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Abstract: Building materials with a low environmental impact are critical to the sustainability of the
built environment. The environmental impact of materials can be determined by a Life Cycle Impact
Assessment (LCIA), which constitutes multiple parameters such as the water used in a material’s life
cycle. To use the LCIA approach for building material selection, its parameters need to be assigned
different weights, which is the primary objective of this study. Building Information Modelling
(BIM) can play an influential role when using LCIA during the building design process. With this
consideration, we study the attention given to environmental sustainability in buildings and the
responsiveness of BIM in this case. A multi-regional survey of 120 experts from academia and
industry was conducted. The results show the relative importance of LCIA parameters and the focus
of the building sector on environmental sustainability. The current and the future responsiveness of
BIM towards environmental sustainability is also indicated. To promote the integration of LCIA in
building design and performance assessment, the future role of BIM applications is explored. The
results will contribute to research and practice in the sustainable built environment by helping select

environment-friendly building materials.

Keywords: life cycle impact assessment; building materials; environmental sustainability; BIM

1. Introduction

Buildings protect humans from the undesirable effects of nature, and they provide
places to live, work, and rejoice. However, their overarching role in society comes at an
environmental cost. The development and the operation of buildings are associated with
a significant environmental burden. For instance, one-sixth of freshwater, one-quarter
of wood harvest, and two-fifth of material and energy flows are attributed to the global
building sector [1-3]. Across the globe, building-driven carbon emissions are speculated to
reach 42.4 billion tonnes in 2035—43% above 2007 levels [4]. Negative impacts of buildings
may also include traffic congestion, dust, noise, waste disposal, and water pollution during
the construction stage. However, the environmental impact of buildings is not limited
to the construction stage only as buildings continue to impact the environment in their
operational life [4]. Due to its contribution of the largest portion of landfill wastes and
consumption of about half of mineral resources, the construction industry is compelled
to improve in sustainability terms [5]. Owing to urbanization, an unparalleled growth
in building development is observed worldwide. The International Energy Agency has
predicted that by 2050, the number of commercial and institutional buildings will increase
by two times [6]. Hence, sustainable practices incorporated into building construction can
make substantial contributions in the future. This trend in building construction also points
toward the potential harm if this sector keeps ignoring the sustainability approach.
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1.1. Relative Attention toward Environmental Sustainability in Buildings

Sustainable development results from attention toward the triple bottom line: planet,
people and profit. Accordingly, sustainable practices in all disciplines must ensure the
fulfilment of environmental, social and economic objectives. Sustainable buildings also
need to comply with the triple bottom line, but equal attention toward the social, economic,
and environmental dimensions is rarely observed. Buildings developed for business ac-
tivities are often more focused on economic and social aspects than environmental, which
cost significantly more when incorporated. On the contrary, buildings developed with an
environmental agenda (i.e., certified green buildings) focus more on environmental and
social sustainability and less on affordability or economic aspects. Hence, environmental,
economic and social sustainability are popularly recognized as three dimensions of sustain-
ability, but they are typically not given equal emphasis when developing and operating
buildings. Research has reported the emphasis in the form of weights associated with
economic and social sustainability in buildings [7,8]. However, relative weights related to
environmental sustainability in buildings are yet to be explored in the literature.

1.2. Life Cycle Impact Assessment of Building Products

The adverse environmental impact of a building could be reduced by making well-
informed decisions regarding the choice of construction materials [9]. Life cycle analysis of
the building materials can ease the decision-making process in the earlier stages of a project
when the design changes can be introduced at low costs [10]. For the built environment,
the scope of life cycle analysis can be broadened to include buildings and even entire
neighborhoods [11], or narrowed to include individual building products [12]. The scope
of the current study involves the application of life cycle analysis on building products.

Life cycle analysis of a building product involves tracking its inventory and a subse-
quent impact assessment. Life cycle inventory analysis is about identifying and quantifying
all resources used to produce a product: energy, water, raw materials and processed materi-
als; all substances released into the environment, such as the emission of pollutants into
the air, soil and water; and losses resulting from the production and consumption of the
product [13]. However, Life Cycle Impact Assessment (LCIA) is a further development of
the inventory analysis as it converts the inventory data of materials under assessment into
a set of potential impacts such as the global warming potential associated with the raw
material extraction, manufacturing, transportation, installation, and disposal. This enables
practitioners and decision-makers to better understand the damage caused by resource use
and emissions [14].

Even though LCIA is a science-based, quantitative method for evaluating the envi-
ronmental impacts of a product, an overall assessment is ultimately subjective because
few products are likely to outperform their alternatives across all impact parameters [9].
For instance, LCIA can provide the values of impact parameters such as global warming
potential, ozone depletion potential, and smog creation potential associated with different
types of structural columns made of alternative materials such as steel, timber and concrete.
LCIA can provide objective parameter values for different materials (i.e., steel, timber and
concrete). While the steel columns may be a reasonable choice compared to the other two
alternatives when judged using global warming potential, timber columns may be a more
favorable choice based on smog creation potential. Hence, LCIA provides environmental
data regarding construction material alternatives, yet the resulting objective information
alone may not help to decide the optimum materials in terms of environmental perfor-
mance. To reconcile these likely performance trade-offs, the optional step of incorporating
weights in LCIA can be useful for aggregating performance scores for all relevant impact
categories into a single score. Weights are the link between the quantitative results of Life
Cycle Assessment (LCA) and the value-based, subjective choices of decision-makers [9].
Associating weights with LCIA parameters can ease the selection of construction materi-
als. By combining both the objective values of Impact Parameters (I) and the subjective
weights of those indicators (W), a weighted aggregation model, as given in Equation (1),
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can generate a value for the overall environmental performance (P) of building materials
under consideration. ;
Pryp. = Z IEnvyWEm)i (1)
i=1
There is a serious lag in studies conducted on this topic. Also, the findings of previous
studies may have been outdated since they were conducted more than a decade ago. The
lack of recent research on LCIA parameter weights implies that there is a missing account
of current priorities towards environmental issues. This can create a hindrance in the use
of weighted aggregation models for the selection of environment-friendly materials.

