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Abstract

Building information modeling-Llife cycle assessment (BIM-LCA] has become a key tool
in promoting environmental sustainability in construction projects. Existing literature has
explored the application of BIM-LCA in selecting sustainable materials. However, there
is a lack of detailed examination of the decision-making process for selecting materials
based on BIM-LCA. Therefore, this study was guided by the following question: How

can the decision-making process for BIM-LCA be improved? A case study based on the
comparative analyses of specific flooring systems, such as hardwood and nylon-based
carpets, was evaluated to answer the question. The Tally® BIM plug-in with incorporated
geographic and climatic data was used to perform Tool for Reduction and Assessment of
Chemicals and Other Environmental Impacts (TRACI) LCA analyses on a Revit-generated
model. The results showed that hardwood flooring systems outperformed nylon-based
carpets in several environmental impact indicators (Ells), including global warming
potential (7,673.5 < 11,159.18 kg CO,eq), ozone depletion (-2.9767E-07 < 4.63E-04 kg CFC-
11eq), and renewable energy use (177,882.42 > 5,766 MJ). However, nylon-based carpet
performed better than hardwood in other Ells, such as acidification (37.5357 < 66.5156 kg
S0,eq), eutrophication (7.26639 < 7.34547 kg Neg), smog formation (465.1 < 1,355.75 kg
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O3eq], and non-renewable energy demand (185,720 < 198,251 MJ]). These mixed results provide an
inconclusive basis for decision-making and highlight potential areas for improving the BIM-LCA
decision-making process. By implication, the study provides insights for clients and permits approval
teams to ensure environmental sustainability in projects proactively.

Keywords
BIM-LCA; Flooring Systems; Environmental Sustainability; TRACI

Introduction

Digitalization and sustainability have become key issues in the construction industry and other sectors of
the economy. Integrating these concepts is essential for the industry to achieve its goals. As a result, digital
applications and the need for sustainability have taken center stage, becoming integral to the vision and
strategy of the construction sector, as outlined in the Construction Sector Deal (Her Majesty Government,
2018) and the focus on the digital economy (Australian Government, 2018).

Building information modeling (BIM) bridges the gap between digitalization and sustainability,
playing a crucial role in the construction industry. BIM is described as a “collaborative process enabled
by technology” (The Institution of Structural Engineers BIM Panel, 2021). In other contexts, BIM is

viewed as a technology, methodology (Santos, et al., 2017), data-driven object, collaborative environment,

and parametric analysis tool (British Standards Institution, 2021). These perspectives are fundamental to

understanding BIM as technology and a holistic integration of human effort and processes.

A key aspect of BIM’s evolution has been its capacity to generate digital models, which are the
foundation for more advanced capabilities and applications. For example, depending on the BIM software
used, simulations can be performed to predict project duration, expected budget, sustainability, digital
asset management, and health and safety—factors critical to effective construction project management
(Cavalliere, et al., 2018).

The BIM dimension for sustainability provides a valuable opportunity to conduct environmental

assessments of designs and materials, helping to evaluate the potential impacts of projects (Abdelaal and

Guo, 2022). Such assessments are crucial for making informed decisions regarding the selection of building

materials and the energy efficiency of building designs (Chen, et al., 2022). Given that the construction

industry is one of the primary contributors to high energy demand and carbon emissions (United Nations
Environment Programme, 2022), designers and engineers must prioritize reducing energy consumption,

minimizing carbon emissions, and lowering environmental impacts through their designs.

Performing analyses over the entire life cycle (LC) of a building, rather than limiting the scope to
narrower system boundaries, is crucial for achieving a comprehensive understanding of a design’s long-term
environmental impacts. While system-boundary approaches, which focus on specific stages such as material
production or construction, are often deemed sufficient for certain studies, they fail to account for the
significant environmental effects throughout the building’s operational, maintenance, and end-of-life phases.
By contrast, life cycle assessment (LCA) examines all stages of a building’s existence—from raw material
extraction to demolition—providing a more holistic view of its environmental footprint (Chong, et al.,
2017).This is particularly relevant given that operational energy use, maintenance activities, and eventual
disposal can have more substantial and lasting impacts than the initial construction phase. For example,
buildings may have minimal environmental impact during construction, but if their operational energy
demand is high, this can result in greater long-term emissions. Similarly, end-of-life considerations, such as
demolition waste and opportunities for material reuse, are often neglected in system-boundary analyses but

are critical for promoting sustainability. Therefore, LCA enables more informed decision-making, allowing
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for the evaluation of design choices that minimize resource use, emissions, and costs across the entire life
cycle of a building (Salah and Romanova, 2021; Abdelaal and Guo, 2022). This comprehensive approach

aligns with the increasing focus on sustainability in the built environment, where long-term environmental

and economic benefits are essential.

