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Background. The environmental performance of buildings has been a focus of interest over the years in the building sector.
Numerous building environmental assessment tools (BEA) have evolved to follow the lead of sustainability by updating categories
and criteria from a lifecycle perspective. Therefore, it is timely to review the existing methods that already integrated LCA in their
processes. The purpose of this study unfolds in three ways: (1) to review the existing BEA methods and LCA studies in residential
buildings, (2) to compare the most adopted BEA methods, and (3) to study the integration of LCA and sustainability aspects
applied within each selected BEA method. Methods. Scopus and Web of Science databases were searched for articles published
between August 2010 and August 2021 in English. To identify studies and to conduct this review, four keywords, namely “Building
Assessment Tools,” “Residential Building,” “LCA,” and “Sustainability” (and their derivatives), were used. The articles were
searched so that all four keywords or at least a derivative of each keyword would appear. Furthermore, the outcomes of the
database search were categorized as LCA and BEA for the review. Moreover, the seven most adopted rating systems were selected
for review and comparison based on (1) the scope of buildings assessed, (2) lifecycle phases assessed, (3) assessment criteria, and
(4) the user of tools. Findings. Of the 42 articles that met the enclosure criteria, 20 articles covered the environmental impact and
22 articles covered LCA. The review reveals that most of the analyzed systems focus more on the operational stage than on the
other stages. Each BEA method is diverse in terms of its users, criteria, and regions and creates a niche among assessment methods.
Conclusions. The main conclusion of this study is that a great deal of work is required to achieve the goal of making the existing
“environmental” building assessment tools more sustainable. At the same time, a focus on the better implementation of LCA
functionalities at each stage and a complement by integrating socioeconomic-based LCA models were also required.

1. Introduction

The building sector has a substantial proportion of the
world’s energy and resources, both directly and indirectly
[1]. The importance of reducing energy in buildings and
their potential for cost-effective energy savings have been a
target of development over the years. With the shifting focus
on a climate-neutral society, making buildings more energy-
efficient, less carbon-intensive over their entire lifecycle, and
more sustainable has become critical [2]. Several new ele-
ments and strategies have been introduced to modernize the

building sector [3], and efforts have been made to develop
tools that help to investigate the environmental impacts.
Most of these tools were developed to establish a compre-
hensive methodology aiming to evaluate and verify the
characteristics of the present buildings with the use of se-
lective criteria, guidelines, factors, or verifiable standards [4].
Typically, two techniques have been taken when developing
environmental assessment schemes: life cycle assessment
(LCA) and building environmental assessments (BEA). In
many instances, both approaches have been combined to
investigate the environmental impacts [5]. While building
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performance assessment is used as a qualitative tool with a
set of criteria and checklists, LCA urges analysis based on
numerical evidence to facilitate decision making.

LCA is a widely used approach and state-of-the-art
technology for assessing the potential environmental im-
plications of all input and output flows throughout a
product’s lifecycle, from raw material extraction to end-of-
life [6, 7]. The International Organization of Standardization
(ISO) adopted environmental management in 1990, with
standard series 14040 and 14044, exclusively on LCA
methodologies. The LCA comprises four main components:
(i) goal and scope with the functional unit and system
boundary definition, (ii) life cycle inventory (LCI), where all
necessary data are collected, (iii) life cycle impact assessment
(LCIA) evaluates the significant potential environmental
impacts, and (iv) interpretation phase, where findings are
evaluated [8, 9]. The LCA of buildings has been extensively
researched because of the high environmental impacts of
this sector and its integrated approach to impact assessment
and data quality [10]. Many studies related to the energy
performance and embodied energy of buildings are exclu-
sively performed using the LCA method with multifaceted
goals [11-15]. LCA is evolving daily among various stake-
holders, extending its scope to various aspects, such as
sustainability, materials management, environmental
product declarations (EPD), and design alternatives [16-18].

Environmental assessment methods were first motivated
by green building councils (GBCs) across the world to
communicate with the market to extend the commitment to
sustainable development in buildings. These assessment
methods were developed by many countries, such as Aus-
tralia, Canada, France, Germany, the United Kingdom (UK),
and the United States of America (USA) to evaluate the
different parameters during various stages of a building.
These methods are also termed building environmental
assessment (BEA) methods. Currently, there are several
building assessment methods present worldwide. However,
the building research establishment environmental assess-
ment method (BREEAM) [19] was the first tool developed
that has been widely used for performance assessment to
date. The tool was developed focusing on the energy use and
environmental impact of the building alone. Similar as-
sessment tools, such as leadership in energy and environ-
mental design (LEED) [20], comprehensive assessment
system for built environment efficiency (CASBEE) [21],
Deutsche Gesellschaft fiir Nachhaltiges Bauen (DGNB) [22],
and Haute Qualite Environnementale (HQE) [23], are
primarily used for building performance across the world.
These methods are categorized based on different criteria,
such as management, ecology, water, energy, transport,
global warming, waste, and pollution. Several other methods
were developed in later years, adopted from the existing
ones, with indicators that fit regionally [24] that extend to
economic, sociocultural, functional, and technical aspects as
well [25]. Most of these methods measure the built envi-
ronment performance exclusively. However, it involves
quite a complex process and parameters. There are several
tools introduced to develop green buildings, and each of the
tools has different procedures and methods. Therefore, there
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is a possibility that the same evaluation could derive different
results when analyzed with different assessment methods
[26, 27].

BEAs are discussed, e.g., Poveda and Lipsett, Giama and
Papadopoulos, Alyami and Rezgui, Markelj et al., Boarin
et al., Suzer et al., Gobbi et al., Tang et al., and a few tools are
compared in several studies, e.g., Kajikawa et al., [28]
Bannani et al. [29], Bernardi et al., [5] among international
communities [4, 30-38]. Few studies, such as Rezaallah et al.,
Lee, Chu Ka-waia, and Cheung Yun-hing, Asdrubali et al,,
focused on exclusive systems to discuss the roles of the
existing methods [39-42]. Despite their current accom-
plishments in the international communities, BEA remains
confined by a lack of clarity. According to Doan et al. and
Sartori et al., many studies attempted to study the rela-
tionship among BEA tools, some confined to a particular
BEA, not discussing their limitations and updates adequately
[16, 43]. Studies in the past found limitations in the capacity
of the BEA tool to address LCA and raised concerns about
the current assessment methods. For instance, Schlegl et al.
endorsed improvements to the DGNB method related to the
LCA procedure and formulated a model to standardize the
structure of LCA evaluation methods in the German context
[44]. Lee et al. proposed an LCA framework in BEA, fo-
cusing on construction materials in the Korean context to
achieve the target score for certification [40]. Furthermore,
the non-LCA-based credits, such as design and site selection
impact categories, were further explained by Ismaeel [45].
Sartori et al. analyzed the relationship of building software
tools from an LCA viewpoint but not from a BEA per-
spective [16]. Although BEA has been a focus among various
researchers from the previous decade, a systematic review of
BEA and LCA is limited. On the other hand, there is a need
for whole lifecycle-based environmental profiling tools that
could deliver robust, diverse, and unbiased analyses in the
building sector. There are few existing examples related to
the application of BEA methods across the building sector.
Therefore, it is well-timed to review these existing methods
that already use LCA within their processes to acquire a
better understanding of the extent to which they are applied
and how their outputs are considered.

The scope of this paper is to review the environmental
impact on residential buildings with an emphasis on the
most widely used existing building performance assessment
methods from the widest range of available information
from research journals, technical manuals, and official
websites or establishments that created these methods. The
paper reviews the two main approaches for assessing
building performance: LCA and BEA. The main contribu-
tions offered by this paper are the review of the existing BEA
and LCA studies in residential buildings through literature
sources. Also, the paper conducts a comparative study of the
seven most adopted environmental assessments for build-
ings. Moreover, the paper also aims to look for relevance to
the LCA concept and sustainability dimension within the
selected assessment methods and to draw general conclu-
sions. The paper is divided into five sections. The first de-
scribes the concepts underlying the environmental
assessment methods and summarizes the two main
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approaches: LCA and BEA, for assessing building perfor-
mance. The material and methods implemented to develop,
the establishment of four selection criteria, the analysis of
seven assessment methods, and their comparisons are
presented in detail in section 2. Section 3 is dedicated to the
integration of LCA within the seven selected schemes based
on several criteria, such as project type and building type,
considering all the aspects involved in environmental per-
formance evaluation. The discussions and conclusions of the
primary contributions of this paper are subsequently pre-
sented in sections 4 and 5.