1.3. Use of BIM for Environmental Sustainability Assessment in Buildings

To ease the use of the LCIA approach in building material selection, it needs to be
integrated into the building design process. An efficient way to achieve this is through
Building Information Modelling (BIM). The concept of BIM dates back 30 years, and it
is credited to Chuck Eastman [15]. In early 2002, industry analyst Jerry Laiserin coined
the term Building Information Modelling to describe virtual design and construction as
well as facilities management [16]. The American Institute of Architects (AIA) defines
BIM as a model-based technology coupled with a project information database, which is
accessible and sharable to various project participants [17,18]. Among the contemporary
tools available for design, construction and operation, BIM has outstanding prospects in
integrating environmental sustainability in building projects. For an increased uptake of
LCIA based tools in the selection of building materials, it is important to understand the
current and the future responsiveness of BIM towards environmental sustainability.

1.4. Research Objectives

Based on the increasing concern of society towards environmental sustainability in
the building sector and the importance of the weighted LCIA approach for sustainable
material procurement, this study aims to account for contemporary considerations towards
environmental issues in the building sector. The specific objectives are:

e To investigate the consideration towards environmental sustainability in commercial
and residential buildings

e  To investigate the contemporary priorities toward environmental issues encompassed
in the LCIA framework

e  To explore the prospects of using BIM for environmental sustainability in buildings

2. Literature Review

In this section, the impact parameters constituting LCIA are explained, and then the
developments of BIM in terms of building sustainability are explained.

2.1. LCIA Indicators and Parameters

The use of LCIA-based impact parameters for building sustainability assessment is
not new. For many regions, LCA-based building-related tools have been developed that act
as decision support systems, such as Athena® by Athena Sustainable Materials Institute,
Canada; EcoQuantum® financed by the Netherlands government; and Envest® by Clarity
Environment, a consultancy based in the UK. Although these tools are region-specific
and they use different modelling techniques, they operate on a whole-building level,
making use of LCI parameters to provide information regarding design alternatives [19].
Another important tool to mention in this regard is BEES 4.0, developed by the National
Institute of Standards and Technology, USA, which provides the LCIA related information
within the context of the US and it helps to compare the environmental performance
of different alternatives of building components [20]. These tools typically depend on
multiple parameters to assess the environmental performance of building components or
entire buildings.
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It is important to define indicators and parameters since they are key components
of LCIA. The purpose of an indicator is to provide useful information regarding social,
physical or economic systems, often through numerical data [21,22]. Indicators can be very
useful in describing the system state, identifying state changes as well as demonstrating
cause-and-effect relationships. Besides their mutual differences, indicators typically address
important issues such as lifecycle costs, resource consumption, comfort, environmental
pressure, indoor air quality and energy and water efficiency [23]. Considerable research
has gone into identifying and establishing indicators of environmental sustainability. LCI
indicators are well established in the research and the practice of life cycle assessment, and
they provide a comprehensive account of the environmental sustainability of a material.
These indicators are operationalized and represented through sets of impact parameters. A
parameter, while acting as a sign or a signal, transmits an intricate message from numerous
possible sources in a simple, utile manner. Hence, parameters are about simplifying the
behavior of something, quantifying it, and communicating it. The following is a brief
account of the LCIA impact parameters that can represent different indicators [24]:

e Acidification potential: The potential of a material to result in the acidification of the
environment.

e  Eutrophication potential: The potential of a material to result in eutrophication which
is the addition of mineral nutrients to the soil or water. This can result in undesirable
shifts in the number of species in ecosystems and a reduction in ecological diversity.

o Ecological toxicity: This measure indicates the potential of a chemical (associated
with the material under study) released into the environment to harm terrestrial and
aquatic ecosystems.

o  Fossil fuel depletion: This accounts for the non-renewable energy used throughout
the product system and the embodied energy in products, such as the hydrocarbons in
plastics and chemicals. This parameter has much significance and is even used alone
to decide on environment-efficient building products [25].

e Smog potential: This accounts for the potential of smog creation throughout the
product life cycle (i.e., in raw material processing, manufacturing, transportation,
installation and at the End-of-life).

e  Global warming potential: This accounts for the potential of global warming resulting
from the chemicals associated with a product’s life cycle.

e  Water use: This accounts for the inventory of net water used throughout a product
system.

e Land use: This accounts for the surface area of land occupied and/or transformed
within the system boundaries of a product system.

e  Ozone depletion potential: This characterizes the ozone-depleting gases in a product
system.

e Indoor air quality: This accounts for the indoor air quality by determining the emis-
sions in the form of Volatile Organic Compounds (VOCs) from a product. Unlike other
impact parameters, this parameter does not apply throughout a product’s lifecycle
and instead applies only to the operation/use stage of a product. This parameter is
particularly relevant to floor coverings, interior wall finishes, and furniture.

e  Human health: This characterizes the relative health concern associated with various
chemicals used throughout a product system.

e  (riteria air pollutants: This quantifies the criteria air pollutants associated with a
product system. There are six criteria air pollutants, including carbon monoxide,
ground-level ozone, lead, nitrogen dioxide, particulate matter and Sulphur dioxide.
These pollutants can harm health and the environment, and they can cause prop-
erty damage.

Life Cycle Assessment is a quantitative method for understanding the environmental
impacts of a product, yet all product purchasing decisions are ultimately subjective. Weights
are the nexus between the quantitative results of Life Cycle Assessment and the values-
based, subjective choices of decision-makers [9]. For the list of LCI impact parameters
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provided above, some studies have been conducted in the past to determine their relative
weights, including the Harvard University study [26], the US Environmental Protection
Agency’s (EPA) Science Advisory Board (SAB) study [27,28], and National Institute of
Standards and Technology (NIST) study [9]. Originally in 1990 and again in 2000, SAB
developed lists of the relative importance of various environmental impacts to help the
EPA best allocate its resources [27,28]. The criteria used to develop the lists include a
spatial scale of the impact, the severity of the hazard, degree of exposure and penalty for
noncompliance. SAB did not explicitly consider fossil fuel depletion or water intake as
impacts as they can be assumed as medium- and low-risk problems, respectively [29]. The
relative weights of LCI impact parameters interpreted from these studies are provided
in Table 1. The classification of impact parameters into indicator categories, as shown in
Table 1, is inspired by studies from Braganga, Mateus [23] and Mateus and Braganca [30].