LCA evaluates the environmental impact of a product or concept—in this study, building materials
across the entire value stream are examined from raw material extraction to Module D, known as the

“cradle-to-cradle” approach (Saade, et al., 2020). This data-intensive assessment quantitatively analyses the

environmental effects of building designs (Negishi, et al., 2018). Over time, LCA tools have become more
affordable and user-friendly, making it easier to translate complex data and information layers into practical,

real-world applications (Christensen, et al., 2020).

Integrating BIM and LCA (BIM-LCA) has gained widespread acceptance among built environment
researchers and professionals, offering a comprehensive perspective on the environmental impacts of
building designs (R6ck, et al., 2018). Numerous studies have explored BIM-LCA in various contexts,

including reviews of its application (Seyis, 2020; Tam, et al., 2022), visualization techniques (Rock, et al.

2018; Hollberg, et al., 2021), the use of different software packages (Santos, et al., 2020), and its application
in refurbished dwellings (Dauletbek and Zhou, 2022). Those studies respond to the growing call from

governments, society, scientists, and environmental advocates to reduce the negative environmental footprint

of construction activities (Gills and Morgan, 2020).

ISO 14040 provides a robust, systematic framework for conducting LCA, widely applied in BIM-LCA
studies (Tam, et al., 2022). BIM-LCA can be used to assess environmental impacts by (a) comparing

alternative designs, (b) identifying environmental hotspots in buildings, (¢) conducting parametric modeling,
(d) performing sensitivity analysis, and (e) exploring ways to improve BIM-LCA methodologies. Existing
literature typically examines different design options and selects optimal material systems based on their
environmental impacts, focusing primarily on reducing carbon emissions and promoting a circular economy,
which ultimately contributes to environmental sustainability (Najjar, et al., 2017; Bueno and Fabricio, 2018;
Evangelista, et al., 2018).

However, much of the discourse surrounding BIM-LCA centers on climate change and energy efficiency,
with assumptions that the selection criteria for BIM-LCA are complete and inherently aligned with
sustainability (Dauletbek and Zhou, 2022; Asdrubali, et al., 2023). This approach, while valuable, may lead

to a narrow and siloed perspective, failing to address the broader complexities of achieving true sustainability

in infrastructure projects. A more holistic approach is needed to address the multifaceted challenges posed
by sustainability.

'The current interpretation of BIM—-LCA analysis often overlooks key elements of environmental
sustainability, such as the health of building occupants. Statistics show that people spend the majority of
their time indoors—Australians, for example, spend at least 90% of their time in indoor environments
(DCCEEW, 2021), while in the United Kingdom, this figure is at least 80% (Parliamentary Office of

Science and Technology, 2023). Building materials significantly influence indoor air quality due to their

potential to release particulate matter into the atmosphere, directly affecting occupant health. However, few
studies have thoroughly examined the decision-making criteria for BIM-LCA, highlighting a critical gap in
the use of BIM for comprehensive sustainability assessments.

Based on the gap, this study was guided by the following question: How can the decision-making process
of BIM-LCA be improved? This was achieved by critically evaluating the BIM-LCA decision-making
process to identify areas for improvement. Importantly, it aimed to help researchers and practitioners
(re)examine their decision-making processes when selecting materials and design options. Additionally,
the study contributes to the ongoing discourse on the potential of BIM-LCA to meet sustainability

benchmarks more effectively.

Construction Economics and Building, Vol. 25, No. 1 March 2025
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'This paper has seven sections. The introduction presents the aim of the study. The remaining sections are
the literature review, materials and methods, results, discussion, implications of the study, and conclusion.

Literature review

'The environment was considered an essential part of achieving sustainable development; it demonstrated the

need to consider the irreversible impact of human activities if not mitigated earlier (United Nations, 1972).