2. Materials and Methods

In this review, the methodological approach aims to respond
to the research gap and the objective of schematizing the
workflow adopted from published studies. In the first stage, a
comprehensive literature search was conducted through a
scientific database search engine. The literature search was
based on the following keywords: building environmental
assessment methods, LCA, sustainability, and residential
buildings (and their derivatives) and filters, as shown in
Figure 1. Simultaneously, the most adopted building envi-
ronmental assessment systems were considered based on the
number of projects (more than 3000) and a minimum of 5
years of service. There are around 600 rating systems
available worldwide, out of which seven systems met the
criteria, as shown in Table 1. Only building environmental
systems have been considered, and no benchmarking or
evaluation software has been further analyzed. The con-
sidered systems are listed below.

(i) Building research establishment environmental
assessment methodology (BREEAM), United
Kingdom.

(if) Comprehensive assessment system for built envi-
ronment efficiency (CASBEE), Japan.

(iii) Deutsche Gesellschaft fiir Nachhaltiges Bauen
(DGNB), Germany

(iv) GREEN STAR, Australia and New Zealand
(v) Haute qualite environnementale (HQE), France.

(vi) Leadership in energy and environmental design
(LEED®), USA

(vii) WELL, USA

In the second stage, a comprehensive review of the
extracted scientific articles from the database search was
conducted. In this review, LCA and BEA systems were an-
alyzed separately, in which seven assessment systems were
considered and analysed further based on the review per-
formed, and the remaining methods were eliminated, as
shown in Figure 1. Moreover, a comparison of the selected
seven systems was conducted, and an overview was provided
about the structure and components of these tools. Fur-
thermore, in the next stage, the level of integration of LCA
within the selected BEA systems was analyzed based on the
scope, LCA credits, and categories provided in the assessment
system. It shows the level of importance given to the LCA

components in that individual system. Most of the data in this
study arise straight from the official technical manuals. Ad-
ditional information was gathered from the official websites of
certification bodies and previous scientific articles.

2.1. Environmental Assessment-LCA. BEA follows a uni-
versally accepted approach to facilitate the evaluation of
environmental impacts through LCA. An LCA for the entire
building comprises all materials in the building but is not
limited to materials found in substantial amounts. The whole
LCA process of the building is performed based on the set of
standard references and the assumption of modeling related
to ISO 21931 and EN 15978. The different stages of the
construction life cycle are defined as follows: (Al-A3)
product stage, (A4-A5) construction process, (B1-B7) use
stage, (C1-C4) end of life, and (D) benefits and loads beyond
the system boundary [46]. LCAs can be classified according
to their scope, considering different stages of the buil-
ding-product stage (cradle to gate), the whole life cycle of
the building (cradle to grave), or adding impacts beyond the
end of life (cradle to cradle) [5, 6, 47].

Various studies (Table 2) have focused on residential
buildings [11-15, 27, 53, 64] to identify the overall impact of
various products, processes, and stages of the life cycle 34.
However, these studies [11, 13, 15, 27, 58, 59] were per-
formed using LCA, focusing on embodied energy or/and
operational energy in residential buildings as a parameter for
environmental performance. The energy of different types
affects the environment in different ways according to the
regions. Therefore, it is straightforward to look for the
importance of energy impact and environmental perfor-
mance with respect to different climatic zones. According to
Villegas et al., the cold weather in Sweden contributes
significantly to the energy effect of multifamily housing
renovations. The study concluded that the operational,
building materials, and building installation process have the
highest impact [14] and can be compensated for with the use
of renewable energy as an alternative. A similar study was
conducted in an Indian context with five different climatic
geographical zones (i.e., hot, dry, warm, humid, composite,
cold, and moderate) in a residential building with varying
envelopes. Lifecycle energy demand was studied with tra-
ditional and alternative materials (envelopes), and it was
concluded that alternative wall materials with significant
insulation could result in better energy performance [65].

By reviewing these studies, the parameters considered
for the existing research vary substantially, however, a
common trend is observed in the study. Almost all research
is focused on the use phase, particularly energy consump-
tion, heating, and cooling. These studies often analyzed the
impact of optimization suggestions on single or multifamily
dwellings thus far. It is also evident from the results that the
phase of the use of the dwelling is in the range of 60% to 90%
of the total environmental burdens, contributing to the
potential for global warming [13, 16]. This conclusion ap-
pears to be valid, despite the evidence showing comparable
outcomes even under completely different climatic condi-
tions. A common conclusion is necessary to reduce energy
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FIGURE 1: Structure of the study.
TaBLE 1: List of major environmental building assessment methods.
S. No. Method Number of countries where projects carried out Number of projects Years of service
1 BREEAM 89 16000 31
2 LEED 162 80000 21
3 CASBEE 1 14048 17
4 HQE 26 380000 29
5 Green Star 2 3109 18
6 DGNB 20 5900 12
7 WELL 98 34617 7
8 Living building challenge 70 380 15
9 Green globes 2 1997 16
10 Green Mark 6 100 16
11 VERDE 1 NA NA
13 Miljobyggnad 1 1973 12
15 TERI_GRIHA 1 2073 7
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TaBLE 2: Review of LCA from previous studies.

Country of

Reference study

Type of
study

LCA indicators LC phases

Outcome

The

(1] Netherlands

[12] Norway

[13] Lithuania

[48] Portugal

[49] Canada

[50] Greece

[51] Hong Kong

[52] Italy

[53] Spain

[54] Spain

WPC

WPC

WPC/

BMCC

WPC

WPC

BMCC

Review

MCM

Sensitivity
analysis

MCM

WPC

GWP, HTP, EP,
FDP, AP

CC, PM, AP, CED C+0+M+EOL

GWP, ODP P&C, O&M, D&R, T

LCE, GHG C+0+T

FDP, GWP, AP,
HH, EP, REP,
ODP, PCOP

P+C+0O+M+EOL

NA EOL

NA NA

NA E+P+T+C+0O+M+EOL

NA NA

Energy and GHG NA

CC, AP, EP, HT,
PCOP, PE, ADP, NA
ET

The study concluded that low-energy
residential structures lead all of the
environmental impact categories. In addition,
it is suggested that the user’s electricity
demand can be effectively reduced by up to
47% less electricity, leading up to a 9% to 45%
reduction in overall environmental impact.
The author concluded that the passive house
building envelope and the air-water heat were
20%. A combined reduction of 27% was
achieved.

The operational phase of energy-efficient
homes has a reduced environmental impact.
The study indicated that considering the
materials used to construct the envelope of a
building becomes critical for the design of
sustainable structures.

According to the report, user transportation
accounted for 51 percent to 57 percent of
energy and emissions. These findings appear
to be applicable to other southern European
towns that have grown significantly in terms
of car ownership and use.

The study examined the environmental
implications of two-story residential and
building assemblies. Manufacture and
operation were the most significant impact
categories, with the walls and roof bearing the
majority of the environmental loads.
The conclusions of the study presented the
benefits of the environmental impacts
achieved at the end of steel buildings and their
positive effects of the steel construction
technology applied in terms of environmental
sustainability.

This paper provides an overview of three
distinct streams of lifecycle analysis, namely
life, lifecycle energy assessment, and lifecycle
carbon emissions assessment, all of which
have been extensively utilized to assess the
effects of decisions.

The LCSA framework and case study were
established to incorporate three lifecycle
methodologies: construction environmental
modeling, construction cost modeling, and
construction social impact modeling.
The research presented the sensitivity analysis
to suggest a new criterion for providing a valid
assessment approach for evaluating the
environmental performance of residential
structures.

To compare retrofitting options, a
multicriteria framework is proposed in this
study.