Table 1. Relative weights of LCI impact parameters.

Indicator Impact Parameter N.IST S.AB Harvalfd Study
Weights  Weights Weights
Climate change Global warming potential 29 16 11
Water efficiency Water use 8 3 9
Fossil fuel depletion 10 5 7
Resources depletion

Habitat alteration/Land use 6 16 6
Eutrophication potential 6 5 9
Acidification potential 3 5 9
Emissions Ozone depletion potential 2 5 11
Smog potential 4 6 9
Ecological toxicity 8 11 6
Criteria air pollutants 9 6 10
Human Health Human health 13 11 6
Indoor air quality 3 11 7

Although the SAB and the Harvard-based weights are valuable, and they offer guid-
ance from a broad base of constituents, several interpretations and assumptions are required
for their use [9]. The most recent study to determine the weights of LCIA impact param-
eters was conducted more than a decade ago in 2007 by NIST [9]. The opinion among
experts regarding the relative importance of environmental issues may have changed,
hence requiring an inquiry to provide a contemporary account of the preferences towards
environmental issues (i.e., weights of LCIA indicators and parameters).

2.2. BIM

Sustainability analyses during the design and the pre-construction phases that are
vital to deciding on sustainable features of a building [31,32] can hardly be performed
using the planning environment of a traditional Computer-Aided Design (CAD) platform.
Along with the assortment of sustainable building materials, which is an important aspect
of building design [33], access to a comprehensive dataset comprising a building’s form,
context, materials and Mechanical-Electrical-Plumbing (MEP) systems is needed to make
accurate building performance assessments in the early design and the pre-construction
phases. BIM creates an opportunity to incorporate sustainable measures throughout the
design process by merging multi-disciplinary information within a single model [32,34].

The design phase being of utmost importance for the implementation of BIM in
projects, has received significant attention from both academia and industry [35]. BIM
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can significantly reduce the costs of energy and sustainability analyses, and it can make
the sustainability performance information conveniently available simply as an additional
outcome of the standard design process [36]. BIM’s contribution to sustainable design and
sustainability assessment is continuously evolving and making significant leaps. Owing
to the scope of this study, only a review of BIM applications for sustainability assessment
is provided.

According to a study by Azhar and Brown [37], using the opinion of industry profes-
sionals, significant time and cost savings are realized by BIM-based sustainability analyses
as compared to traditional methods. Some popular BIM applications for sustainability
assessment include Ecotect™ and Green Building Studio (GBS)™ by Autodesk®, US; and
Virtual Environment (VE)™ by Integrated Environmental Solutions Ltd., UK. Along with
the capability of BIM to export data for energy analysis, some other sustainability analyses
related activities, including energy use calculations, green construction material use po-
tential and Leadership in Energy and Environmental Design (LEED) compliance, can be
ensured by using supplementary programs known as plugins [15]. This indicates that BIM’s
ability to evolve through plugin applications will play a significant role in its potential to
address sustainable development in buildings.

Within sustainability-related research, BIM has been used on multiple instances for
LCA-based methodologies. For instance, to assess the environmental impact of concrete-
based materials, Lee, Tae [38] used the LCA methodology on a BIM-enabled design. The
assessment included different impact parameters, i.e., global warming, abiotic depletion,
acidification, etc. In a similar study, Filho, da Costa [39] used BIM in the context of Life
Cycle Sustainability Assessment comprising socio-economic and environmental aspects.
A study by Peng [40] contended that the estimation of carbon emissions over a building’s
life cycle can be simplified by BIM and Ecotect as they can supply most of the relevant
information required for LCA calculations. This can also resolve the issue of insufficient
information while conducting building LCA studies. Although it has been emphasized
that LCA calculations must be based on BIM information [41], some barriers hinder this ap-
proach. Currently, LCA requires BIM integration with other software [35], as exemplified by
Ajayi, Oyedele [42] and Tahmasebi, Banihashemi [43] who used BIM with Athena Impact
Estimator (developed by Athena Sustainable Materials Institute, Canada) and EcoDe-
signer (developed by Graphisoft, Hungary), respectively, to calculate building material
and energy-related impacts. Tally®, a BIM-based plugin developed by KieranTimberlake
Innovations, US, is a development to bridge the gap between LCIA and BIM-based in-
formation. Material information from a BIM model can be directly imported into Tally
which can then inform the environmental performance of materials based on different
LCIA impact parameters. Najjar, Figueiredo [44] and Tushar, Bhuiyan [45] have verified
the use case of this BIM-based application for LCIA. With such developments in BIM to
incorporate environmental sustainability issues, it is important to ascertain how architec-
ture, engineering and construction (AEC) professionals think about the prospects of BIM to
ensure environmental sustainability in buildings.

3. Methodology

To determine the current consideration of the building sector towards environmental
sustainability, weights of LCIA indicators and parameters and the responsiveness of BIM
towards environmental sustainability in buildings, this study employs the findings from
expert opinion. The expert sampling approach, which is a type of purposive sampling is
employed in this study. The reason to use expert sampling is that it provides the opportunity
to incorporate the opinion of people with a high degree of knowledge about the subject
area [46]. For sampling purposes, relevant experts from academia were identified based on
their research activity in LCA and BIM. Relevant experts from the industry were identified
based on their affiliation with green building certification systems (i.e., LEED, BREEAM,
Green Star). With more than 2000 survey requests sent, 120 responses were obtained,
resulting in a response ratio of 0.06. As a sampling strategy, there was an equal emphasis
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on engaging industry and academic professionals. However, as an outcome, far more
academic professionals participated compared to industry professionals, indicating their
interest, expertise and knowledge about the subject area (i.e., LCA and BIM).