'The idea of irreversible impact has shaped sustainability thinking and approaches to behaviors in humans,
corporate organizations, and the world. These have contributed to the emergence of social, economic,

and environmental sustainability, popularly termed as pillars of sustainability (Purvis, et al., 2019). The
formulation of the United Nations Sustainable Development Goals (UNSDGs) has embedded the pillars
of sustainability (United Nations, 2012) and, to a larger extent, influences the decision criteria for selecting

project design options. The UNSDGs have become the foundation of achieving sustainability in every sector
of the economy, including infrastructure delivery. Therefore, the implications of pillars and the UNSDGs
have become influencing factors in developing sustainability assessment tools.

ENVIRONMENTAL ASSESSMENT

Environmental sustainability focuses on relevant solutions to address the environmental concerns of society.
Energy, water, climate change, biodiversity, materials, and indoor environmental quality were identified as
environmental sustainability indicators for construction projects (Yadegaridehkordsi, et al., 2020; Stanitsas

et al., 2021). These relate to sustainability themes such as net zero, circular economy, energy efficiency,

and climate emergency, related to UNSDGs 3, 6,7,11,12,13, 14, and 15. The environmental pillar has
distinguished itself as the most established basis of different sustainability assessment tools, such as the
LCA.The LCA has been embedded in global certification programs such as the BREEAM and LEEDS

to ascertain carbon emissions (embodied and operational) and their potential impacts on the environment.
LCA is also known as cradle-to-grave (Salah and Romanova, 2021). LCA is a technique of choice to quantify
environmental impacts throughout the product life cycle (Wall and Pell, 2020). In the construction context,

the environmental impact from raw material extraction to manufacturing and delivery to the job site, building,

operation, maintenance, and end-of-life recycling or demolition is examined (Gomes, et al., 2020).

ECONOMIC ASSESSMENT

Economic sustainability is “meeting the present’s economic needs without diminishing the future’s

economic needs” (Solin, 2012). This definition stems from the conventional description of sustainability

and is reflected in identifying economic sustainability indicators within the construction industry. For
example, Zhong and Wu (2015) assessed structural costs, maintenance costs, non-construction costs,
financial costs, and potential income as essential benchmarks for evaluating the economic sustainability of

infrastructure. In another study, Stanitsas, et al. (2021) identified financial performance, payment capacity,

and the incorporation of environmental accounting practices as critical factors contributing to the economic
sustainability of construction projects. The identified indicators provide alternative perspectives in which
sustainability is achieved in the decision-making process of infrastructure planning. These indicators

align the economic relation with UNSDGs 8,9, 10, and 12 as demonstrated in the SDG “wedding cake”
illustration (Stockholm Resilience Centre, 2016).

SOCIAL ASSESSMENT

Social sustainability considers the needs of the individual and the community, which provides a sense of

uplifting human and community dignity, security, quality of life, and heritage (Zuo, et al., 2012). Therefore,
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social assessments of infrastructure projects will emphasize addressing issues that contribute to the cohesion
of society and the capacity building of individuals and the community. Fatourehchi and Zarghami (2020)
proposed five main indicators for social sustainability in residential projects, i.e., safety and security (safety
and security-based design consideration), comfort and health considerations (thermal, visual, acoustic,
daylight, indoor air quality, and indoor built environmental quality), architectural factors (traditional,
functional, and flexible architectural considerations), practitioners’ interactions (interaction and participation
with people and community), and site/equipment considerations (land use, barrier-free built environment,
site safety, and quality of infrastructure). Earlier studies have opined the considerations of reasonable
working hours, education and training, decent employment opportunities, and human rights protections
(Zuo, et al., 2012; Popovic, et al., 2018; Stanitsas, et al., 2021). These align with UNSDGs 1, 3,4, 5,6, 8,9,
10, and 16.

BIM-LCA

High carbon emissions and waste associated with the construction industry make it a “hotspot” for realizing
the goals of sustainability (United Nations Environment Programme, 2022). These are environmental

issues that have intricate ramifications on social and economic sustainability. In the bid to reduce its
environmental impacts, it has been proposed to consider the impacts of selected materials at the early stages
of project development using a project life cycle approach. For example, the UK’s Construction Sector Deal
and construction strategy have advocated for a whole life cycle assessment of the project (Her Majesty
Government, 2018, Infrastructure and Projects Authority, 2016).