The proper selection of building materials can
lead to a significant reduction in the
environmental impact of both construction
and demolition.
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Reference

Country of
study

Type of

study

LCA indicators

LC phases

Outcome

(58]

(14]

(60]

(27]

(61]

Malaysia

Canada

Europe

Canada

Sweden

Palestine

NA

Kazakhstan

Saudi Arabia

BMCC

WPC

MCM

BMCC

WPC

WPC

MCM

WPC

WPC

GHG, ODP, HT,
FDP, ET

NA

GWP and TPE

GWP

GWP, AP, EP and
ADP

Energy demand
and GHG

CC, AP, EP, ADP,
net present value

EE, GHG

CED, GWP, ODP,
AP, EP, POCP

NA

All

M+C

NA

All

NA

E+P+T+C+0O+M+EOL

The study analyzed the environmental
impacts of residential buildings using the
MCDM method, showing that PPVC is the
most sustainable method. Additionally,
sensitivity analyses were conducted to rule out
human subjectivity.

The article will next discuss the major
opportunities, problems, and lessons learned
from the LCA/LCC projects’ outcomes and
the study’s conduct.

LCA was adopted to compare the results and
the proposed approach. A preliminary set of
benchmarks and values for residential
buildings was defined for the global warming
of the lifecycle and total primary energy.
According to the research, neither the
modular nor the conventional construction
method was shown to be the best option for
ecologically friendly construction.

The study conducted LCA on residential
buildings and revealed that the operational
phase has the greatest environmental impact.
In the heating season, the renovations had a
significant influence on energy demand
because of a cold temperature and limited
solar irradiation.

This article presented an LCA study on
contemporary houses with energy demand
and GHG emissions as indicators. The results
indicated that the energy consumption and
GWP of contemporary dwellings have a
greater influence on the environment than
those of traditional houses. It is primarily
because of concrete’s and steel’s tremendous
impact.

Ecoefficiency ratios and alternative design
comparisons can be made using this new
methodological technique, which combines
LCA and LCC with a data envelope analysis
methodology. Using this method, an antique
residential structure in southern Europe was
retrofitted with modern amenities.

The findings of the study show that there is a
correlation between the level of comfort in a
structure and its influence. When it comes to
CO, emissions, higher comfort levels have a
greater impact.

The study examined the environmental
impact of a building, a villa, from start to
finish. The study determined that the
operating usage phase had the highest GWP
and AP as it examined the environmental
impact of developing a villa from conception
through disintegration. To put it in another
way, the operation usage phase was
determined to have a GWP of 2.61 x 106 kg
CO;-eq and 1.75x 104 kg SO;-eq,
respectively.
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TABLE 2:

Continued.

Country of Type of

study study LCA indicators

Reference

LC phases Outcome

[62] Brazil BMCC EQ, HH, Res

[63] India WPC NA

This paper has an insight that the masonry
concrete blocks have a higher environmental
NA impact with 46% and 69%, mainly because of
the brick burning and production of concrete
blocks.

There are hotspots in the construction
industry in the form of building components,
materials, and techniques. Phases identified in

D+C+0O this article examine the environmental impact
associated with a residential house at various
stages of construction, such as construction,

operation, and demolition.

MCM: multicriteria methodology, Res: resources, E: extraction, P: production, C: construction, M: maintenance, O: operation, T: transportation, D: design, R:

recycling and reuse, EOL: end of life, NA: not available.

consumption and the demand for heating and/or cooling by
improving insulation, using alternative materials, and
controlling ventilation.

Many countries have taken steps to improve the quality
of construction processes and materials. These steps change
to the extent of building construction. For example, few
researchers [12, 47, 58, 59, 66] considered different con-
struction methods and materials used, and environmental
burdens were studied using LCA. Each of the studies reveals
an interesting aspect of using different methods and ma-
terials across different regions. Moreover, all studies quoted
that the assessment helped to deduce optimal strategies to
reduce material and energy consumption. Furthermore,
there have been fewer studies performed on the end of life,
demolition, and recycling of materials [49-51, 67]. However,
neither the full lifecycle nor the full impact categories are
included in the LCA studies.

Despite the fair ease of use, the LCA method has been
criticized for its complexity, the need for exhaustive data and
information, and skewed/inaccurate results because of the
intricacy of the construction sector. LCA entails the col-
lection of sufficient data for each unit process and data on
air, water, and land emissions. As a result, the restrictions
connected with data gathering influence the overall credi-
bility of LCA conclusions. Indeed, these statistics vary in
terms of their limits, energy source assumptions, product
and manufacturing parameters, and economic activity from
source to source. Additionally, geographical variances have
the largest impact, as each country has its own knowledge
based on its local resources and construction sector tradi-
tions [52].

Additionally, the quality of LCA is inextricably linked to
the quality of data, which includes completeness, depend-
ability, and transparency. Data quality indicators should be
used to improve the data collection process, allowing the
researcher to identify and resolve critical data issues. Sim-
ilarly, data shortage may necessitate a revision in the study’s
scope and/or objectives. Thus, data completeness is crucial.
The data source, methods, and procedures used to obtain
them contribute to the data’s dependability. As a result,
greater completeness and dependability of data enables a

more precise and correct conclusion. Because of a lack of
transparency among data centers, the results are impossible
to compare. Although most LCA evaluations on windows
use standard datasets, it is obvious that no one examines
actual window features and field performance [52].

On the other hand, LCA has been used as an early-stage
decision-making tool at various levels [4, 68]. LCA has been
integrated into green building codes and standards and
rating systems to compare buildings in the planning and
design stage based on their impacts and to make informed
choices about the materials they use [54]. With growing
interest in sustainable development, LCA benefits from the
integration of economic (LCC) and social aspects (S-LCA) in
residential buildings. Therefore, different studies are
designed to provide intrinsic parameters to assess building
performance with improved building accuracy and sus-
tainability [18]. The following life cycle aspects were eval-
uated: GWP, HTP, EP, FDP, AP, LCC, and SLCA. The
results revealed the varied level of emissions between dif-
ferent structural designs at all stages and helped in decision
making to select suitable materials [55, 66, 69]. Similarly, a
multicriteria framework for comparing retrofit solutions is
proposed. LCA and LCC are integrated to analyze housing
blocks in Spain by quantifying environmental impacts in
monetary terms. The findings demonstrated how Madrid's
existing renovation techniques are far from optimal [18, 53],
with a minimal focus on the social impacts of buildings
[18, 51, 86]. However, current studies have not considered
region-specific indicators and involve the participation of
stakeholders in the selection of indicators [70].

2.2. Environmental Assessment-BEA. BREEAM and LEED,
which are market-focused assessment methods, have been
developed for both new and existing buildings. They are
among the oldest methods. Table 3 shows the main features
of all selected assessment methods. CASBEE is designed to
enhance the quality of life and reduce environmental loads.
The method is used exclusively in Japan. However, the usage
of CASBEE outside Japan may not apply for certification by
an accredited body, however, it is possible to use manuals
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TABLE 3: Main features of selected building environment assessment methods [31].
Method and Launch Last . . Schemes w.r.t. residential
Categories Assessment Rating levels 1
country year update buildings
(i) Energy
(i) Waste
(iii) Water
(iv) Pollution
0 s s, s, o, (30 nsrocton
BREEAM, UK 1990 2020 (vid) Land use and Applied to each level very good, E)'(cellent, (iii) Refurbishment and
outstanding .
ecology Fit-out
(viii) Management
(ix) Health and well-
being
(x) Innovation
(i) Energy (i) CASBEE for new
(ii) Indoor detached houses
environment (ii) CASBEE for existing
(iii) Resources and Complex weighting detached houses
CASBEE, 2001 2015 rrllaterlals. ' system applied at S, A, B+, B—, C (111? CASBEE for housing
Japan (iv) Quality service every categor units
(v) Outdoor Y gory (iv) CASBEE for housing
environment renovation checklist
(vi) Off-site (v) CASBEE housing
environment health checklist
(i) Ecological
(ii) Economic
(iii) Technical . . . I
. . (i) Residential buildings
DGNB, 2007 2020 (iv) Pr(?cess Applied to each level Bronze, s.1lver, gold, (ii) New buildings: small
Germany (v) Sociocultural platinum . . s
. residential buildings
and functional
(vi) Quality of the
location
(i) Energy
(ii) Water
(iii) Materials
ch(zli,and use and (i) Homes
GREEN ) Tfayns ort Applied to each (ii) Design and as built
STAR, 2002 2021 . 'SP category and single 0,1,2,3,56 (iii) Design and
. (vi) Emissions ;
Australia . scored construction of new
(vii) Indoor I
. buildings
environmental
quality
(vili) Management
(ix) Innovation
(i) Eco construction
(ii) Eco Pass. good. ve ood (i) HQE for residential
HQE, France 1994 2016 management Not available > BOOG, Very g0oc, buildings and detached

houses
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TaBLE 3: Continued.

