-ECB: Embodied Carbon of European Buildings Database, IEA EBC: International Energy Agency’s Energy in

Building and Communities Program.
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Scope Completion Index (SCI)

N

N _g.
SCr ===
N

where

e 5; =1 if life-cycle stage i (e.g.,, A1-A3, A4-A5, B1-B7, or C1-C4) is included in the
study;

e 5; =0 if life-cycle stage i is not included;

e N is the total number of predefined life-cycle stages considered (from Al to C4).

This paper discusses most carbon benchmarks established globally, which are criti-
cally reviewed, analyzed, and summarized in Tables 3 and 4. In Table 3, the sub-aspects
that are highlighted and analyzed include the methods employed and tools like regional
LCA tools (LCAbyg, Totem, ELODIE, etc.) or commonly used tools (SimaPro, GaBi, and
One Click LCA), in addition to basic calculation/statistics software. Various databases
have been employed in these studies, ranging from commonly used databases (e.g., Ecoin-
vent, GaBi, Inventory of Carbon and Energy (ICE), OKOBAUDAT, and co2data) to devel-
oped national databases or available statistical data across countries, serving as primary
data.

The carbon benchmark values are normalized either for floor area or year (depending
on the study) and are expressed in kg COz2e/m?/year, where the floor area could be defined
as the net floor area (NFA), usable area, heated floor area, GFA, or normalized GFA. Table
3 provides detailed range to facilitate the interpretation of variability and methodological
differences.

As seen from Table 3, the carbon benchmark values range from 1.3 kg COze/m?/year
[119] to 83.3 kg CO2e/m?/year [102], for a residential and office building, respectively. This
variation reflects differences in building typology, data sources, and scope. Considering
residential alone, the benchmark values range from 1.3 to 63.9 kg COze/m?/year with a
bottom-up approach. The top-down approach without considering typology has a nar-
rower range of 1.2 to 27 kg COze/m?/year.

The dataset also reveals significant contrasts in study scale and representativeness.
The sample size of buildings varies across studies, with the highest reported by Famiglietti
et al. [113], encompassing 240,000 buildings, whereas the lowest size is seven in the work
by Rasmussen et al. [98]. These samples may represent actual buildings or be based on
modeled data, such as statistically derived archetypes. In principle, giving greater weight
to benchmark values derived from larger datasets could improve their reliability. How-
ever, due to the heterogeneity in building types, geographical contexts, data sources, and
methodologies across studies, applying such weighting would be difficult and might in-
troduce additional uncertainty. Therefore, all benchmark results are presented without
statistical weighting, with the sample size, data source, and methodological context
clearly reported for each study to allow readers to interpret the findings in context. The
observed pattern suggests that benchmark development has evolved in phases, beginning
with the most common building types (e.g., residential and office buildings) and expand-
ing to other building types in later stages (e.g., healthcare, retail, and schools). Most bench-
marks have been established for residential typologies, with about 88% of studies focusing
on them individually or in combination with other typologies. Table 4 presents the sources
used to establish benchmarks, offering crucial information for this analysis.

The statistical evaluation of LCA outcomes for buildings has been widely employed
in a bottom-up method. Representative buildings or archetypes, along with their variants,
have been modeled to serve as sample buildings for studies. In the top-down approach,
studies typically employ global datasets for downscaling. About 81% of studies have em-
ployed a bottom-up approach, and 14% have used a top-down approach. The remaining
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5% have adopted a combined approach. A typology distribution of 48% residential, 14%
nonresidential, and 38% mixed, is also seen.

Figure 7 illustrates the distribution and frequency of the Scope Completeness Index
(SCI) across the reviewed studies. The results indicate a highly heterogeneous treatment
of life-cycle scope, with SCI values spanning a wide range rather than clustering around
a common reference level. While local maxima are observed around SCI = 0.4 and at
higher values near 0.7-0.8, no dominant or representative SCI value emerges. The absence
of a bell-shaped or normal distribution highlights the lack of consistency in scope defini-
tion across studies, reflecting substantial variation in life-cycle stage coverage. This irreg-
ular distribution underscores the challenges associated with harmonizing benchmarks
and conducting robust cross-study comparisons based on scope completeness.

Building on the observed heterogeneity in overall scope completeness, a more de-
tailed examination of how individual life-cycle stages are represented across studies pro-
vides further insight into the sources of this variability. Figure 8 presents the proportion
of reviewed studies that include each life-cycle stage within their LCA system boundaries.
While upfront EC stages (A1-A3) are consistently assessed across all studies, substantial
variability is observed for construction, use-phase, and end-of-life stages. Construction-
related impacts (A4-A5) and use-phase processes (B2-B5) are frequently omitted, with
inclusion rates below 50% in most cases. Although end-of-life stages (C1-C4) are more
commonly addressed, their treatment remains inconsistent, which means they are mod-
eled with simplified or generic assumptions. These findings highlight a persistent imbal-
ance in system boundary definition within the literature and underscore the need for more
comprehensive and harmonized whole-life carbon assessments.