To record the expert opinion, a multi-regional survey comprised of three stages was
conducted with a submission option at the end of each stage. Resultantly, a different
number of experts responded at different stages, as shown in Table 2. In total, 73% of the
respondents primarily belonged to research and education, while the respondents from
construction and design consultancies had a participation of 4% and 19%, respectively.
In terms of awareness, 92% declared to be well-aware of environmental sustainability in
building projects, and 8% had little knowledge. Such a high level of awareness of the
subject matter is not coincidental since only selected academics and industry practitioners
renowned for their work in sustainability as well as BIM were reached to participate in
the Survey. Different questions related to the three stages of inquiry can be seen in Table 2.
These questions correspond to the three objectives of this study.

Table 2. Questions in different stages of the Survey.

Survey Number of
Stage Survey Themes Respondents

Respondents’ introduction

Understanding of sustainability dimensions

Typical weight of environmental sustainability for residential
and commercial buildings currently prevalent in

respondents’ country 120

The ideal weight of environmental sustainability for
residential and commercial buildings that must prevail in
respondents’ country

Weights of environmental sustainability indicators and

. 75
impact parameters

Current and futuristic responsiveness of BIM towards 53
environmental sustainability

The survey data was analyzed using descriptive statistics, which measured the fre-
quency, central tendency, dispersion or variation and position of data. The data from the
first stage of the Survey was also analyzed by considering the degree of human develop-
ment and environmental performance of participants’ regions of affiliation.

The regional affiliation of respondents for the first stage of the multi-regional Survey
is indicated in Figure 1. It can be observed that the highest participation in the first stage of
the Survey is from the USA (n = 27), the UK (n = 11) and Italy (n =9). Data related to the
ideal and the typical sustainability weights of buildings were analyzed at two levels. For
the holistic analysis, where the overall trend towards environmental sustainability weight
was to be presented, data from all survey respondents were cumulatively considered. For
the detailed analysis, where the environmental sustainability weights for individual regions
were to be considered, only findings for countries with at least three participants were used.
This ensured that the findings were subject to some degree of normalization and that the
personal bias of participants was addressed to some degree.
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Ireland-0.955

Hong Kong-0.949
Germany-0.947
Netherlands-0.944
Australia-0.944
Denmark-0.94
Singapore-0.938
United Kingdom-0.932
New Zealand-0.931
Belgium-0.931
Canada-0.929
United States-0.926
Austria-0.922
South Korea-0.916
Spain-0.904
France-0.901
Italy-0.892
Estonia-0.892
United Arab Emirates-0.89
Lithuania-0.882
Poland-0.88
Portugal-0.864
Saudi Arabia-0.854
Romania-0.828
Turkey-0.82
Malaysia-0.81
Serbia-0.806
Iran-0.783

Bosnia and Herzegovina-0.78
Mexico-0.779
Thailand-0.777
Brazil-0.765
China-0.761
Indonesia-0.718
South Africa-0.709
Egypt-0.707
India-0.645
Pakistan-0.557
Nigeria-0.539
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Figure 1. Regional affiliation of survey respondents.
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To investigate the consideration of environmental sustainability in commercial and
residential buildings, the findings from the first stage of the Survey were used (see Table 2).
The Ideal and Typical/Usual Environmental Sustainability weights of buildings associated
with different countries were obtained. These sustainability weights were then rationalized
based on the level of human development and environmental performance of different re-
gions. This was because, on the scale of countries, different drivers influenced the regional
attention towards sustainability dimensions. Human needs have varying priorities; for
instance, if issues of inequity, health, poverty and illiteracy were taken into consideration, it
could be argued that the focus of sustainable development in developing countries should
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be on socio-economic issues rather than on the environmental [47,48]. Accordingly, devel-
oping and developed countries have different preferences toward sustainability [47,49].
Hence, the distribution of countries into various groups while presenting the survey find-
ings would help to see the priorities currently given to environmental sustainability in
buildings by countries having different degrees of human development. To determine the
level of human development in different regions, the measure used in this study was the
Human Development Index (HDI), a United Nations measure of well-being in a country,
which can help rank countries by their level of human development. The HDI is a compos-
ite statistic of education, life expectancy and income per capita. A country gets a higher
HDI score when education level, lifespan and GDP per capita are higher, and inflation and
fertility rates are lower. Notably, countries with an HDI value above 0.8 are considered to
have very high HDI values. An HDI value above 0.8 is classified as very high, between 0.7
and 0.799 as high, 0.55 to 0.699 as medium, and below 0.55 as low [50]. This criterion was
used to segregate, analyze and rationalize the survey findings related to the first objective.

These survey findings were also rationalized using the holistic environmental perfor-
mance of countries for which building environmental sustainability weights were provided
in the Survey. To determine the holistic level of the environmental performance of different
regions, the measure used in this study is the Environmental Performance Index (EPI). The
EPI ranks regional environmental performance in two areas: protection of human health
and ecosystems [51].

The impact parameters obtained from the second stage of this Survey are used in an
exemplary case to show the role of these weights in the selection of building materials. The
example compares structural beams made of different materials. The impact parameter
values for the beams are obtained from BEES™ online tool developed by the National
Institute of Standards and Technology, USA. The objective parameter values alongside the
subjective weights of parameters are used to determine the beam material with optimum
environmental impact.

4. Results and Discussion

This section is comprised of three sub-sections to address the individual objectives of
this study. This section provides a detailed analysis of the survey findings and a detailed
discussion of the outcomes.

4.1. Weight of Environmental Sustainability Dimension

To address the first objective of this study, the respondents were asked to present for
their respective countries the weights given to environmental sustainability from the group
of three sustainability dimensions (i.e., social, economic and environmental sustainability)
with the cumulative sum of all three dimensions equating to 100. Respondents opined
about the current (i.e., typically assigned) and idealistic weights of environmental sus-
tainability dimensions for residential and commercial buildings in their countries. ‘Ideal
weight” implies the relative attention which must be given to environmental sustainability
in buildings. ‘Usual weight” implies the relative attention given to environmental sustain-
ability, in reality. Equal attention to three sustainability dimensions (i.e., environmental,
social and economic) implies a weight of 33.33% for environmental sustainability. An
environmental sustainability weight of less or more than 33.33% either indicates less or
more attention to the environmental sustainability dimension compared to the other two
sustainability dimensions.