Method and Launch Last . . Schemes w.r.t. residential
Categories Assessment Rating levels s
country year update buildings
(i) Energy
(ii) Materials and
resources
(iii) Water efficiency
(iv) Indoor . . .
. . . . (i) LEED 4.1 residential
LEED, USA 1998 2019 envqonmental All credlt.s are equally  Certified, §1lver, gold, (ii) LEED 41 building
quality weighted platinum design and construction
(v) Innovative
design

(vi) Sustainable sites
(vii) Regional
priority

(i) Air

(ii) Water

(iii) Nourishment
(iv) Light

(v) Fitness

(vi) Comfort
(vii) Mind

WELL, USA 2014 2021

Weighing system
applied at every level

WELL bronze, silver,

gold, platinum (i) Multifamily residential

and software for references [21]. HQE certification has the
strongest presence in Europe and focuses on overall quality
by balancing energy performance, health, and well-being,
while BREEAM and LEED allocate considerable coverage to
the environmental and energy aspects of a building [5].
DGNB aims to promote sustainable building using the
certification of buildings, interiors, and districts, translating
into sustainable planning, construction, and operation. It
has approximately 1,200 members throughout the world,
with Europe as its largest network [22]. DGNB and HQE
cover a wide assessment range of buildings, from individual
to community development structures [48]. The DGNB
categories are comparable to those in BREEAM and LEED
but include social and economic aspects. The Green Star was
designed in response to the popularity of BREEAM and
LEED in Australia, New Zealand, and South Africa. This
technique assesses nine performance parameters and pro-
motes the choice of materials that adhere to environmental
best practices [30]. The WELL Building certification was
created based on seven concepts that assess the building’s
performance in addition to its health, well-being, and
mindful eating. This accreditation offers a holistic approach
to the built environment’s health, including behavior, op-
erations, and design. Several of the components in WELL are
designed to influence behavior through education, culture,
habits, policy, and encouragement to make healthy lifestyle
choices [56]. These assessments are performed on a variety of
different types of buildings, including educational institu-
tions, businesses, residential structures, commercial
kitchens, and communities. To ensure a thorough assess-
ment, each assessment has built its own module, covering
various types of buildings. For example, CASBEE includes
pertinent extra information on detached housing, temporary
building, and urban growth. There are different modules
available under BREEAM, LEED, and others, exclusively
focusing on multifamily buildings, commercial spaces, and

so on. Similarly, categories for modules are revised, for
example, BREEAM achieved development by revising the
weight assigned to credits from its 2014 to 2018 scheme [57].
Overall, all assessment methods are revised continually to
keep up with international standards.

Previous studies (Table 4) attempted a comprehensive
comparison of all existing assessment methodologies indi-
vidually [60] and compared different building assessment
methods [30, 32, 34, 41, 42, 45, 46, 60-63, 80], and several
studies compared specific assessment methods LEED and
ITACA [42, 80]. Chu and Cheung (2017) studied BEAM and
LEED, and Illankoon et al. (2017) compared eight rating
systems [26, 41]. Mattoni et al. (2018) and Doan et al. (2017)
compared building environmental methods, including
CASBEE, Green Star, BREEAM, LEED, and ITACA [43, 81].
Similarly, Suzer (2015) compared LEED with BREEAM,
SBTool, CASBEE, and Green Star [34]. LEED and BREEAM
are the two commonly studied systems, probably because of
their wide usage, and few other studies extended beyond the
comparison of these two systems to the comparison of other
regional assessment methods [26, 30, 35, 63, 71, 72, 82].
Moreover, few attempted to study the incorporation of
sustainability aspects into building assessment methods [70]
[45, 49, 71]. Therefore, the studies have raised a common
concern about existing assessment methods, thereby pro-
viding different suggestions and conclusions based on the
available resources.

A contemporary-built environment is created and
managed by utilizing large amounts of energy and materials,
thus impacting the health and well-being of the occupant
[73]. The assessment systems cover the same features related
to the functional condition, such as acoustic comfort,
thermal comfort, noise, lighting, fire protection, waste re-
duction, operations and maintenance, energy efficiency,
material efficiency, aesthetics, and appearance of the
buildings [28, 36]. Each BEA method conducts an evaluation
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TABLE 4: Review of building environmental assessment from previous studies.

Reference

Country of study

Buildings assessed

Study outcomes

(71]

(72]

(73]

(74]

(75]

(35]

(28]

(76]

NA

NA

Europe

Lithuania

Portugal

NA

Spain

Africa, Latin America,

Middle East

Italy

Spain

Slovakia

Italy
Hong Kong

NA

Spain

Malaysia

NA

Australia

Residential

All buildings

All buildings

Residential
(multiapartment)

Residential

All buildings

Residential

All buildings

Residential

Residential (high rise)

Family houses

Residential
All buildings

All buildings

Residential

Residential

Residential

All buildings

Eco-homes (BREEAM) were developed for household usage, and this study
investigates the spread of indicators used and attempts to close any gaps. The
indicator analysis revealed that environmental and social variables were
adequately covered. However, the economic dimension was completely
ignored.

Review of different integrated strategies for sustainability assessment, new
rating systems developed for industrial projects with the following criteria:
approaches, strategies, models, appraisals, and methodologies.
Different environmental tools were compared with each other and evaluated
according to ISO standards. Methodology, criteria, lifecycle phases, and costs
are covered.

The study recommended using sustainable building assessment standards,
such as BREEAM and LEED, for multiapartment buildings and their
surrounding environment. In all systems, the most critical requirements were
energy consumption, resource conservation, waste management and
recycling, material quality, longevity, and the building’s ability to be used for
another purpose.

Comparing the weighting of criteria used by LiderA, SBToolPT, the code for
sustainable homes, and LEED for homes (2012)to determine the
sustainability of a residential project in Portugal.

The article proposes a simplified way for evaluating the sustainability of
buildings by utilizing the AHP method and focusing on sustainable
construction professionals.

The research resulted in the development of an easy-to-use tool for
homeowners that provides the same level of rigor as current sustainability
credentials for experts in the building and real estate development industries.
A case study of a residential structure is used to validate the system.
By incorporating the building rating value (BRaVe) methodology into
current tools, this study analyzes and evaluates tools in poor nations.
Glass wool, expanded polystyrene (EPS), wood fiber, and kenaf are some of
the thermal insulating materials studied in this paper, which examines how
these materials affect a building’s energy and environmental performance.
Integrated value methodology for sustainability assessment (IVMSA) has
been used to create a sustainability assessment model for, high-rise
residential construction structures (MIVES).

A building’s design, construction, and operation are simply rated or ranked
by the BEA. An examination of selected family homes in several categories,
such as site location, building constructions, energy efficiency, water
conservation, and waste reduction were discussed in this study.

The comparison of LEED and ITACA schemes. ITACA scheme was applied
on residential buildings chosen in Italy.

The comparison of two assessment systems, BEAM plus and LEED, in the
aspect of materials, indoor quality, and water management.

A descriptive statistical analysis of the 11 most widely used green building
rating system to conclude discrepancies and similarities.

The OERCO, Erasmus+ project explored an open-source online tool for
nonspecialists to estimate the carbon footprint of residential structures. This
tool’s inner workings, including calculations, data management, and
operation, are thoroughly described. Because of the tool’s simplicity, even
nonspecialists can assess a building’s long-term viability.

The tropical climate of Malaysia, the environmental and development
backdrop, and cultural and social requirements have been considered in the
design and development of the green building Index (GBI). These tools were
compared to show the differences and similarities between them.

The review of different aspects of sustainability, including LCA, LCC, and
SLCA, examined the research gaps.

The research compared different rating tools and found that selected tools
lack mandatory criteria and regulations, incentives in Australia.
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TaBLE 4: Continued.