SCI Range
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Figure 7. Scope completeness index observed along with frequency of SCI’s across the reviewed

studies.
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Figure 8. Proportion of reviewed studies including individual life-cycle stages within their system

boundaries, highlighting variability in scope coverage.
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Table 4. Definition of benchmark values and building applications.

Benchmark Ap-

Benchmark Study proach

Benchmark Typology Sources for Benchmark Building Types

Calculates permissible load levels based on the specific energy consumption,

Zi t al.
fmmetmant et a Top-down  Target values combining the ecological scarcity method, IPCC’s GHG limits, and the 2000-W Residential and office

[85] o : . : :
Society’s goals, using environmental pressure and economic allocation
Limit, ref d
Konig H. [86] Bottom-up HniL, TETCTENEe, e gtatistical analysis of real office buildings from the LEGEP database Office
target values
K(?nig and De Bottom-up Limit, reference and Stafistica‘l analysis l.lsing LC{% 11esults from 13 representative building types and Residential
Cristofaro [87] target values their variants, totaling 37 buildings
Open House et al. Bottom-u Limit, reference, and Statistical analysis of 67 selected real-world case studies from 35 EU countries, Office
[88] p target values inside and outside the OPEN HOUSE Consortium
Moschetti et al. Bottom-up  Reference values S'ta}tistice_al an'alysis of four res.ide.ntial building archetypes and 36 variants across Residential
[89] cities (climatic zones) and building systems
Ref 1 -
Jietal. [90] Bottom-up eference values (me Statistical analysis of the LCA results from 23 elementary school buildings School

dian value)

The absolute sustainable share of the Earth’s environmental carrying capacity
Brejnrod etal. [91]  Top-down  Target values (based on planetary boundaries) allocated to a specific building using normali- Residential
zation factors

Residential, office, education,
health care, shop/retail, lodg-
ing/hotels, and other

Statistical analysis of more than 1000 buildings from EC databases, LCA da-

i 1. [31 B - Ref |
Simonen et al. [31] ottom-up clerence vates tasets, and existing published LCA studies

Bowick and Reference values (av- Average of the LCA results from 10 buildings chosen to represent multiunit res-
, Bottom-up . . I

O’Connor [92] erage) idential buildings

Statistical analysis of LCA results from 40 individual low-energy houses in the

Residential

Lasvauxetal. [93] Bottom-up Reference values Residential
French context
Target (whole life cy-
. . get (who Y Top-down approach involves determining Austrian primary energy and COz
Mair am Tinkhof Top-down and cle) and reference val- . . Co o7 . . . . .
. reduction targets; bottom-up analysis involves a statistical examination of nine Residential, office, and education
et al. [94] Bottom-up  ues (embodied, energy

representative buildings and 22 variants
and transport)

24 representative buildings (for EU residential housing) derived from statisti-
Lavagnaetal. [95] Bottom-up Reference values cally based archetypes for use in LCA to calculate the average annual environ- Residential
mental impact of EU dwellings
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Gervasio et al.;

Reference and best-

Residential (single h: d
Statistical analysis of the results of implementing Gervasio and Dimova’s LCA esidential (single house an

C.}ervas1o and Bottom-up practice values model over 72 buildings in three European climatic zones mqltl.famlly house and high-rise
Dimova [13,96] building)
R.a Smssen and Bottom-up  Reference values Statistical analysis of the LCA outcomes from 16 Danish office buildings Office
Birgisdottir [97]
Chandrakumar et Top-down  Tareet values Global climate target (2 °C) is shared to a country, then to the construction sec- Residential
al. [56] p 8 tor, and finally to a building (2 °C global carbon budget from 2018 to 2050)
Rasmussen et al. Statistical analysis of LCA results based on the sample size (28 buildings chosen _ . .
Bottom-up  Reference values . . i . ) Residential
[98] in the Italian context) certified by the Italian energy scheme (CasaClima Nature)
Rasmussen ot al Statistical analysis of LCA results based on the sample size (seven buildings in
' Bottom-up  Reference values the Denmark context) certified with the Danish version of the DGNB certifica- Residential
58] tion
Schlegl et al. [99] Bottom-up Limit, reference, and Creation of a }}armo'mz.ed databaSP: fr'om DGNB-certified buildings to provide Office
target values data for 22 office buildings for statistical analyses
Pasanen and Cas- Reference values (me- Standa.rdl_zed l?fe-cyc'le model of common building types with a sample size of Apartment and commercial (of-
Bottom-up ) 659 buildings, including the full life cycle of 100 material types and structural . . )
tro [100] dian) elements fice and industrial)
P4lensky and Lu- References values (al- Based on the Emissions Gap Report 2018, the GHG targets set by the l?arls . .
r Top-down Agreement for 2030 are allocated evenly to the forecasted population in 2030  Residential
pisek [101] lowances) . . o1
and are extrapolated for the whole residential building
Ruc1r[1ls(l)<2a] etal Bottom-up ifge:)ences values (av- Average LCA results for the category GWP calculated for 11 office buildings ~ Office
Wik et al. [103] Bottom-up  References values Statistical analysis of 133 Norwegian building cases using GHG emission resultsMixed (75% are residential,

from conducting an LCA of each building case schools, and offices)

Hoxha et al. [104]

Top-down & bot-

Target values

Top-down approach correlates GHG emissions with the gross domestic prod-
uct, population, and energy use to set targets based on the Kaya equation; a hy-

1 - iden-
brid top-down-bottom-up approach establishes targets specific to buildings; ob- General (top-down) and residen

tom- tial (bottom-
om-tp tained at the national energy mix level and building level based on the Austrian ial (bottom-up)
carbon budget for 2050
Statistical analysis of 482 carbon footprints of construction materials from a Residential, row houses, office,
Valkonen et al. .. .. . o1 . . . .
Bottom-up  Limit value Finnish project for buildings, along with the energy consumption from 3748 en- health care, service, educational,

[105]

ergy certificates, and finally, the reference to a typical typology and commercial
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Zimmermann et al.