4.1.1. Environmental Sustainability in Comparison with Social and Economic Dimensions

Sustainable development is about satisfying human needs by adhering to socio-
economic and environmental values [47,52]. For a building project to be regarded as
sustainable, all three sustainability dimensions need consideration [30]. Average weight
values of the sustainability dimensions from all the survey responses are provided in
Figure 2, which indicates the average trends towards social, economic and environmental
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Social

Social

Social
Economic

Environmental

sustainability in residential and commercial buildings. As shown by the radar charts in
Figure 2, the most balanced weight values for the three sustainability dimensions are only
for ideal residential and commercial building scenarios. In the case of usually assigned
weights for commercial and residential buildings, much higher weight values are associated
with the economic dimension compared to the environmental and the social dimensions.
All three sustainability dimensions belong to a cohort, following a zero-sum approach
which implies that an increase in the weight of one dimension decreases values for the
other two dimensions. Based on analysis (see Figure 2), currently, in the building sector,
social and environmental dimensions are dominated by their economic counterpart, and
the survey participants have idealized that all three dimensions in the building sector
should receive somewhat similar scores.

Environmental Environmental
40 40
30
3
10
20 0
Economic Social Economic
O Residential building ideal weight O Commercial building ideal weight
Environmental Environmental
50 60
40 50
30 40
30
20 20
1
Economic Social Economic
[ Residential building usual weight 0O Commercial building usual weight
Residential building Residential building Commercial building Commercial building
ideal weight usual weight ideal weight usual weight
31.55 23.31 29.22 19.22
33.39 49.06 36.22 54.31
35.09 26.81 34.55 26.14

Figure 2. Radar chart showing typical and ideal weights of three sustainably dimensions.

The difference in sustainability dimension weights can originate on the micro-level
because of the difference in views of different project stakeholders and on the macro-level
because of the difference in the regional policies. The disparity in expert opinions is
analyzed in Figure 3, which shows the weights of sustainability dimensions with respect
to respondents’ professional affiliation. The survey respondents belonged to Research
and Education (n = 87), Design Consultancy (n = 23), Construction Consultancy (n = 5)
and other construction-related professions (n = 5). Owing to the significant representation
of Research and Education (n = 87) and Design Consultancy (n = 23) professions in the
dataset, only their responses are presented in Figure 3. For ideal weights of residential
and commercial buildings, respondents from both professions assigned roughly equal
weights to all three dimensions. A slight difference in weights with respect to professional
affiliation is observed in the case of the usual weights of commercial buildings. Compared



Buildings 2022, 12, 700

11 0f 23

to the professionals from Research and Education, those from Design Consultancy tend to
associate slightly less weight with Social and Economic sustainability, but slightly more
weight with Environmental sustainability. A detailed discussion regarding the social and
the economic sustainability dimension in buildings and the indicators and the parameters
associated with social and economic sustainability is beyond the scope of this paper, and it
has been addressed by authors elsewhere [7,8].
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Figure 3. Weight of sustainability dimensions with respect to respondents” area of belonging.

When comparing the ideal sustainability weights from the Survey with previous
studies, it is realized that some studies have prioritized environmental sustainability by
assigning it a higher weight compared to other dimensions. For instance, in a study by
Mateus and Braganca [30], while assessing the overall sustainability of Portuguese residen-
tial buildings, the weights used for environmental, social and economic dimensions were
40%, 30% and 30%, respectively. This indicates that for ideal case scenarios, environmental
aspects have higher or at least equal weight compared to social and economic aspects.

The environmental and economic sustainability dimensions in building development
typically have an inverse relationship. However, this inverse relation of environmental and
economic sustainability may ease with improved processes as well as technology. In this
regard, a study by Ahmad, Aibinu [53] has shown that all three sustainability dimensions
are interrelated, and they may affect each other positively or negatively depending on some
underlying conditions.

4.1.2. Detailed Analysis of Environmental Sustainability Weights

Respondents were asked about the relative weight of sustainability dimensions from
the perspective of their countries. To investigate the regional trends, the survey data was
segregated based on HDI estimates of 2019 [54]. This division helped to rationalize the
weight distribution from the viewpoint of regional development. For the Survey conducted
in this study, most of the participants belonged to highly developed regions (n = 92);
hence the environmental sustainability weights they indicated were for countries with very
high HDI. For countries with high, medium and low HDI values, 19, 6 and 3 responses
were obtained, respectively. Owing to the relatively lesser number of responses for high,
medium and low HDI value countries, the responses for these three groups of countries
were collectively presented within the group of low to high HDI countries. Figure 4 presents
the box whisker plots of environmental sustainability weights for buildings in countries
with low to high and very high HDI values. Based on the median values as shown in
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five-number summaries, it can be deduced that very high HDI countries typically tend
to give relatively more attention to environmental sustainability for residential buildings
(Median = 25) and commercial buildings (Median = 30), compared to the weights typically
given to residential buildings (Median = 20) and commercial buildings (Median = 25) in
low to high HDI countries.
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Figure 4. Box whisker plots for environmental sustainability weights.

The survey findings related to the first objective of this study were also rationalized us-
ing the environmental performance of countries (i.e., EPI) for which building environmental
sustainability weights were provided by survey participants. Environmental sustainability
weights as opted by respondents from different countries are shown as comparative plots
in Figure 5 and in Figure 6. The bar chart in Figure 5 indicates a trend in the weights upon
sorting the responses in the order of the EPI score of countries for which the responses were
provided. The environmental sustainability weights used in these analyses are average val-
ues of the weights suggested by different participants for a region. For instance, the weights
for the USA in Figure 5 and in Figure 6 are the average values of weights provided by all
USA-based participants (n = 27). The analyses presented in Figures 5 and 6 are only for
regions for which at least three survey participants provided their responses. This helped to
reduce the likelihood of personal bias and inconsistent opinions while establishing regional
trends toward environmental sustainability.