Reference  Country of study Buildings assessed Study outcomes
Categorizing different assessment tools in terms of sustainability aspects at
[25] Denmark All buildings regional, international, and local scale. The distinction and gaps are
presented.
For the sake of global consensus, this study analyzes the 10 leading rating
[79] Spain All buildings systems, focusing on their rating categories, the subsets of sustainable

development, innovative considerations, and rating procedures.

at different levels with multiple parameters and relevant
weightage across project phases of a building. Nevertheless,
these methods follow a common approach to evaluating the
performance of buildings [30]. Moreover, studies have in-
vestigated whether, by the application of building assess-
ments, there is a vast decrease in the environmental
influence of buildings [27]. Numerous studies on building
assessment systems have been conducted, however, there has
been a dearth of comparisons of important BEA across a
comprehensive range of evaluation criteria and clarity in the
weights used for comparison [28].

2.3. Comparative Analysis of BEA. This section will describe
and compare the assessment tools that have been chosen
based on the various criteria that have been embraced by the
most widely used performance tools worldwide. The purpose
of this section is to provide an overview of the structure and
components of the tools used to assess environmental
performance. To investigate the different assessment tools,
they were compared based on the following criteria: (1) the
scope of buildings assessed, (2) typology of buildings, (3)
lifecycle phases assessed, (4) indicators, (5) the user of tools,
and (6) sustainability. The major objective of the study is to
compare selected BEAs for determining the building’s en-
vironmental impact. Table 5 analyzes the scope of the se-
lected assessment methods to determine the extent to which
the assessment methods investigate the building
performance.

2.3.1. Scope and Typology of Building. Each assessment
method is unique in its application to various types of
buildings, including industrial, commercial, educational,
residential, and healthcare, and it focuses on the building’s
management in relation to the local and global environment
[62]. WELL certification specializes in commercial kitchens,
restaurants, and multifamily residential buildings. Addi-
tionally, BREEAM, CASBEE, DGNB, Green Star, HQE,
LEED, and WELL include specialized schemes for a variety
of solutions, such as new or refurbished buildings.

2.3.2. Lifecycle Phases. BREEAM, CASBEE, DGNB, HQE,
and WELL cover four stages of a building’s lifecycle (design,
construction, operation, and maintenance). Except for HQE
and DGNB, no other instrument evaluates a building’s
demolition and deconstruction phases. Additionally, all
methods, except HQE, exclude planning and predesign
stages. WELL does not contain any information about the
renovation phase in any of the modules.

2.3.3. User of Tools. The usage and availability of systems for a
different audience make the system robust and identify the level
of social inclusiveness. WELL certification has the maximum
reach extending to public healthcare experts and anyone who
has an interest in social and well-being. On the other hand,
systems, such as BREEAM, DGNB, HQE, and LEED, have
been developed based on an academic framework. Therefore,
accessibility ranges from experts and researchers to building
owners and users [55]. CASBEE limits its access to building
users and researchers [83]. However, all the assessment
methods suggest having an exclusive expert from their re-
spective systems to audit the performance of a building.

2.3.4. Indicators. To investigate the quality of the building,
different assessment methods use different parameters and
indicators to study environmental impacts and weigh them
to certify the performance [4]. Based on the analysis, all
major evaluation systems have focused on the following
categories: energy use, materials, project management,
pollution, waste management, and water. Similarly, other
indicators, such as indoor quality, visual comfort, and
identities, such as economic, cultural, and social identities,
have been given the highest priority in terms of sustainability
[83]. The shown categories (Table 6) often refer to the same
items or different items in the same or different categories.
Sometimes they do not assess the same attributes. For ex-
ample, in LEED, transport is not assessed as a separate
criterion, whereas it is included under the site selection
category. Similarly, DGNB does not assess transport, indoor
quality, and ecology as separate categories. These are
summed up under ecological quality. Similarly, olfactory
comfort is considered in HQE and WELL, whereas the other
systems are included in the general category of air quality.
WELL considers more social aspects, such as fitness,
nourishment, air, and water, exclusively as separate cate-
gories. Therefore, the elements are represented and grouped
as per the scope of the module and method of assessment.

2.3.5. Sustainability. With so many options available in the
market and also to keep up with global updates, many as-
sessment methods have included some aspects of sustain-
ability. Therefore, the purpose of this section is to analyze the
selected BEAs with relevance to the definition of sustain-
ability. It is noticeable that each BEA system allocated
weightage and credits for categories and subcategories. It is
also possible to understand that all BEA methods follow
different evaluation patterns and different indicators
placement under categories.



12 Advances in Civil Engineering

TaBLE 5: Criteria considered for comparison.

Assessment methods

Criteria

BREEAM CASBEE DGNB Green star HQE LEED WELL
Scope
New 4 v v v 4 v v
Existing v v v v v v v
Refurbishment v v v X 4 v v
Typology
Residential vV v v v a4 4 4
Offices v v v v 4 v v
Urban planning and communities v v X v v v X
Commercial v v v v v v Y
Educational Institutions v v v X 4 v v
Healthcare v v X v X 4 v
Industrial 4 v v v 4 X X
Lifecycle phases
Predesign X X X X X X X
Design v v v v 4 X v
Manufacture X X v X 4 X X
Construction 4 v 4 4 4 4 4
Use/Operation v X v v v v v
Maintenance v X v X v v X
Demolition and disposal X X v X 4 X X
Users of tools
Academicians v X v X v v v
Authorities v v X v v v X
Building professionals and Consultants v v v v v v
Building owners/partners X X X v v v v
Occupants v X X X v v
Construction products Manufacturers v X X X v X X

v included in the criteria, X not included in the criteria, v multifamily residential, /v include commercial kitchen and restaurants, and & include public

healthcare experts.

TaBLE 6: Distribution of indicators under assessment categories.

Indicators BREEAM CASBEE DGNB Green star HQE LEED WELL
Energy

Energy performance (en) v v v X + v X
Greenhouse emissions (en) v X X v + v X
Transport

Public transport accessibility (sc) v X v v X X
Alternative transportation (sc) v X X v X X X
Green vehicles (en, sc) v X v X X X
Pollution

Construction waste management (en) v X X X X v v
Noise pollution (en) v X X v X v 2%
Light pollution (en) v v X v X v a4
Air pollution (en) v v X v X v 24
Impacts of refrigerants (en) v X X v X X
Waste (en) X X X 4 v X X
Water efficiency

Water consumption (en) X X X X + 4 4
Water Quality (en) v X X v + v v
Potable water and demand (en) X X v v + X X
Wastewater (en) X X v X + X X
Indoor comfort and Quality

Indoor air quality (en) X v v v X v X
Thermal comfort (sc) v v v v v v 4
Acoustic performances (sc) X v v v v v v
Visual comfort (sc) v X X X v v 4
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TaBLE 6: Continued.
Indicators BREEAM CASBEE DGNB Green star HQE LEED WELL
Olfactory comfort (sc) X X X X v X v
User comfort and satisfaction (sc) X X v v X X X
Smoke control (sc) X X X X X v v
Humidity control (sc) X X X X X v v
Resources and Materials
Material efficiency (en) v X X X X X X
Responsible procurement (ec, en) v v v v X X
Fundamental material safety (en) X X X X v v
Land-use and ecology (en) v X v X v X X
Ecological value (en) X X X v X X X
Local environment Impact (en) X X v X 4 X X
Site assessment and development (en) v X X X v X X
Health and well-being
Hazards (sc) v X v X 4 X v
Quality of outdoor spaces (sc) X X X v v v X
Safety and security (sc) X X X X v X
Toxic material reduction (en) X X v
Quality of indoor spaces(sc) X X X v X X X
Nourishment (sc) X X X X X X %4
Fitness (sc) X X X X X X N4
Management
Project brief and design (sc) v X v X X X X
Commissioning and handover (sc) v X v v X v X
Responsible construction practices (en) v X X X X X X
Environmental management (sc) X X X v X X X
Building information (sc) X X X v X X X
Cleaning and maintenance (sc) X X X v 4 X X
Innovation (sc) v X X v X v v
Functional and Technical aspects
Adaptability (en, ec) v v v X X X X
Durability and resilience (ec, en) v v X X X X X
Flexibility (ec, en) v v 4 X X X X
Design and quality of construction (en) X X v X X X X
Lifecycle impacts (en) v X v X X v X
Lifecycle costs (ec) v X X X X X X
Commercial viability (ec) X X X X X v X
Deconstruction (en) X X 4 X X X X

v included, v included as a separate category, ¥ considered under another category, + included together with other indicators, X not included, en:

environment, ec: economy, and sc: social.