LCA of 60 buildings based on DGNB, external projects, and LCAs from the De-

[106] Bottom-up  Reference values partment of Built Environment, representing five building types for calculating Homes and offices
the median, upper, and lower quartile values
Dong et al. [107] Bottom-up  Reference (median) Stati‘stica.il analysis and LC{X of 105 buildin.g cases frf)m the literature, with har- Residential, commercial, and oth-
monization to ensure consistency and a fair comparison ers
. Statistical analysis of the LCA results of 12 variants based on four types (de-
Limit, reference, and ) ) . .
Mouton et al. [108]  Bottom-up . tached, semi-detached, terraced, and apartment) from 16 dwellings (based on  Residential
best-practice values . . . . .
SuFiQuaD), representing the Belgian residential stock
Based on existing LCA results of 769 buildings from five EU countries. LCA re-
Rock et al. [28] Bottom-up  Reference (baseline) sults were harmonized and preprocessed to ensure consistency for a meaning- Residential and nonresidential
ful comparison and range
Based on a calculation using a NollCO2model that incorporates the project and . .
. . o . . Office, multiple apartments, pre-
Reference (baselines) building type-specific parameters, considers the Swedish contemporary method .
Stoll [109] Bottom-up . . . . o school, school, and one-family
and limit values of constructing building types, architectural layout parameters, generic climate homes
datasets, and project-specific parameters
Alwan and Tlhan Based on the carbon benchmarking tool (pycab), using Python 3 to extract and
Jones [110] Bottom-up  Target value analyze the IFC file from BIM, an ICE database obtains EC reports and bench- Residential
marking
Ozdemir et al. Eight representative building classes were assessed using LCA to provide mini- | . .
B - T 1 R 1
[111] ottom-up arget value mum and maximum values as a basis, using the PENRT esidentia
Review of existing baseline studies (covering more than 6000 buildings) from
Izaola et al. [112] Bottom-up  Reference (baseline) the literature, homogenizing them to include full cycle stages by averaging and Residential
interpolating gaps
Average Spanish multifamily apartment based on European standards for
Reference values (av- ) . . . . . .
Izaola et al. [112] Bottom-up erage) Spanish representative stock characteristics modeled with a real sample and an- Residential
8 alyzed using LCA and OERCO?2 online software
B lysis of 24 ildi .) in Milan, th i
Famiglietti et al. Limit, reference, and ased on an analysis of 240,000 }?ul dings (approx.) in _Ml an, the few engine Residential, commercial, and re-
Bottom-up (Python-based) employs the Ecoinvent database to estimate the environmental _ |
[113] target values ) o . tail
profiles of buildings and provide benchmark values
Global carbon budget aligned with 1.5 °C scenario is downscaled to national
levels, and building materials and shares are allocated for new construction; ap-
Horup et al. [114] Top-down  Target values plies sharing principles, such as equal per capita, ability to pay, acquired rights, General (new buildings)

economic activity, and utilitarian, incorporating data on emissions, GDP, popu-
lation, and related metrics
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Szalay [115]

Bottom-up

Reference value

A large sample of “technically feasible” new buildings was created by defining

building categories and critical parameters within realistic ranges; typical con-

struction materials and surfaces were analyzed to evaluate the environmental Residential
impact; reference values established based on the resulting parameter varia-

tions

Tozan et al. [116]

Bottom-up

Limit value

Carbon emissions from 39 single-family houses were analyzed, with 28 cases
collected for this study and 11 from existing research; median emissions were Residential
evaluated to determine compliance with building regulation limits

Priore et al. [117]

Top-down

Target value

Yearly carbon emission targets for Swiss buildings until 2050 were established
via a top-down allocation of the global 1.5 °C carbon budget, incorporating na-
tional and sectoral budgets, embodied emissions from imports, potential of neg-
ative emission technology, and projected developments in building stock

Residential

Mouton et al. [118]

Bottom-up

Limit, reference, and

best-practice values

Statistical analysis of 117 modeled variants originating from variation sets ap-
plied to 39 residential buildings considered to represent the Flemish EPB in Bel- Residential
gium

Jungclaus et al.
[119]

Bottom-up

Reference value

Sixty-four prototype single-family residential buildings from DOE standards,
covering 16 climate zones and four foundation types, were analyzed; material
takeoffs followed by EC intensity calculations using LCA tools, establishing the-
oretical EC benchmarks for residential buildings