The LCA boundaries for construction are based on the EN 15978 (Figure 1), called cradle-to-cradle.
Cradle-to-cradle construction materials ensure that materials from old projects can be reused, recycled,
and recovered for other purposes, which aligns with the circular economy and UNSDG 12 (Ogunmakinde,
et al., 2022). The product stage (A1-A3) emphasizes the energy required in mining the materials, refining,

transporting, and maturing to the appropriate materials for further application.

B6. Operational energy
B7. Operational water

PRODUCT CONSTRUCTION USE END-OF-LIFE MODULE D
A1. Extraction Ad. Transport B1. Use C1. Demolition D. Benefits and loads
A2. Transport (to site) B2. Maintenance C2. Transport beyond the system
(to factory) AS. Construction B3. Repair (to disposal) boundary from:
A3. Manufacturing Installation B4. Replacement C3. Waste processing 1. Reuse
BS. Refurbishment C4. Disposal 2. Recycling

3. Energy recovery

Figure 1.

Life cycle stages according to EN 15978 and included in Tally® modeling.

The construction stage (A4—AS5) addresses the cumulated energy used in transporting and installing the

materials as part of the building environment. In this context, the use stage focuses on other maintenance,

repair, replacement, and refurbishment of materials to rejuvenate the building environment for use (B1-B7).
The end of life (C1-C4) is when the building is demolished and the materials are transported and disposed
of. In the Module D stage, some materials are subjected to various circular economy principles of reuse,

recovery, and recycling.

The LCA stages are associated with embodied and operational energy, which could each impact the

product’s environmental performance. Embodied energy is associated with the energy used in the product,
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2023). The emphasis is on embodied and operational energy (emission) of materials through the project life

cycle (Saadah and AbuHijleh, 2010; Chen, et al., 2022; Spudys, et al., 2023).
'The decision-making criteria used for the LCA analysis focus on the following elements of the life cycle
analysis boundaries: product [A1-A3], construction [A4], use [B2-B5], end of life [C2-C4], and Module

D (Figure 1). The TRACI environmental impact indicators (EIls) have been used as the unit of analysis for
LCA, and these are described by Bare (2011), as follows:

* Global warming potential (kg CO,eq): This measures the contribution of elements of buildings to
greenhouse gas emissions, that is, carbon dioxide and methane emissions. It has an impactful adverse
effect on ecosystems and human and material welfare due to the absorption of radiation by the Earth.

o Acidification potential (kg SO eq): Acidity affects fish mortality, forest decline, and building material
deterioration. It is a measure of emissions related to the increase in acidity in the environment.

* LEutrophication potential (kg Neg): Eutrophication measures the over-enrichment of nutrients such
as nitrogen and phosphorus in aquatic or terrestrial ecosystems. It creates a chain of reactions and
produces large amounts of carbon dioxide in aquatic systems.

* Smaog potential (kg O eq): This reaction between nitrogen oxides and volatile organic compounds
contributes to ground-level ozone. The adverse effects include respiratory-related issues such as
symptoms of bronchitis, asthma, and emphysema, as well as permanent lung damage.

* Ozone depletion potential (kg CFC-11eq): A measure of air emissions that contribute to stratospheric
ozone layer depletion. These emissions lead to higher levels of ultraviolet rays, which have detrimental
effects on humans and plants.

* Non-rencwable energy (MJ): It measures the amount of energy extracted from fossil fuel sources. The
extraction of non-renewable energy sources has far-reaching implications since it contributes to the
depletion of land and natural resources and contributes to carbon dioxide.

* Renewable energy demand (M]): A measure of energy extracted from renewable resources, which
positively contribute to human life, although wind energy and hydropower can impact the lives of

birds and aquatic ecosystems, respectively.

The decision-making criteria considered in this study, as the units of analysis, are the TRACI
environment impact indicators. The LCA methodology has been integrated into developed digital platforms
for quantitative analysis. BIM has become the digital tool used to model infrastructure design data to
determine the potential impacts on the environment, which addresses only some elements of its impacts on
the environment. Green sustainability assessment has become the focus of the growing body of knowledge

on BIM for sustainability, requiring new BIM tools that encompass all sustainability elements (Chong,

etal., 2017). For instance, the United Kingdom’s Construction Sector Deal underscores the importance of
considering economic costs throughout a building’s life cycle (Her Majesty Government, 2018).