BREEAM, DGNB, Green Star, LEED, and WELL are
compared directly based on their individual categories and
the percentage of allocation. However, methods, such as
CASBEE and HQE, could not be compared because of their
allocation in the system. For instance, CASBEE evaluates
building projects through the lens of three metrics: building
environmental efficiency (BEE), built environmental quality
(Q), and built environmental load (LR). Similarly, HQE does
not assign a weighting factor to each category because this
framework assigns equal weight to each category throughout
the assessment [5]. It gives a picture of how each indicator
has spread across the groups and their weightage assigned.
Therefore, all indicators were analyzed to group them under
three aspects, such as environment, society, and economy,
based on the credit points from the system (Table 7). The
grouping of categories under sustainable aspects is com-
pletely based on the author’s understanding and perspective.

Figure 2 shows the breakdown of the three pillars analyzed
based on the credit points.

Environment is the primary aspect focused by all BEA
methods. More than 75% of indicators are adopted based on
environmental aspects. On average, 60% of all BEA methods
focus on environment factors. The utmost significance is
given to energy efficiency, water utilization, and materials
under environment category. Social category has got at-
tention in recent times. However, the categories show good
percentage (50% overall) on social categories. However,
except for WELL, other BEA methods are exhaustive to
cover in terms of social indicators. The functional aspects,
such as aestheticism, indoor quality, and thermal quality,
visual comfort, and occupant well-being, are significantly
scored indicators. In terms of economy, BREEAM, Green
Star, and WELL modestly contribute with an average of 3%,
approximately. On the other hand, DGNB assigns equal
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TaBLE 7: Distribution of credit points for sustainable aspects by categories [43].
BREEAM (pts)  CASBEE (score) DGNB (pts)  Green star (pts) HQE (targets) LEED (pts) WELL (pts)
E\I;]e;ft}; :225'5 Energy ~2 Energy~24 Energy~38 Air ~3
Water ~ 6. 5 IE ~2 Water~12 Eco- Water efficiency  Resources
. . Resources and Ecological ~40 Materials ~10  construction ~12 ~10
Environment Pollution ~9 . . .
. Materials ~1.5 Ecology~6 ~4 Sustainable Sites Water ~2
Materials ~6 Quality Service ~1.5 Emissions ~6 ~7 Light ~2
Ecology ~15 Y ’ &
Total ~78% Total ~70% Total ~40% Total ~64% Total ~25% Total ~62% Total ~12%
Fitness ~7
Comfort
Health ~6 Transport~7 IEQ .~16 ~12
. Outdoor . Innovation ~6 .
Innovation . Socio-cultural IEQ ~18 . Mind ~15
Environment~1.5 . . Comfort ~4  Transportation .
. ~10 . and functional Innovation~10 Air ~25
Social Off-site Health~4 ~15
Management Environment~1.5 ~30 Management Regional priorit Water ~7
~6.5 : ~14 SO ROV Light ~8
Innovation
~2
Total ~20% Total ~30% Total ~30% Total ~33% Total ~50% Total ~38% Total ~87%
Management . Management Eco Innovation
Economic ~30 management
Economy ~2 ~3 4 ~1
Total ~2% Total 0% Total ~30% Total ~3% Total ~25% Total 0% Total ~1%
[5, 38]. Hence, it is quite unsure how these methods may
Lo EEAM achieve sustainability.
W CASBEE 3. Integration of LCA in Building
Assessment Methods
Firstly, it should be noted that the LCA method and indi-
cators are integrated within the BEA methods. Subsequently,
these methods focus more on the aspects of sustainability via
LEED DGNB lifecycle phases, such as design, construction, operation,
maintenance, renovation, and demolition. Thus, relevant
procedures have been implemented from a lifecycle per-
spective [38, 77]. The purpose of this section is to understand
HQE Creen Star the LCA protocols that have been applied in seven BEA

—o— Environment
e  Economic

-e- Social

F1GURE 2: Distribution of sustainable aspects among BEA methods.

weightage on all three pillars of sustainability. However, the
indicators under categories provide more insight and brings
to attention that few indicators need to be looked beyond
social aspects. For example, procedural, management, and
innovation categories should be reconsidered under sus-
tainability [26, 43].

From the analysis, it is evident that not all existing
methods have equal priority to all three aspects of sus-
tainable pillars. Neither of these categories is classified
under any sustainable pillar. Therefore, most of the credit
points are based on the stakeholders and different local
contexts. It brings to a point to question the global
consensus or common language for these indicators

methods. For this, information on the LCA components was
collected through technical manuals, websites, and research
papers. Table 8 outlines the comparison of selected BEA
methods and the integration of LCA within each system. It is
classified based on the scope, LCA credits, and related LCA
indicators provided in each BEA method to show the utility
level and importance given to these LCA components.

(a) Implementation of LCA in BREEAM: the credits are
awarded in Mat 01 for lifecycle impacts. It requires
environmental product declaration (EPD) data to
calculate greenhouse gas emissions. Similarly,
“Materials for hard landscaping and boundary
protection” Mat 02 was directly accessed using the
BRE tool [45, 76]. To encourage the minimum op-
erational energy demand, Ene 01 “Reduction of
energy use and carbon emissions” is assessed based
on CO, emissions. The criteria are evaluated in two
ways: 1) energy performance with authorized
building energy calculation software and 2) energy-
efficient design features. They were given 25 credits
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TaBLE 8: A comparison table to investigate the integration of LCA in BEA methods [45].

Scope of LCA

LCA categories

Total LCA

LCA indicators weightage (%)

Ene 01 energy efficiency

Mat 01 life cycle Impacts

BREEAM Material ~Whole building (i) Energy Mat 02 hard landscaping and boundary protection 5.9
level level (ii) Materials Mat 03 responsible construction products ’
Wst 05 adaptation to climate change
Man 02 lifecycle costing
(i) Energy
CASBEE Whole building level™* (ii) Materials Calculating the BEE=* value life cycle CO, 15
(iii) Resources
(i) Global, local Env 1.1 life cycle Impact assessment
. 1 Impacts
DGNB Material - Whole building (ii)pEnvironment . 13.5
level level Env 2.1 LCA - Primary energy
(iii) Resource
(iv) Waste
Green Material ~Whole building (i) Materials Ene 01 greenhouse gas emissions ”
Star level level (ii) Energy Mat 01 life cycle assessment
2.2 environmental Quality of the Materials,
HQE Material level (i) Materials products, and Equipment used 9
4.1 Thermal design
MRcl building life cycle Impact Reduction
LEED Material ~ Whole building (i) Materials MRc2 environmental product declarations and )
. . 7
level level (ii) Resources product optimization
MRc3 Sourcing of raw materials
Building level () Air Life cycle CO, - minimizing source of indoor air 3

pollution

plus extra four credits for innovation and 5 credits
for energy-positive buildings [57]. However,
BREEAM, as a whole building assessment method,
does not endorse specific products as “BREEAM
compliant.” Compliance with applicable criteria and
performance of selected products will be demon-
strated for evaluation purposes [19].

(b) Implementation of LCA in CASBEE: the method

includes LCA as an optional assessment for building
materials. GHG emissions can be calculated using an
internally developed calculator. Lifecycle CO,
(LCCO,) calculations are performed for each stage
of the building’s lifecycle. There are two ways to
calculate LCCO,, one using the reference value of a
3-level performance building and the other one by
individual calculation with accurate LCCO, esti-
mation [5, 16]. The categories linked with this are
within Q2, LR1, and LR2 as the quality of service,
energy, resources, and materials [21].

(c) Implementation of LCA in DGNB: the system as-

signs equal weightage to the following categories:
ecological, economic, sociocultural, and functional
quality. The tool integrates LCA and LCC along with
the building process. The scores of the individual
criteria were applied as a fixed weighting factor, and
a performance score was calculated for each criterion
relative to a reference building. The LCA was ana-
lyzed for raw materials, construction, operation, and
end-of-life stages. The data are acquired from the
European Sustainable Construction database

(ESUCO), the Association of German Engineers
(VDI), or project-specific data [30, 45, 76]. The
points are given to those that conform with the
reference values, and additional points are given for
carbon neutrality in design and construction as per
agenda 2030 [22].