Residential

Zelezna et al. [120]

Bottom-up

Reference value

WLC assessment of 50 building case studies, estimating GWP benchmarks for
multiresidential buildings using 11 representative cases; five existing buildings
were analyzed, with two subjected to sensitivity analyses reflecting the national
WLC context

Residential

Tozan et al. [121]

Bottom-up

Limit value

GHG limit values were derived from a representative sample of 163 case stud- Mixed

Best practice

ies, reflecting data from 291 real-world buildings across typologies; limit values
were computed at the 50th percentile, corresponding to the median, using the Residential
cumulative distribution functions

Barjot and
Malmgqvist [122]

Bottom-up

Limit value

Sample of 50 real-world buildings across typologies to compare embodied GHG
implications under two system boundaries; bills of quantities were matched

with Swedish climate database data to generate reference values for Swedish ~ Mixed
construction, using typical market data; limit values were established as medi-

ans
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Carbon footprint database integrating data from diverse geographies, typolo-
Bottom-up  Reference values gies, and carbon assessment methods; based on 138 projects, 10 building typolo-Various
gies, and five scopes of carbon assessment

Ramboll co2mpare
database [123]

SuFiQuaD: sustainability, financial, and quality evaluation of dwelling types, ICE: Index of Carbon and Energy, IFC: industrial foundation class, RICS: Royal
Institute of Chartered Surveyors, PENRT: primary energy nonrenewable total, WLC: whole-life carbon, EC: embodied carbon, EPB: energy performance of build-
ings, GWP: global warming potential, BIM: building information modeling, and LCA: life-cycle analysis.
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Figure 9 further explores the relationship between benchmark magnitude and system
boundary completeness by plotting benchmark range values (kg CO:e/m?/year) against
the SCI. A wide dispersion of benchmark values is observed across the full range of SCI
scores, indicating that higher SCI values do not systematically correspond to higher
benchmark values, nor do lower SCI values consistently result in lower benchmarks. Stud-
ies with relatively high SCI exhibit both low and high carbon intensities, while studies
with limited scope coverage can also report comparatively high benchmark values. This
lack of a monotonic relationship demonstrates that magnitude is influenced not only by
life-cycle stage coverage but also by a combination of other methodological and contextual
factors, including building typology, energy performance level, data sources, modeling
assumptions, sample size, and regional context. Consequently, SCI should be interpreted
as an indicator of methodological completeness rather than a direct proxy for benchmark
stringency or carbon intensity. Results are differentiated for residential, non-residential,
and mixed building samples, as well as by benchmark development approach.

A visual summary of the studies across different countries, illustrating their LCA
scopes, value ranges (kg COze/m?/year), and building typologies to complement the de-
tailed data presented in Table 3 and provided at the end for a quick overview (Figure 10).
For residential buildings, several examples illustrate how benchmark values can vary de-
spite similar or even lower SCI values. In Germany, studies by Kénig and Cristoforo [87]
report lower SCI values than Ozdemir et al. [111], yet the benchmark values reported by
the latter are higher. This difference is primarily attributed to building energy perfor-
mance assumptions: Ozdemir considers buildings designed to meet stricter energy per-
formance levels (40 and 55) under the German Building Energy Act (GEG 2020), whereas
Konig’s study is based on earlier ENEV 2009 requirements, which allow higher energy
demand. Similarly, Belgian studies [108,118] have the same SCI but report lower bench-
mark values for the latter due to a larger and more representative building sample. In
France [93], despite a relatively high SCI (~0.75), benchmark values remain low, reflecting
the focus on low-energy buildings aligned with national thermal regulations that limit
primary energy demand to 50 kWh/m?/year. In contrast, studies from Hungary [115]
adopt typical construction systems to represent business-as-usual conditions, resulting in
higher benchmarks. The Czech Republic [120] exhibits high benchmark values despite ex-
tensive scope coverage, largely due to the dominant contribution of OC, which accounts
for approximately 59% of total emissions. Similarly, in Spain, where full WLC is assessed,
higher benchmark values are driven primarily by operational emissions, whereas lower
benchmark values correspond to cases with low-carbon scenarios.

For non-residential buildings, even greater variability is observed. South Korean el-
ementary school buildings [90] report high values, with OC accounting for approximately
72% of total emissions. Likewise, a Polish study [102] reports elevated benchmarks driven
by high primary energy demand (up to 265 kWh/m?/year), compared with substantially
lower values reported in France. In this case, energy use contributes nearly 87% of total
GWP. Conversely, studies reporting the lowest benchmark values focus only on partial
upfront EC stages (A1-A3), apply non-empirical prototype models, and exhibit very low
SCI values, limiting comparability.

Across both residential and non-residential cases, additional variability arises from
the choice of methodological approach. Top-down approaches rely heavily on downscal-
ing and target-based assumptions, introducing higher uncertainty compared with bot-
tom-up assessments. Furthermore, benchmarks derived from mixed building samples in-
herently reflect greater heterogeneity, making it difficult to attribute variability to a single
dominant factor. Overall, while system boundary completeness influences benchmark
values, no single variable can be identified as the sole driver of variability; rather,
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Figure 9. Relationship between benchmark range values (kg COze/m?/year) and SI across reviewed

studies.
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Figure 10. Carbon benchmark values with scope and typology for (a) single country and (b) multiple
countries [13,28,31,56,86-103,105-122].