BIM-LCA leverages construction design data to select appropriate materials or systems with a
competitive advantage on environmental impacts. Bueno and Fabricio (2018) identified a variety of BIM-
LCA tools with their features and limitations, which include Elodie, eTool LCA, GBAT, Green Building
Studio®, impact complaint suite, LCA Design, Lesosai, One Click LCA, and Tally®. This study used Tally®

because of the following reasons:

« It is the most common tool used in the scientific environment because it has the largest list of
environmental impact assessments of building materials and because of its flexible licenses and user-
friendliness.

* It is compatible with the Autodesk Revit software.

208 Construction Economics and Building, Vol. 25, No. 1 March 2025
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* Tally® incorporates some of the impact assessment categories—ozone depletion, acidification,
eutrophication, smog formation, global warming, primary energy demand, non-renewable energy
demand, and renewable energy demand—of the US Environmental Protection Agency (EPA)-
developed BIM-LCA tool TRACI.

* Its methodology is consistent with LCA standards ISO 14040-14044, ISO 21930:2017,ISO
21931:2010, EN 15804:2012, and EN 15978:2011.

« Tally® has been employed in several studies (Najjar, et al., 2017; Bueno and Fabricio, 2018).

The LCA stages, TRACI Ells, and the selected BIM plug-in Tally® discussed in this section form the
basis for the materials and methods section.

Materials and methods

A case study research design was adapted to critically examine the decision-making process for BIM-LCA.
A case study facilitates a deeper understanding of a construct, idea, or concept (Creswell, 2014); this is

evidenced in earlier studies that assessed the embodied energy of buildings (Nizam, et al., 2018; Evangelista

et al., 2018). The case study is a hypothetical office building in Sydney, Australia, which compares two

commonly used flooring finish materials to examine the decision-making process based on the Ells.
Hypothetical designs are an accepted methodology used in the study of BIM-LCA. For example, Najjar,

et al. (2017) compared two building materials from a hypothetical multi-story office building to examine the
integration of BIM and LCA. In another study, alternative materials from a hypothetical structural external
climate wall were used to analyze different life cycle impacts and assessments and compare multiple BIM—
LCA plug-ins (Bueno, et al., 2016; Bueno and Fabricio, 2018). Réck, et al. (2018) used a hypothetical BIM
model to evaluate the contributions of different elements to the embodied impact of building design.

PROJECT INFORMATION
The WorkSafe Queensland (2018) examined multiple flooring finishes such as carpets, concrete, cork, glazed

ceramic tiles, plastic matting, rubber, terrazzo, timber, and vinyl tiles. It was shown that the two flooring
finishes useful in the office are carpets and timber. Unsurprisingly, these two flooring finishes are commonly
used in office buildings, often debated to provide favorable benefits (Bartolone and Allen, 2023), and have
similar life cycle processes (Sim and Prabhu, 2018). For example, Haines, et al. (2019) indicated that carpets
and rugs hold approximately 50% of the flooring finishes market in the United States. Therefore, the two

flooring finishes considered for the study were nylon-based carpet (Type A) and hardwood plank (Type B).
The same set of information and parameters were used for both systems:

* Building life cycle: 60 years

* Gross floor area: 365.76 m?

* Perimeter of floor: 118.7 m

* 'Thickness of flooring finishes: 19.1 mm

* Binding to structural floor: adhesives

* Structural floor type: cast-in-place concrete

* Structural floor properties: 4 in. with 3,000-psi resistance, fly ash, and rebar.

SOURCES OF DATA AND MODELING

Figure 2 demonstrates the modeling process with three essential components: tools, input data, and
output. The tools represent the BIM and LCA tools for the architectural design and the LCA analysis.
Figure 2 shows a relationship between the BIM tool, Autodesk Revit®, which was used to generate the

Construction Economics and Building, Vol. 25, No. 1 March 2025
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LCA.
| Tools | | Revit Design |—>{ Tally® Plugin |}
A 4
Project design data LCA data LCA Results
=  Flooring systems = Australia BOM data = LCA life stages (A1
A 4 =  Material properties = Australia energy -D)
| Input data *  Flooring mix sources *  Environmental
dimensions =  Travel distance Impact Indicators
assumptions based on TRACI
v v 1
A
| Output | Architectural design » LCA Results

Figure 2.  Architectural design and LCA analysis process [figure created by the authors). LCA, life
cycle assessment.