(d) Implementation of LCA in Green Star: the system

assesses categories on two levels: materials and the
whole building. The Green Star Energy Calculator
and NABERS are used for building calculations. The
assessment allows access to Ene-01 to reduce
greenhouse gas emissions. The system promotes the
usage of EPDs and encourages auditing indepen-
dently. The system relies on Australian and inter-
national LCI EN 15978 databases. In the evaluation
criteria, up to 7% of credits were awarded for the
LCA assessment. However, the method does not
clearly indicate which part of the evaluation should
be considered for LCA. The credits depend on the
cumulative percentage of impact reduction. Usually,
the assessment results are compared with similar
construction types and operations [84].

(e) Implementation of LCA in HQE: the certification is

based on four themes: construction, comfort, health,
and environmental management. The environmen-
tal performance of a building can be assessed by
focusing on primary nonrenewable energy sources
and emission control. The assessment relies on data
based on environmental product declarations
(EPDs) [76].
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(f) Implementation of LCA in LEED: LCA is incor-
porated at the materials and resources level, which
encompasses both materials and the building itself.
LCA calculated for six environmental impacts, such
as GHGs, the depletion of stratospheric ozone, eu-
trophication, the acidification of water and land, and
the formation of tropospheric ozone, demonstrating
a minimum of 10 percent reduction [78]. Up to five
points were granted in 2013 for reducing a building’s
lifecycle impacts in new building design and con-
struction. The weightage was calculated based on
LCA-TRACI [76].

(g) Implementation of LCA in WELL: the assessment
measures seven attributes that impact the occupant’s
health (promoting clean air or reducing emissions)
and measures CO, emissions [56]. The certification
is given at the whole building level and developed
based on American norms and metrics. As per
practical books, the integration of LCA is not clearly
stated in the certification system. However, the
system relies on EPDs to assess the products and
materials within buildings to reduce emissions [16].

The relationship with LCA in all seven BEA methods
provides insights into what level these indicators are used
within the system. Looking at the entire table, in DGNB, the
evaluation system covers the whole building and all phases,
while in BREEAM and LEED, it is only applied at the
material level. In the case of BREEAM, the crediting of
indicators (materials and energy) is not entirely transparent
at each phase of the process. The LEED method gives more
points for energy efficiency in the operational stage, where a
high score is awarded for embodied energy. As mentioned
earlier, the credits for building emission reduction for both
new and renovation cases are based on the baseline building
requirements (requirements are based on ASHRAE) [48].
The building reference should be self-declared as a baseline
design that must be comparable to function, size, orienta-
tion, and so on to establish a reference. A distinction be-
tween BREEAM and LEED, in terms of calculation, is that
LEED provides a direct score based on evaluation, and the
credits are awarded based on the fulfillment of the category
[39].

DGNB, HQE, Green Star, and WELL methods rely
mostly on the EPDs of building products to award credits to
the LCA component. HQE awards credits, however, it is not
necessarily based on the evaluation of LCA results, and it
does not clearly implement LCA and does not specify
technical criteria. Similarly, Green Star provides no guidance
on how to evaluate LCA. The primary issue is with the
border as it is unclear which portion of the system should be
evaluated, resulting in contradictory outcomes [16, 44].
WELL does not directly address any aspect of LCA in its
system, and Green Star provides no guidance on evaluation.
However, WELL is designed to “cross walk” assessment
methods such as BREEAM, LEED, and Greenstar. In
comparison to other approaches, DGNB is the most com-
prehensive in terms of lifecycle impacts as it considers the
energy demand of the building throughout its life, including

Advances in Civil Engineering

the construction and renovation stages, as well as the op-
erational stage. DGNB is the most comprehensive in terms
of providing credits based on LCA [16]. On the other hand,
DGNB’s reference values establish a limit as they are self-
proclaimed based on previously conducted and certified
studies [16, 44]. Therefore, it does not showcase the full
spectrum of the construction industry to validate the cer-
tification and to create a benchmark. It is said to be a major
limitation in the DGNB system [85].

In terms of indicator point calculation, each BEA
method uses a different LCA tool or its own internal cal-
culation tools [86]. In the case of BREEAM, the tools for
calculations are internally developed (e.g., the Mat01 Cal-
culator), which is not available as an open resource [19].
Similarly, the software, such as IMPACT, e-tool, and One
Click LCA, used for life cycle impact assessment must be
recognized by BREEAM. DGNB and HQE assess the impact
based on the project-specific data or from region specifi-
cations. CASBEE has an internally developed tool to evaluate
parameters. Similarly, Green Star uses two ways to evaluate
the indicators using the Green Star energy calculator and
NABERS [74]. LEED used the LCA software that recognized
data based on ISO 14044, for example, Athena Impact Es-
timator, GaBi, and SimaPro [45].

In summary, seven BEA methods have integrated the
LCA approach and some strived to include disposal and
reuse, recycling the potentials of BMCCs. Some methods
have included LCA indicators and EPD requirements within
their credits, however, the methods adopt different ap-
proaches and weight relevance to the outputs. However, the
real question is how far these indicators compute the actual
impacts and demonstrate a real reduction in impacts [38].
This lack of clarity leads to confusion for practitioners.
Moreover, these types of credits are relatively lower in
weightage than the energy-related credits in most of the BEA
methods. However, on the brighter side, the growing at-
tention to construction materials and usage of EPDs has
stimulated the practitioners positively.

4. Discussions

From the preceding analysis, we can conclude that there is a
concern on how to reduce environmental impacts. In this
context, many comprehensive building assessment methods
have been developed to assess and provide global standards
to evaluate the value of buildings. Since the 1970s, assess-
ment methods have attempted to evaluate a building beyond
its energy losses and turned around to focus on conservation
methods. The prime objective of these methods is to improve
the environmental performance of buildings, allowing
multiple indicators, such as energy consumption, air quality,
land use, materials, water, waste, etc. Initially, BREEAM
attempted to evaluate a building beyond its energy factors.
Since then, many assessment methods have emerged
globally. The performance of these methods varies signifi-
cantly in certain countries because of diverse locations,
cultures, and climatic zones. For instance, if different tools
are used to evaluate the same building, the results may differ
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[26]. However, the use of these methods is not apparent, as it
is unclear or not defined when the assessment should be
performed, or who should carry out the assessment or what
type of assessment methods to be selected, and how the
results from evaluation should be interpreted or used.

Furthermore, seven well-known building environmental
assessment systems (BREEAM, CASBEE, DGNB, Green
Star, HQE, LEED, and WELL) were analyzed and compared
to understand the fundamental differences and similarities
by means of a methodological approach. The comparison
among the systems was carried out on features, performance
criteria, fundamental aspects of sustainability, and inte-
gration of LCA. All seven assessments cover a wide range of
typologies (residential, commercial, etc.) and lifecycle stages
(raw material extraction, production, construction, opera-
tion, recycling, and demolition). In terms of lifecycle stages,
all methods, except HQE, do not consider planning or
predesign stages, whereas WELL does not include the
renovation phase in its system. These methods also evaluate
buildings that are new or existing. Hence, all systems pro-
posed different schemes based on building typologies. Re-
furbishment/renovation practice is becoming important
because of the increasing number of energy-inefficient
existing buildings [2]. Renovation and fit-out schemes are
presented in BREEAM, LEED, and DGNB, individually.
Systems cover refurbishment combined with other schemes.
Moreover, refurbishment is also a complicated process that
requires extensive analysis in terms of materials, cost, and
comfort [33]. Therefore, it is crucial to inspect and evaluate
the performance of existing buildings before and after
renovation. At present, most of these methods are applied
predominantly to the new construction, operation, and
maintenance phases of an existing building. The authors feel
that these systems shall propose/integrate a scheme or
method to identify the best renovation strategies that could
be useful for the early stage of renovation projects.