6. Discussion

A unique or single global benchmark system remains challenging to establish due to
the variability, inconsistency, and uncertainty across dimensions (e.g., regional variation,
modeling approaches, and varying databases), whereas data unavailability leads to rough
assumptions. Studies have reported a remarkable range in benchmark values, which can
be attributed to various factors, including differences in building typologies, life-cycle
scopes, data sources, and methods. Currently, every study presents a different approach
to obtaining reference values; therefore, a common benchmarking framework must be de-
veloped that embeds consistency across data, scope, and modeling across regions. This
framework would allow a fair comparison of emissions across buildings. In agreement
with the general recommendations by Trigaux et al. [25] and those from Annex 72 [26],
the following recommendations and discussion given below are based on the findings and
limitations identified in the reviewed studies to improve future benchmarking research.

6.1. Challenges in Establishing Benchmarks

Several common problems can be addressed to enhance the benchmarking system
substantially. Although this approach may not yield a perfect benchmark, it ensures fea-
sible, well-justified parameters for a more robust framework than is currently available.

6.1.1. Modeling Approach

From the modeling approach perspective, each approach has distinct strengths and
limitations. In top-down approaches, such as those by [56,85], benchmarks have been de-
rived by allocating global or national climate targets to the construction sector, offering a
science-based perspective aligned with absolute sustainability principles, but they rely on
broad assumptions and allocation procedures that introduce significant uncertainty. For
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instance, economic or population-based allocations can overlook temporal dynamics (e.g.,
population growth) and context-specific factors (e.g., cultural/political variations), limit-
ing their representativeness. Palensky and Lupisek [101] also employed extrapolations
and proxy data, increasing variability in outcomes. Hence, acknowledging the uncertain-
ties and assumptions in this approach is important.

Conversely, bottom-up approaches are suitable for developing operationally rele-
vant, short-term benchmarks but may not fully capture the broader environmental bound-
aries necessary for long-term climate alignment. For example, uncertainties can arise from
incomplete LClIs, inconsistent system boundaries, and limited representativeness of the
sample buildings.

To address these limitations, hybrid approaches, adopted by Hoxha et al. [104] and
Mair am Tinkhof et al. [94], offer a more balanced framework. By integrating top-down
climate targets with bottom-up empirical data, hybrid models reduce truncation errors
while preserving macro-level coherence and micro-level granularity.

Overall, the analysis highlights that top-down and bottom-up approaches should not
be viewed as competing but as complementary tools for developing coherent benchmarks.
Bottom-up values can serve as transitional evidence-based targets toward top-down sci-
ence-based goals, providing a useful decision-making framework for policy and practice,
as reflected in the recommendations of IEA EBC Annex 72 [26], which emphasize that
benchmark developers should employ bottom-up approaches to assess the feasibility of
top-down or science-based benchmarks.

While the benchmarks presented in this study are based on static emission factors
and current material data, consistent with existing literature, dynamic factors such as fu-
ture energy grid decarbonization and material technology improvements will influence
life-cycle emission outcomes over time. Research on dynamic, science-based carbon budg-
ets demonstrates how global climate targets can be downscaled to sectoral and building-
level limits, suggesting that future benchmarks could be aligned with decarbonization
pathways rather than present-day averages. Temporal variations in grid emission factors
have been shown to significantly alter operational life-cycle impacts compared with static
assumptions, highlighting the importance of considering projected changes in energy sys-
tems and technologies in forward-looking assessments. Although such dynamic data are
not uniformly available across published building studies, the framework proposed here
[114] is compatible with their future integration to refine benchmarks in alignment with
evolving climate policy goals. Given ongoing technological and policy developments, EC
benchmarks have limited temporal validity and should be periodically updated, with fu-
ture work enabling a transition from static to dynamic LCA-based benchmark definitions
[43].

6.1.2. Need for High-Resolution Representative Building Archetypes

A critical limitation in existing benchmark studies is the insufficient representative-
ness of building samples. Many studies have employed small or narrowly defined sample
sizes and typologies, limiting the reliability of the benchmarks derived from them. For
instance, Konig H [86] included only multifamily dwellings, excluding single-family
homes, whereas Moschetti et al.[89] analyzed residential units without capturing variabil-
ity across archetypes. Similarly, Ji et al. [90] conducted a statistical LCA on a limited num-
ber of elementary schools and Ruciriska et al.[102] analyzed office buildings with a small
sample size, restricting the broader applicability of their benchmarks.

Other studies have highlighted the influence of sampling and methodological choices
on benchmark reliability. Mouton et al. [108] analyzed Belgian residential buildings but
considered only four geometries over a limited period, excluding differences in refurbish-
ment, component variations, and energy performance. Their follow-up study [118]
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improved representativeness by including a full set of dwellings with variants from the
EPD database, demonstrating how increasing the sample diversity and capturing func-
tional variants can enhance benchmark robustness. Similar limitations were reported in
the studies [92,93,95,97,98], all of which emphasized the need for larger and more diverse
samples to better reflect actual building stocks.