Figure 3.  Hypothetical office building schematics (figure created by the authors).

Each of the tools has different input data for its modeling. For instance, the Revit tool used the project
information described in the previous section, such as material properties and flooring systems, i.e.,
hardwood and nylon (Figure 2). The same schematic design was used for the two flooring systems: Type A
(nylon-based) and Type B (hardwood) (Figure 3).

The output from the Revit design data and material properties based on the parameters were subjected
to the LCA analysis using Tally®. Tally® has an inbuilt database, and the LCA database relevant to Sydney,
Australia, was used. In the Tally®, the object of study was “Full Building Study”, and 40% target percentage
glazing was considered. This percentage was chosen to balance maximizing natural light intake and
minimizing heat loss (Chen, et al., 2020). The heating, ventilation, and air conditioning (HVAC) system
used was the “Central VAV, HW Heat, Chiller 5.96 COP, Boilers 84.5 eff”.

210 Construction Economics and Building, Vol. 25, No. 1 March 2025
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Local climatic data for Sydney were obtained from the Australian Bureau of Meteorology (BOM)
(Figure 4) and added to Revit®. The BOM data were used to make a context-based analysis by considering
the office complex’s environmental surroundings and providing a realistic perspective to the modeling. The
Australian Government (2022) showed that the Australian economy relies on a mix of energy to power its
infrastructure. It is important to note that almost 70% of Australian energy is sourced from coal and oil,
and in the case of New South Wales, where the parametric project was considered, coal and oil account for
a whopping 84%. Based on the preceding information, the energy source was set at “Average Grid Mix—
Australia”, while the heating source was set at “Natural Gas—Australia” for construction and operational

energy impacts.

Location Weather and Site X Location Weather and Site X

Location Weather Site Cocation] Weather Bl

Define Location by: []Use closest weather station (SYDNEY)

Internet Mapping Service v

Cooling Design Temperatures

Project Address: Jan | Feb | Mar | Apr [ May [ un [ Jul [ aug [ sep | oct | Nov] Dec
Sydney, NSW <] [ search DryBub  |31°C 31°C 28°C 26 °C [23 °C [20°C [20°C |23 °C 125 °C [29°C 30°C 31 °C
Ko [WetBub  [23°C (24 °C [22.°C [20°C [19°°C 16°C |15 °C |16 °C |18 °C [19°C 21°C 22 °C
e Mean Dally [6°C 16°C 16°C 17°C |7°C [7°C [7°C 8°C 18°C [7°C 17°C [6°C
e Range

o

Sydney, NSV

Penrith
Blacktowrio!
Seven Hill:

Parramatigde
Holroyd @
Fairfielgiiburn
Canterbuﬂ/a‘\a’;\xiiiy
Hoxtpn Park Bankstown

Rockdale
Hurstville

Sutherland

Hol aorrihy I
Cam bellm'@gw 2 : |7°C
P e % 4 Hacﬁng " o Heating Design Temperafure:
Ngtignatticnal e
B arl 0202 TorTom, 221 Miseso Coporton. & pgroreenip Tems Clearness Nurmber 10
[] Use Daylight Saving time

Figure 4.  Location and weather information on hypothetical project (figure created by the authors).

ANALYSIS

The cradle-to-cradle (A1-D) boundaries, including biogenic carbon, were adapted, emphasizing EN
15978 LCA boundaries (Figure 1). These are A1-A3, A4, B2-B5, C2-C4, and D. The A5 stage of the
flooring materials was excluded because of the minimal energy demand as considered in the European
Union report on LCA of buildings (Gervasio and Dimova, 2018). The B1 (use), B6 (operating energy),

and B7 (operational water) elements of the use stage boundary were excluded from the Tally® modeling

because these relate to operational energy and its impacts (Moncaster and Symons, 2013; Asdrubali, et al.,
2023), which are outside the focus of this study. Importantly, in the context of LCA and as defined by EN
15978, the C1 stage (demolition) is often excluded from detailed modeling, particularly in Tally® (Santos

et al., 2020). This exclusion is based on the premise that the demolition phase primarily involves physical

dismantling activities that typically have a negligible environmental impact compared to the subsequent
end-of-life processes (C2—C4). Thus, focusing on C2 (transport), C3 (waste processing), and C4 (disposal)
allows for more precise capture of the significant energy use, material inputs, and emissions that arise during
these stages. In addition, the typical distances for shipping supplies to construction sites, landfilling trash,
and recycling are 10, 20, and 50 km, respectively.