The comparison among the categories of all systems was
carried out from a qualitative point of view. From the
preceding analysis, it is evident that the “energy” category is
given the highest importance in all assessment systems,
except for CASBEE and WELL. It is because of the common
consensus on energy reduction and its significance in terms
of sustainable development among countries [2, 7]. The
second common category observed among all systems was
“water,” and it was the lowest scored on credits after
“outdoor environment” and “materials.” The most signifi-
cant dissimilarities can be observed in “comfort and safety”
and “outdoor quality” areas. Categories, such as olfactory
discomfort and natural disasters, are rarely focused on these
assessment methods. On the other hand, WELL has a
comprehensive coverage of topics dedicated to environ-
mental impact reduction on all six methods but highlighting
majorly on health and well-being of the occupant. However,
it is quite time-consuming and deep for a lot of users [75].
LEED and DGNB set good examples in terms of the
weightage of credits on topics, such as health and well-being
requirements. However, there are several drawbacks in
terms of evaluation standards and baseline reference in-
formation. Therefore, global standards are a major concern
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in most of the assessment methods, which lack uniformity.
At the same time, it is important to mention that some of the
study methods are already setting specific standards for the
type and use of a building.

Based on the analysis, it is feasible to infer that many
assessment methods place a low quality on economic and
social factors. It also implies that not all factors of sustain-
ability are distributed equally in all systems. The concept of
sustainability is different across different countries regarding
different priorities and approaches. It was possible to look at
the distribution of different categories based on the weights
assigned in the respective assessment methods. However, the
score assigned greatly varies in each assessment method.
BREEAM and LEED, as widely used methods, do not focus
much on the economic, social, and cultural aspects of
buildings. None of the certification systems has the largest
focus on the economy, although DGNB focuses almost
equally on the three aspects of sustainability. The weightage of
categories is summed up with 100 points or percentage, in
which the DGNB system shows an equal distribution of
weightage in all groups. Raslanas and Alchimoviene confirm
that the majority of building evaluation techniques fall short
of adequately addressing social and economic issues [62].
Additionally, Bannani et al. [29] highlighted that because of
geographic and cultural variance, the local context dictates the
importance of environmental, economic, social, and cultural
variables [24]. It is because of two main reasons: (1) the
knowledge or concept of sustainability is vague, and (2) the
countries face challenges in proposing their own methods for
the evaluation of economic, social, and cultural dimensions.
In the opinion of authors, assessment methods should have a
common consensus on parameters and equally distribute
indicators over three dimensions to achieve a proper sus-
tainable assessment method.

As mentioned before, there are two approaches for the
evaluation of building performance: the BEA method and the
LCA method. The LCA-based approach provides the possi-
bility to quantify the environmental impacts at all stages and
easily compares the results to implement effective solutions.
LCA is well-established, is accessible to users, and has a
greater influence on the decision-making process [4, 79].
However, there are some impediments in the use of these
tools because of their complexity, unclear nature, and the lack
of data inventory and transparency, a common consensus on
datasets, and conversion factors [70]. Few authors have
recommended the integration of LCA with building assess-
ment methods to assess the overall impact of buildings
[16, 36, 40, 43, 87-89]. According to Bisegna et al., the
building assessment methods should include LCA in their
evaluation procedure for assessing sustainable materials
throughout the lifecycle [80]. By introducing LCA, the as-
sessment systems would benefit from the improved perfor-
mance on credits and scores, providing a basis for empirical
evidence for users [16]. All seven assessment methods in-
corporate LCA indicators at different levels and categories. It
makes the comparison and deriving relationship between the
assessment methods very difficult. However, the comparison
provides insights into the method that provides completeness
in terms of evaluating LCA in its assessment methods.
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Most of the assessments cover the reduction of green-
house gases and the evaluation of CO, emissions. BREEAM
is the only method that calculates the construction project’s
emissions [19]. Both BREEAM and LEED have given limited
scope to LCA credits and indicators in their systems. In
contrast, CASBEE and DGNB allocated significant credits in
their systems. Although DGNB has incorporated LCA into
all stages, it lacks clarity to deduce the results based on the
reference values [85]. However, few authors have pointed
out improvements in the DGNB and LEED systems to
achieve and standardize the templates of collection, evalu-
ation, and results of LCA [44, 45, 78, 85]. A similar eval-
uation was performed by Collinge et al., who found
contradictions when evaluating BEA-related materials
through LCA. On the other hand, WELL contributes much
on the social front (not complete S-LCA) rather than E-LCA,
as most of the categories correspond to the well-being and
health of the occupants. Thus, by compromising the other
two aspects, however, it is still unclear how all seven as-
sessment methods assign weightage and credits to the cat-
egories related to LCA, except for the BREEAM and LEED
assessment methods.

Finally, in the longer run, the integration of LCA tools
into the whole BEA will yield significant benefits, not only in
the improved understanding and crediting of holistic per-
formance but also in reduced assessment complexity and
cost. However, at present, there are very few integrated
systems available that can identify similar indicators for the
meaningful integration of LCA. Buildings’ environmental
performance must, therefore, be evaluated using benchmark
values over the course of their whole lifecycle. A future
research opportunity is to undertake statistical analysis [44]
to identify the most relevant LCA factors for residential
structures and other types of buildings.

5. Conclusions

Concurrent with technological advancements, building
environmental assessments have evolved and have been
updated over the years. This paper reviews seven BEA
methods, namely, BREEAM, CASBEE, DGNB, Green Star,
HQE, LEED, and WELL, to identify the similarities and
differences of the BEA methods, to examine the distribution
of sustainability in each system, and to assess the level of
integration of LCA in each system. During the research, 20
papers precisely dealt with BEA and sustainability, and 22
articles were related to LCA. A review of the literature re-
veals that several studies focus on the energy and operational
phases of buildings, and few studies have investigated the
whole lifecycle of buildings, integrating LCA and S-LCA.
BREEAM and LEED are the most widely used certifications
across the globe, with more than 10,000 projects. Therefore,
the articles focusing on LEED and BREEAM were signifi-
cantly higher than CASBEE, Green Star, HQE, DGNB, and
WELL. However, CASBEE-, Green Star-, and WELL-related
articles are still limited.

Based on the analysis performed, the main conclusions
were drawn as follows: most of the assessment methods
use weighting to evaluate the performance criteria,
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covering different typologies and lifecycle stages. This
study shows that the analyzed BEAs focus more on the
operational stage but do not fully address the implications
of embodied energy. BREEAM and LEED, claiming to be
the most widely used methods, have recently made
changes to take embodied carbon into account. Similarly,
most of the tools are updated on “new construction”
schemes to keep in line with sustainability. Categories,
such as “energy,” “resources,” “water,” “waste,” and
“management” are commonly considered from a quan-
titative point of view. On the other hand, WELL shows
more about the health, well-being, quality, and comfort of
the occupant and building than the environmental and
economic dimensions. Therefore, it is clear from the
analysis that all seven assessment methods have con-
tributed to three aspects of sustainability. However, the
weight assigned greatly varies in each assessment, proving
that these methods are diversified in terms of their users,
criteria, and regions and create a niche among assessment
methods.

All seven BEAs incorporate the LCA approach at
distinct levels and categories, which makes the compar-
ison and deriving relationship between the assessment
methods difficult. Most of the assessments cover the re-
duction of greenhouse gases and the evaluation of CO,
emissions. However, the comparison provides insights
into the method that supplies completeness in terms of
evaluating LCA in its assessment methods. BREEAM is
the only method that calculates the construction project’s
emissions. Although DGNB has incorporated LCA into all
stages, it lacks clarity to deduce the results based on the
reference values [81]. On the other hand, WELL con-
tributes much on the social front (not complete S-LCA)
rather than the environmental and economic aspects, as
most of the categories correspond to the well-being and
health of the occupants. However, it is still unclear how all
seven assessment methods assign weights and credits to
the categories related to LCA, except for the BREEAM and
LEED assessment methods.

Furthermore, it is recommended to focus on better
implementation of LCA functionalities at each stage, as
well as complement by integrating socioeconomic-based
LCA models to achieve and measure sustainability. One of
the major limitations is that these assessment methods
specialize in environmental attributes and have minimal
contribution toward the cost and social dimensions that
are required to evaluate the overall performance of the
building. Moreover, establishing common criteria with a
global consensus that fit across different geographies is
still a visionary in building assessment methods. There-
fore, future research could focus on the development of a
hybrid method that harmonizes all potential sustainable
indicators that can be applied at all stages of residential
building assessment [90].
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