These observations highlight that benchmark values are highly dependent on the
characteristics of the building sample. Building type, function, age, and sample quality
significantly influence results. Moreover, no established consensus exists on what consti-
tutes an adequate sample size for deriving representative benchmarks, making the num-
ber of cases critical for generalization.

The archetype or reference-building approach addresses some of these challenges by
defining buildings that comply with the latest technical and functional requirements. Such
archetypes can represent the most common building types within a stock and provide
grounds for deriving benchmark values. Although environmental impacts can vary
within the same archetype, real-world building samples better reflect actual conditions.
Combining these approaches can yield realistic and consistent benchmarks.

6.1.3. Consistent Data and Scope

Direct comparisons between studies with varied stage coverage (e.g., A1-A3 vs. Al-
Ab5 or Bl) are problematic, underscoring the need for aligned scopes. To improve reliabil-
ity, benchmarks should be derived using standardized methods, appropriate software,
and preferably primary or local data, as energy mixes, technological practices, and mate-
rial processes fluctuate across regions. Reporting the results for individual life-cycle stages
(production, construction, use, and end-of-life) enhances transparency and reduces un-
certainty, enabling more meaningful comparisons. Existing benchmarks often focus on
limited data and building elements using generic secondary databases like ecoinvent or
Okobaudat [109] or incomplete datasets, omitting critical LCA parameters (e.g., nonstruc-
tural materials, energy use, or construction site influences). This problem has led to gaps
in representativeness, geographic specificity, and stage coverage across studies
[96,99,110]. A key barrier to establishing internationally consistent carbon limits and
benchmarks is the lack of harmonization among life-cycle inventory (LCI) databases. The
choice of using the LCI database remains a significant source of variability (about 20%) in
results, even when conducted within the same country [124]. These differences arise from
variations in background energy mixes, technological assumptions, temporal representa-
tiveness, allocation rules, and modeling choices adopted by database developers. Im-
portantly, even within Europe, where multiple country-specific databases coexist along-
side ecoinvent, results may differ substantially when switching between a national data-
base and a regionalized ecoinvent dataset for the same country [125]. This highlights that
discrepancies are not solely geographic but are also rooted in methodological decisions
and data governance practices of database providers [126]. As a result, database choice
introduces a significant source of variation in EC results and remains a fundamental bar-
rier to defining global benchmarks, underscoring the need for transparent reporting and
harmonized inventory development. Efforts to improve benchmarks include country-spe-
cific adaptations of databases (e.g., Denmark’'s OKOBAUDAT) and incorporating up-
dated building variants [111], but many frameworks still exclude crucial stages, such as
the construction site facilities, finishing work, equipment, and others [127], or they rely on
proxies, limiting reliability. Reduced accuracy can lead to the use of nonlocal databases
[112]. Recent initiatives, including open-access databases and national carbon limit pro-
posals, aim to enhance comparability and completeness [105,123]. In the future, the aim is
to broaden the scope and achieve more reliable assessments [106]. Moving forward,
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developing reliable benchmarks requires careful attention to stage-specific reporting, sys-
tematic handling of uncertainties, and the integration of local, high-quality data.

6.1.4. Harmonization Challenges

A critical challenge in deriving benchmark values from the literature lies in the in-
consistency of the methods, scopes, and data sources. Thus, harmonization is critical to
achieving comparable and reliable results. Previous initiatives by Open House Project
[88], Simonen et al.[31], and Rock et al.[28] demonstrate that even large-scale efforts strug-
gle with differences in life-cycle stages, databases, and modeling approaches, all affecting
benchmark validity. Although mathematical or statistical harmonization methods [107]
can reduce variability, they often oversimplify context-specific conditions. More recent
work, such as that by Wiik et al. [103] and Izaola et al. [112], has revealed that harmoniza-
tion can support the development of regionally relevant benchmarks, yet significant var-
iance persists due to data heterogeneity and inconsistent scope definitions. Future bench-
mark frameworks should emphasize transparent scope alignment, inclusion of country-
specific parameters, precise harmonization factors, and explicit spread of data uncer-
tainty. In this context, harmonization serves as a data alignment process and a methodo-
logical bridge, enabling consistent comparison across studies and geographical contexts.

6.2. Benchmarking Framework and Embodied Carbon Reduction Strategies

A framework for establishing the EC benchmark is proposed, along with pathways
to reduce EC emissions. Decarbonizing building materials and energy-intensive indus-
tries can play a pivotal role in reducing EC [128,129]. Indicative benchmark values for EC
and OC are provided in a consistent metric of kg COz2e/m?/year for each life-cycle phase.
Benchmarks are established for specific building typologies (e.g., residential and office)
using a minimum scope boundary of A1-A3, consistent with the majority of the literature.
For each building typology, the benchmark is calculated based on aggregated LCA results
of representative case studies, using the median or mean values of phase-specific EC emis-
sions as the reference. Low-carbon and innovative materials are integrated by replacing
conventional material GWP values with measured or literature-based GWP values, allow-
ing the adjusted per-phase EC to inform the benchmark. This approach provides actiona-
ble guidance for policymakers and practitioners: building designs or materials with EC
values below the indicative benchmark indicate better performance, while values above
highlight opportunities for emission reduction.