The TRACI Ells—global warming potential, acidification, eutrophication, smog formation, ozone
depletion, non-renewable energy, and renewable energy—discussed earlier are the measures of variables
considered in this study.

'This study performed the TRACI EII analysis across the LCA boundaries. TRACI Ells are the accepted
and embedded indicators used across existing LCA tools. The results from Tally® are presented in the
following section.
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Results

'The results of the Tally® plug-in analysis are presented in this section. Table 1 shows the LCA results
mentioned in Figure 2; the EII analyses across the life cycle boundaries in reference to Types A (nylon-
based carpet) and B (hardwood finish) are presented. This enables a comparative interpretation of the
two systems to make informed decisions based on their performance on the ElIs. For the purposes of
interpretation of Table 1, it is important to note that the system with the higher figure in the LCA
boundaries contributes badly to the related Ells.

Table 1. Summary of environmental impact report of Type A (nylon) and Type B (hardwood)
flooring systems.

Environmental impact Production stage Construction stage [A4] Use stage [B2-B5] End-of-life stage
totals [A1-A3] [C2-C4)

Module D [D] Total values Best-
performing

system

Global warming (kg CO,eq) -3,958 3,178 169.5 75.78 3,550 9,071 6,736 386.4 1,176 -1,552 7,673.5 11,159.18 Hardwood
Acidification (kg SO,eq) 23.66 11.04 0.7856 0.3511 36.86 28.36 13.6 0.9046 -8.39 =112 66.5156 37.5357 Nylon-
based
Eutrophication (kg Neq) 2.139 1.35 0.06397 0.02859 4.087 5.93 1.405 0.1099 -0.3495 -0.1521 7.34547 7.26639 Nylon-
based
Smog formation (kg 0,eq) 596.9 144.4 25.96 1.6 762.3 340.2 74.59 15.1 -104 -46.2 1,355.75 465.1 Nylon-
based

Ozone depletion (kg -5.120E-007 7.67E-05 5.807E-012 2.595E-12 8.254E-009 3.86E-04 7.012E-011 2.986E-11 2.060E-007 2.23E-07 -2.9767E-07 4.63E-04 Hardwood

CFC-11eq)

Non-renewable energy (MJ) 95,100 43,962 2,406 1,076 129,107 159,939 5,130 2,556 -33,492 -21,813 198,251 185,720 Nylon-
based

Renewable energy (MJ) 100,704 1,905 59.62 26.65 101,900 4,463 349.8 177.6 -25,131 -806 177,882.42 5,766 Hardwood

Source: Tally® generated results.

As shown in Table 1, global warming potential (GWP) in Type B (hardwood) performed better than that
in Type A (nylon-based carpet) in the product stage [A1-A3] and use stage [B2-B5]. Type A had a lower
GWP during the construction stage [A4], end-of-life stage [C2-C4], and Module D [D]. While both
systems show varying performances across the life cycle stages, overall, hardwood had a lower total GWP
(7,673.5 kg CO,eq) than nylon-based carpet (11,159.18 kg CO,eq), indicating that hardwood contributed
less to global warming.

Acidification impacts from the two systems show a consistent trend. Nylon-based carpet performed better
than hardwood throughout the life cycle boundaries, except for Module D, where hardwood recorded
better results (Table 1). The impacts caused by hardwood were almost double those of the nylon-based
system, as shown in the total value comparison column, with hardwood (66.5156 kg SO,eq) having higher
acidification than nylon-based carpet (37.5357 kg SO eq). This implies that overall, nylon-based carpet
contributes less to acidification than hardwood.