Among the countries included in the analysis, India has the lowest EPI score (27.6), and
the UK has the highest EPI score (81.3). The linear trend lines provide an understanding
of overall tendencies. The ideal weight of both residential and commercial buildings
significantly increases from low to high EPI countries with a slope value of 1.136 and 1.048,
respectively. However, the typical weight of residential and commercial buildings slightly
increases from low to high EPI countries with a slope value of 0.53 and 0.40, respectively.
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Figure 6. Environmental sustainability weights for different countries sorted by HDI value.

The bar chart in Figure 6 establishes trends in the weights upon sorting the responses in
the descending order of the HDI values of countries for which responses are provided. With
India having the lowest HDI value (0.645) and the Netherlands having the highest (0.944)
of the regions considered for analysis, the linear trend lines provide an understanding of
overall tendencies. The ideal weights of both the residential and commercial buildings
have trend lines showing significant weight increase from low to high HDI value countries
with a slope value of 1.27 and 1.04, respectively. On the contrary, the usual weights of
residential and commercial buildings have trend lines showing very slight differences in
weight among low and high HDI value countries with slope values of 0.19 and —0.09,
respectively. The environmental sustainability weights, along with the EPI score and HDI
value of respective countries (listed in Figure 5 and in Figure 6), are shown in Table 3.
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Table 3. Building environmental sustainability weights for different regions.

- 2 Residential Commercial E = s

°g Building Building TS =R g g
Country 2% ?gg VT §:

§ % Ideal Usual Ideal Usual | E - § E - = §

e Weight Weight Weight Weight S S O =R
India 6 28.89 27.22 36.67 36.67 0.645 168 27.6
Indonesia 3 31.11 21.11 27.78 17.78 0.718 117 37.8
Turkey 6 32.22 23.33 30 18.33 0.82 99 42.6
South Africa 3 23.33 56.67 33.33 46.67 0.709 98 431
Malaysia 3 27.78 33.33 23.33 33.33 0.81 68 479
Brazil 3 35.55 23.33 33.33 26.67 0.765 55 51.2
United States 27 36.17 24.57 34.32 2494 0.926 24 69.3
Italy 9 35.93 24.44 35.18 21.11 0.892 22 71
Canada 4 36.67 28.33 35 37.5 0.929 20 71
Australia 4 36.67 30.83 35.83 28.33 0.944 13 74.9
Netherlands 3 44.44 48.06 51.94 36.67 0.944 11 75.3
United Kingdom 11 36.36 29.39 36.36 33.03 0.932 4 81.3
Mode * 120 33.33 20 33.33 20
Mean * 120 35.14 26.81 34.55 26.14
Median * 120 33.33 20 33.33 30

Note: * implies mean, mode, and median of environmental sustainability weights provided by all survey participants.

Both Figures 5 and 6 provide trends in environmental sustainability weights according
to the EPI and the HDI values of countries, respectively. For the trendlines of ideal weights
presented in Figure 5 and in Figure 6, R-square values are reasonably high, implying that
there are clear correlations of HDI and EPI with ideal environmental sustainability weights
of buildings in a country. On the contrary, low R-square values for typical weight trendlines
in Figure 5 and in Figure 6 suggest that there is a weak correlation between the HDI and
the EPI for typical environmental sustainability weights of buildings in a country. This
implies that compared to low HDI and EPI regions, countries with the high level of human
development and environmental performance would ideally associate more weight with
building environmental sustainability. To address the second objective of this study, the
findings of the second stage of the Survey are presented in the next section.

4.2. Weights of LCIA Indicators and Impact Parameters

To investigate the contemporary priorities towards environmental issues encompassed
in the LCIA framework, the respondents were asked to provide their opinion regarding
the relative weights for indicators and impact parameters of environmental sustainability.
Other than the Human Health-related parameters shown in Table 1, all other indicators
and parameters from the list were inquired. To discuss the variation in opinions from
survey respondents, Figure 7 shows box whisker plots for weights of different indicators
and parameters and provides the five-number summary of these weights. As apparent,
a significant difference in opinions exists in the case of fossil fuel depletion potential,
while the majority of respondents agree on the weights of smog potential, ozone depletion
potential and hazardous waste to disposal parameters. However, for the weights of other
indicators and parameters, the difference of opinion is between these two extremes.
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Figure 7. Box whisker plots for indicator and impact parameter weights.

The relative weights given to different indicators and parameters by survey partic-
ipants have been highlighted in Figure 8. Among the four inquired indicators, global
warming potential (mean weight = 27.6%) and emissions (mean weight = 25.2%) were asso-
ciated with the highest relative weights. The depletion of resources indicator is comprised
of three parameters (see Figure 8). Among them, the highest relative weight was assigned
to depletion of material resources (mean weight = 35.3%). Also, the emissions indicator is
comprised of six parameters. Among them, the highest relative weights were given to smog
potential (mean weight = 18.7%) and ozone depletion potential (mean weight = 18.1%); and
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the least relative weights were assigned to eutrophication potential (mean weight = 15%)
and acidification potential (mean weight = 15.2%).

Global Warming
Potential
28

27 Acidification
Land use 26 Potential
36 20
34 1
Smog Inert waste to
32 Potential disposal
30
Depleti
pletion’ot Emissions
Resources
Ozone Hazardous
Depletion Depletion of Depletion waste to
potential of material Potential disposal
Fossil fuels resource
Eutrophication
Potential
Water efficiency
Parameters of ‘Depletion of Resources’ Indicators Parameters of ‘Emissions’

Figure 8. Radar chart for the indicator and parameter weights.

The weight values assigned by survey participants in this study are somewhat sym-
metric, which means that among the various indicators and parameters of environmental
sustainability, somewhat similar weights were assigned. Although a big difference in
assigned weights is observed from the five-number summary (see Figure 7), the mean
weight values in many cases are close to each other and give the appearance of symmetrical
distribution. Since indicator and parameter weights were not inquired for individual
regions, these weights from Survey have not been explained using the regional affiliation
of survey participants.