Below are the steps and EC emission reduction strategies for each stage.

e  First, benchmark values for the upfront EC or product stage (A1-A5) emissions
should be developed with utmost reliability, as these contribute to the maximum EC
emissions throughout the life of a building and help address the EC content of build-
ing materials. The uncertainty is also very low compared with other stages. This cra-
dle-to-gate estimation of the EC content can be reduced using low-carbon and inno-
vative materials and by incorporating efficient technology and processes, which are
assessed based on their carbon intensity (kg COze per kg of material or functional
unit [12]. Recycled materials are also a viable option, as their use can reduce the EC
of building components by substituting virgin materials and minimizing the envi-
ronmental impact of material production [130-134]. Buildings employing low-carbon
materials in LCA calculations naturally result in lower benchmark values, thereby
reflecting and incentivizing the reduction in EC emissions.

e  Second, the use-phase EC (B1-B5) emission benchmark is assessed over the building
lifetime. Reducing these emissions requires efficient design that optimizes material
use without compromising structural integrity, incorporates modular or prefabri-
cated construction to reduce waste, and extends building lifespan to minimize
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renovation and demolition. According to IEA EBC Annex 72, early design decisions,
durable materials, adaptive layouts, and high-performance systems significantly in-
fluence lifetime embodied impacts. Together, these strategies help lower cumulative
use-phase EC while maintaining functionality and performance [26,43,131-133].

. Finally, the end-of-life EC (C1-C4) covers emissions from demolition, material recov-
ery, and disposal. Reductions can be achieved through selective demolition, efficient
waste processing, and the use of low-emission equipment, while maximizing recy-
cling and material reuse. Planning for deconstruction and material recovery early in
design supports circularity and lowers total life-cycle EC [26,43,131,132].

6.3. Policy Perspective and Stakeholder Inclusion

Nevertheless, a challenge exists in most countries: the absence of national LCA da-
tasets and WLC regulations for buildings due to a lack of policy regulations. Developing
a policy would drive the data generation needed to conduct LCAs across sectors. Such
policies also provide a clear reference point for stakeholders, enabling consistent data re-
porting and supporting informed decision-making throughout the construction supply
chain. The recent European BPIE report reveals countries that have initiated or enforced
WLC policy regulations. In emerging regulatory contexts, mandatory benchmarks are
those embedded within policy or legislative frameworks and supported by enforcement
mechanisms that directly influence building design, permitting, and compliance. Under
the recast European Energy Performance of Buildings Directive (EPBD), for example,
Member States are required to establish WLC calculation methodologies and define base-
line and limit values by 2027/2028. This requirement ensures that policymakers, designers,
and material suppliers have concrete benchmarks to guide compliance and strategic plan-
ning, linking regulations directly to practical building practices. In countries such as Ire-
land, Czechia, and Spain, current benchmarking efforts are, therefore, explicitly designed
to support future mandatory requirements by developing measurement methods, base-
line values, and regulatory pathways [42]. In contrast, voluntary benchmarks are typically
developed through research initiatives, industry-led frameworks, or certification schemes
and do not carry formal enforcement. Nevertheless, voluntary benchmarks serve as an
important tool for stakeholder engagement, enabling early experimentation, knowledge
transfer, and capacity building before mandatory regulations come into effect. Their pri-
mary role is to build sectoral capacity, support methodological harmonization, and pro-
vide early guidance for practitioners. From a policy perspective, while mandatory bench-
marks directly inform enforceable limit values and compliance thresholds, voluntary
benchmarks play a critical preparatory role by generating empirical evidence, mobilizing
stakeholder engagement, and informing the design of future regulatory frameworks. To-
gether, voluntary and mandatory benchmarks represent complementary stages in the pro-
gressive implementation of whole-life carbon regulation. Most European countries, such
as France, the Netherlands, and Denmark, have already set and enforced limit values,
whereas WLC disclosure requirements are currently in force in Norway and Sweden or
are proposed in Spain, Estonia, Finland, and Iceland. Some other countries are preparing
for voluntary WLC disclosure or benchmarking (e.g., Germany, Ireland, and Italy). These
varying policy instruments, ranging from disclosure requirements to enforceable limits,
have fostered data generation, industry engagement, and regional tool and database de-
velopment (like LCAbyg, Totem, LCAquick, etc.), enabling measurable reductions in
WLC emissions [42].