4.2.1. Example of the Use of Parameter Weights

To demonstrate the role of identified parameter weights in deciding appropriate
construction materials and assemblies, the example of a structural beam is provided in
this section. Using the BEES Online tool, the objective impact parameter values for three
4K psi structural beams made of 100% Portland Cement Concrete (PC), 40% Fly Ash (FA)
substituted, 20% Fly Ash (FA) and 30% slag substituted material were obtained (see Table 4).
For this example, LCIA boundary conditions include the USA as the region of study and the
life cycle encompassing all processes from material extraction to use in product form. For
all three beam types, the impact parameter values are multiplied by their respective weights
obtained from the Survey. The aggregate of these product values, as indicated in Table 4,
helped decide the structural beam with the least environmental impact. From the example
used in this study, it seems that beams with 100% PC have the highest environmental
impact, while the beams using 20% FA and 30% slag as substitute material have the least
environmental impact from the triad. This example demonstrates how the parameter
weights provided by this study can help compare the overall environmental impact of
building products to help the selection of environment-efficient materials.
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Table 4. LCIA-related calculations for structural beam.
© - & Value of Impact Product of Impact
Patameter :i 5 .;é E ::;o Parameter Parameter Weight and Value
52 TEZ  100%PC  40%FA lfg//i‘l)a; 100% PC  40% FA lfg/fs‘l’a/g
Global warming 1 ), oq 27.60 16.60 12.90 11.70 4.60 3.50 3.20
potential
Water use Liter 23.50 128.50 125.10 123.70 30.20 29.40 29.10
Primary energy
demand—non- MJ 7.40 118.10 101.20 94.00 8.70 7.50 7.00
renewable
Land use m? 16.40 0.13 0.09 0.07 0.02 0.02 0.01
Eutrophication kg N eq 3.80 16 x1072 12x1072 1x1072 62x107* 45x10* 38x107*
Acidification kg SO, eq 3.80 49x1072 41x1072 44x1072 19x103 16x10% 17x1073
Ozone depletion kg CFC-11 eq 4.60 25x1077 1.8x1077 15x1077 12x10% 84x107° 7x107°
Smog kg O3 eq 4.70 1.00 0.84 0.77 0.05 0.04 0.04
Ecotoxicity CTUe 8.30 22.10 16.60 14.30 1.80 1.40 1.20
Sum 45.4 419 40.5

4.2.2. Comparison of Survey Findings with Previous Studies

As shown in Table 5, a comparison of the indicator and impact parameter weights
resulting from this study was made with the weights reported in the Harvard University
study [26], SAB study [27,28] and NIST study [9]. In this study, only the indicators and
parameters associated with environmental sustainability were considered. The weights
from previous studies also include some parameters for human health (see Table 1). To
compare the weights from this study with the weights of previous studies, human health-
related parameters were eliminated from the lists of previous studies, and the weights of
remaining environmental parameters were adjusted accordingly to have an aggregate value
of 100. Parameter weights obtained from survey findings were also adjusted for comparison.
This was accomplished by multiplying the percentage weight values of indicators with
their respective impact parameters. Resultantly, the sum of the adjusted weights of all
environmental parameters equaled ‘100", hence making the parameter weights of this study
comparable with the parameter weights of previous studies.

The following are some important highlights based on the comparison of parameter
weights:

e  The highest difference in parameter weights was noticed in the case of the ‘water use’
parameter. In the previous studies, the highest weight value associated with ‘water
use’ was 12. This study has indicated a weight value of 23.5 for this parameter which
is almost double the highest value previously associated with this parameter.

e Compared to general weight trends in previous studies, this study has associated
relatively low weights with ‘emissions’-related parameters.

The next section addresses the findings from the third stage of the Survey.
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Table 5. Comparison of impact parameter weights from the Survey and previous studies.

0 2] g 5 :2
E 2 = < o E ] @ >
> oD > = s - s
%D qé E it} E 3 E & § S 53 R
SSE Impact 3=§ EE %% '5% U)E%
Indicator 5T g0 e T B z 5 TS
S g5 Parameter S E & o - BT . & .95
Sgd EES 32 BE 25 £Fg
FEZ § =2 275 £ % T
g g T e 2
Climate change 27.6 Global warming potential 27.6 38 22 14
Water 235 Water use 235 11 4 12
efficiency
Fossil fuel depletion 31.1 7.4 13 7 9
Habitat
alteration [16:4] 8 2 8
Resources 237
depletion 3. - Land use 33.6 8.0
- Depletion of
material 353 8.4
resource
Eutrophication 15.0 3.8 8 7 12
potential
Acidification 15.2 3.8 4 7 12
potential
Ozone dep.lelhon 181 46 3 7 14
Emissions 25.2 potentia
Smog 18.7 47 5 8 12
potential
Ecological toxicity [8.3] 11 15 8
- Inert waste to disposal 15.6 3.9
- Hazardous waste to disposal 174 44

Note: Previous studies have considered both ‘land use” and ‘depletion of material resource’” within the parameter
of ‘Habitat Alteration’. This study has considered both aspects of this parameter as separate parameters. To
compare the findings of this study with previous studies, sum values [ ] of the two parameters are provided.
‘Ecological Toxicity” is considered to include two parameters; ‘inert waste to disposal” and ‘hazardous waste to
disposal’. While the previous studies have investigated ‘Ecological Toxicity’, this study has considered ‘inert waste
to disposal” and ‘hazardous waste to disposal’ separately. To compare the findings of this study with previous
studies, sum values [ ] of the two parameters are provided.

4.3. Responsiveness of BIM towards Building Environmental Sustainability

To explore the prospects of using BIM for environmental sustainability in buildings,
opinions from 53 respondents were obtained about the current and future responsiveness
of BIM towards the environmental sustainability of buildings.

As shown in Figure 9, a high number of respondents (89%) opined that BIM is currently
highly (n = 21; 40%) or moderately (n = 26; 49%) responsive towards environmental
sustainability in buildings. For the futuristic responsiveness, a high number of respondents
(58.5%) opined that BIM in future will be 100% responsive (n = 17; 32%) or 75% responsive
(n = 14; 26%) towards environmental sustainability.