The LCA-based values can be adopted while highlighting the roles of various stake-
holders, existing frameworks, supporting resources, and assessment tools and data. Intro-
ducing new carbon regulations in construction encounters significant challenges because
it demands changes in design, procurement, and collaboration. Stakeholders must be
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prepared to adapt to these changes. Stakeholder acceptance, support, and readiness are
essential for implementing the targeted regulatory values. Engaging industry actors at
each stage, from architects to material manufacturers, helps ensure that benchmarks are
practical, widely understood, and aligned with existing workflows [2]. Harmonization,
which aligns with stakeholder agreements, is critical to achieving this. Incorporating feed-
back from diverse stakeholders early in the benchmark development process can prevent
implementation barriers and promote consistent adoption across the sector. To support
this acceptance, critical resources, such as relevant tools, data, and rating systems, must
be accessible to the involved parties. For example, Finland’s CO2data.fi platform, Oko-
baudat, and France’s INIES database have significantly supported LCA knowledge and
practice. Moreover, building LCA competency is a must before introducing a regulation
or declaration, and this competency should be strengthened through free resources from
public authorities and industry players [135]. The European BPIE [42] provides critical
support to policymakers in implementing legislative measures to reduce building WLC
emissions. The report provides insight into the fundamental aspects of WLC regulations
and the preliminary steps toward consistent and effective implementation. The report fur-
ther presents recommendations for developing a standardized WLC assessment method,
enhancing data collection processes, fostering stakeholder engagement, and defining
WLC limit values while promoting a life-cycle thinking approach [42]. Despite growing
global interest in EC benchmarking, the existing body of literature remains largely con-
centrated in developed regions. Highlighting stakeholder engagement in developing
countries is crucial, as early involvement of policymakers, local industry, and academic
institutions can accelerate the creation of regional databases, tools, and capacity needed
for meaningful benchmarking. This geographical imbalance primarily reflects the earlier
adoption of LCA frameworks, the availability of national LCA databases, established EPD
programs, and the presence of regional software tools in these countries. In contrast, LCA
practice in most developing countries is still at a nascent stage. Although awareness of
life-cycle-based approaches is increasing, the lack of national or regional databases, lim-
ited access to localized software, and the absence of operational EPD schemes significantly
constrain the development of benchmarks. Nevertheless, many developing regions are
gradually moving toward establishing the foundational infrastructure required for LCA
implementation, including data generation initiatives, capacity building, and policy dis-
cussions. As these efforts mature, future research is expected to expand benchmarking
practices beyond developed contexts, contributing to a more globally representative evi-
dence base [2,17,42,135].

7. Conclusions and Outlook

Building emissions must be addressed to decarbonize the construction sector. Alt-
hough it is pertinent to consider the WLC of a building, due to considerable challenges
along the pathway, it is better to separately assess EC and OC emissions. Due to techno-
logical advancements, the OC side of construction has been significantly reduced in en-
ergy-efficient buildings. Although efforts to reduce EC emissions are advancing, they con-
tinue to account for a significant share of WLC emissions, underscoring the need for
greater attention.

This study compiles and analyzes various global benchmarks. A mix of studies fo-
cusing on EC, OC, or WLC emissions use different estimation approaches, including top-
down, bottom-up, or hybrid, to calculate a range of benchmark values. As understood
from the assessment, the top-down approach is a rough approach because it considers
conversion factors that are highly uncertain regarding the bottom-up approach, which
applies specific building data. A hybrid approach is a mixed approach that can employ
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the other two approaches along with any novel approach, such as remote sensing. Using
both top-down and bottom-up approaches is recommended to serve as a cross-check.

Establishing benchmarks can serve numerous functions, as mentioned in ISO 21678.
The performance levels of the buildings can be assessed via the limit, reference, best prac-
tices, and target values, which can be specific to an indicator (i.e., climate change). The
process of developing benchmarks employs several methods that follow a systematic ap-
proach outlining the evaluation criteria necessary to establish a benchmark. The methods
used so far are linear interpolation for missing data, harmonization for consistency, sta-
tistical analysis, or simulation-based modeling of reference buildings.

National benchmarks are important for a country’s climate goals. Numerous coun-
tries, especially European countries, have already established national benchmarks to en-
able performance comparisons across buildings, as implementation of WLC regulations,
disclosure and legislation are already initiated. Benchmarking provides a metric to distin-
guish an environmentally high-performing building from others, facilitating efforts and
targets to progress to a sustainable building and construction sector. Nonetheless, these
benchmarks have enormous variability, uncertainty, and unreliability, which are all at-
tributed to the inconsistent scope, variable boundaries, databases, and modeling tech-
niques. This paper critically discusses these approaches regarding their scope, method,
sample size, geographic location, limitations, and potential future improvements. The lim-
itations in most studies arise from smaller sample sizes that do not necessarily yield a
representative sample and, hence, cannot be broadly generalized. Due to abundant data
sources, modeling tools, and the absence of a proper framework, the benchmark values
cannot be compared unless they are simulated for the same scope. Broader use of primary,
region-specific data is, therefore, strongly recommended to ensure benchmarks reflect
real-world performance and regional material characteristics. Hence, a proper framework
that assembles all inconsistencies and provides a pathway for an efficient, reliable, repro-
ducible, and comparative assessment is needed in benchmarking systems. Thus, some
recommendations are offered, along with EC reduction strategies.

In conclusion, the successful adoption of LCA-based values in construction requires
stakeholder acceptance, support, and readiness. This adoption can be achieved by harmo-
nization of values, aligning with stakeholders, and ensuring the availability of tools, data,
and resources. Building LCA competency is essential, and it should be supported by free
resources from public authorities and industry players to facilitate the smooth implemen-
tation of new carbon regulations and policies.
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