Figure 9 explains the respondents’ choice for BIM’s current and futuristic respon-
siveness in the context of their professional affiliation (research and education, design
consultancy, construction consultancy and others). For the question of current BIM re-
sponsiveness towards environmental sustainability, a higher proportion of respondents
belonging to research and education opted for highly and moderately responsive choices.
Based on the analysis, it can be concluded that in comparison with “unresponsive” and ‘no
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sustainability

Future
responsiveness of
BIM towards
environmental
sustainability

idea’ choices, the significant majority of respondents for ‘highly responsive” and ‘moder-
ately responsive’ choices belonged to the ‘research and education’ area, therefore making
these selections hardly contestable. For the question of futuristic potential responsiveness
of BIM towards environmental sustainability, not only a high number of respondents is
noticed in the case of “100% responsive” and ‘75% responsive’ choices, the proportion of
respondents from research and education in both these cases was approximately 70%.
This gives credibility to these response choices, and the findings can be picked by BIM
developers as a roadmap for future growth.

Noidea 171 (2)

Unresponsive 1 3 (4)
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Figure 9. Current and future responsiveness of BIM towards environmental sustainability.

The capability of BIM for life cycle sustainability assessments faces several socio-
technical challenges and barriers [55], which must be addressed to realize increased respon-
siveness of BIM towards environmental sustainability in future. A potential way of easing
the challenges of life cycle sustainability assessment in BIM is through the use of generative
design capabilities of BIM, a recommendation discussed in detail in the next section.

Using LCIA in Generative Design: Recommendations for Future Development of BIM

With the help of plugin applications such as Tally, LCIA is already being used in
BIM platforms to help select environment-friendly building materials during building
design [44,45]. However, the use of these plugins during the building design process
implies that the designer would have to make changes to building assemblies and materials
on a hit and trial basis to eventually select the materials with relatively lower environmental
impacts. A potential improvement in this labor-intensive material selection process is
possible by bridging BIM’s generative design capabilities with the LCIA approach.

The generative design technique is an artificial intelligence-enabled iterative design
process that automatically identifies high performing design alternatives based on certain
design rules, constraints and aspirations. This technique is typically applied to solve
complexity in projects and generate unique design solutions that a human may not be able
to conceive on their own [56]. Generative design has mainly been used in the manufacturing
industry, and it has only recently been considered for use in the building sector. This
approach not only reduces the effort of a designer, but it may also result in such high
performing designs that may not be conceived by the human mind. Very few research
studies and even fewer practical examples of the use of generative design in the building
sector and the context of BIM are seen. However, the few studies which have considered
generative design in the context of BIM have found their merger promising [57-61]. Even
though studies considering BIM-based generative design and life cycle assessment are
non-existent to the best of the authors” knowledge, there are some studies which have
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considered the use of generative design for life cycle assessment and for improving the
environmental performance of buildings [62-65]. A possible reason for the lack of studies
on BIM-based generative design and life cycle assessment is that generative design has
only recently been used in combination with BIM. This is an important research gap, which
once filled will make BIM more responsive to environmental sustainability in buildings.

Generative design is inherently effective in generating design choices with optimal
performance across several constraints, rules and variables. Software such as Revit and
ArchiCAD have already incorporated generative design capabilities on BIM platforms
to some extent. The bridging of BIM-enabled generative design and BIM-enabled LCIA
would result in the automated generation of multiple design alternatives for buildings with
relatively lower environmental impact. Future studies can explore this direction to further
improve the responsiveness of BIM towards environmental sustainability.

5. Conclusions

Environmental sustainability is progressively embraced in the assessment and devel-
opment of the built environment. Assessment of environmental sustainability of building
materials is enabled by LCIA, which is comprised of indicators and impact parameters rep-
resenting environmental issues. To assist material-related decision-making in this regard,
LCIA parameters and indicators need to be assigned different weights, which was a key
objective of this study. This study also investigated the inclination toward environmental
sustainability in buildings and the role of BIM in environmental sustainability.

To address the research objectives, this study harnessed the viewpoint of 120 AEC
professionals from a multi-regional survey. In the first stage of the Survey (n = 120), typical
and ideal weights for environmental sustainability were found for residential and com-
mercial buildings. It was realized that in the case of residential and commercial buildings,
the ideal weights aspired by survey participants were reasonably high compared to the
weights usually given to environmental sustainability in buildings. This indicated that
the survey participants felt the need for more attention to environmental sustainability in
buildings compared to the attention typically given to socio-economic aspects of buildings.

The second stage of the Survey (n = 75) involved the determination of indicators and
impact parameter weights. The mean values of the weights were found to have some
differences when compared with weights from previous studies. The weights from this
study were used in an example case to indicate how they help provide an aggregate value
of environmental impact associated with building material. This case example elaborated
the practical implication of the study findings in selecting construction material alternatives
with relatively lower environmental impact.

In the third stage of the survey (n = 53), a high number of respondents (89%) reported
that BIM was currently highly (n = 21; 40%) or moderately (n = 26; 49%) responsive
toward environmental sustainability. For the futuristic responsiveness, a high number
of respondents (58.5%) hoped that BIM would be 100% responsive (n = 17; 32%) or 75%
responsive (n = 14; 26%) towards environmental sustainability. Detailed recommendations
were provided to enable the adoption of LCIA in BIM to increase the future responsiveness
of BIM towards building environmental sustainability.

One of the key contributions of this study is to employ the opinion of building sector
professionals in determining the weights of LCIA indicators and parameters. Such a
selection of participants has resulted in a unique perspective and hence sets this study
apart from the other studies on the LCIA-related weights. Nonetheless, there are some
limitations of this study which need to be highlighted. Even though most of the participants
in the Survey were selected based on their detailed understanding of environmental issues,
some of the weight-related responses they provided had a high level of disparity. Future
studies need to address this issue by employing methods which reduce disparity in data
collection. More participants from academia participated in this study compared to industry
participants. This limits the interpretation of findings based on the role of participants
in the construction industry. Future studies may benefit from more balanced sample sets
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with a similar number of responses from different regions and different types of industry
stakeholders. Also, the subjective weights of LCIA impact parameters may depend on
the pertinent environmental issues within a regional context; hence, future studies more
localized in terms of regional contexts may yield results more suitable for specific regions.
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