'The comparison of eutrophication impacts by the two systems revealed that the nylon-based system
performed better than the hardwood system in the product, construction, and end-of-life stages. However,
the nylon-based system performed worse than hardwood during the use stage and Module D. This pattern
is similar to the findings for global warming and acidification, where performance varies across different
stages, but nylon-based carpet generally shows better results in key stages. For example, global warming
impacts in the product stage performance (hardwood recorded -3,958 kg CO,eq versus nylon-based carpet
at 3,178 kg CO,eq) were repeated in the use stage (hardwood recorded 3,550 kg SO eq versus nylon-based
carpet at 9,071 kg SO,eq). The outlook in the eutrophication illustrates an inconsistent finding since the
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two systems performed differently in the two LCA boundaries. Overall, while the nylon-based system
(7.26639 kg Neq) performed better than the hardwood system (7.34547 kg Neq), the impacts were closely
matched (Table 1).

'The smog formation impacts across the LCA show a finding similar to the results on the acidification

impact. As shown in Table 1, the nylon-based system performed better than the hardwood system in all the
LCA boundaries, except in the case of Module D [D]. The performance of the hardwood in the Module

D [D] stage looks quite impressive because its impact of ~104 kg O,eq means that it highly reduces
environmental concerns of smog formation at this stage of the LCA boundary. This finding was further
magnified in the total values for the two systems, as shown in Table 1. The nylon-based system showed a
smog impact of 465.1 kg O,eq, and hardwood had an impact of 1,355.75 kg O,eq. This indicates that it
will take almost three times the impact of nylon-based smog formation to level up with the impact made by
hardwood.

'The findings of the two systems based on ozone depletion across the LCA boundaries indicate that
hardwood has a lesser impact from production, use, and Module D [D] than the nylon-based system.
Hardwood has higher ozone depletion impacts than nylon-based systems in the construction and end-of-
life stages. Notwithstanding, on the aggregate level, ozone depletion impacts from the nylon-based system
(4.63E-04 kg CFC-11eq) were more intense than those from the hardwood system (-2.98E-07 kg CFC-
11eq).

Non-renewable energy impacts exhibited some resemblance with eutrophication, such that the energy
demand from fossil fuel sources applied to nylon-based systems across the production, construction, and
end-of-life stages was lower than from hardwood systems. In contrast, the nylon-based system demanded
higher fossil fuel than the hardwood system in the use stage of the LCA boundaries. The overall difference
in the demand for non-renewable energy was 12,531 M], yet it is indisputable that hardwood had the
highest demand for non-renewable energy (Table 1).

Comparatively, the demand for renewable energy throughout the life cycle boundaries, except for
Module D [D], was higher in the hardwood system than in the nylon system (Table 1). It has been argued

that higher demand for renewable energy is better since it mitigates climate change and reduces carbon
emissions, especially for “countries with higher rule of law and voice and accountability” (United Nations
General Assembly, 2018; Szetela, et al., 2022). Therefore, high renewable energy demand in the hardwood

system is considered better than the nylon-based system, especially since the study used data from Australia.

Discussion

'The results indicate that out of the seven environmental impact indicators, hardwood performed better

in three (global warming potential, ozone depletion, and renewable energy) than the nylon-based system.
Meanwhile, the nylon-based system outperformed the hardwood system in acidification, eutrophication,
smog formation, and non-renewable demands. This raises the following question: Which system should be

considered more environmentally friendly?

The aggregated results present a compelling, mixed outcome, making it challenging to determine the
most environmentally friendly flooring system conclusively. This challenge mirrors the findings of Sim and
Prabhu (2018), who used system dynamics and sensitivity analysis to highlight the fundamental difficulty in
comparing similar items, particularly when using different tools based on the TRACI Ells. Previous studies
have suggested that decision criteria should be based on individual LCA boundaries or multiple LCA tools
(Najjar, et al., 2017; Evangelista, et al., 2018). Similarly, Bueno and Fabricio (2018) encountered conflicting
results when using two different BIM plug-ins with the same dataset, indicating a lack of absolute reference

points when determining the most suitable tools or methods for EII analysis. These inconsistencies may
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be attributed to variations in plug-in LCA databases, energy sources, and the geographic context of case
studies, creating a subjective foundation for analysis.

For example, Najjar, et al. (2017) recommended focusing on the manufacturing and use stages due to
their significant contributions to the Ells. However, in this study (Table 1), no LCA boundary consistently
exhibits a dominant impact across the Ells. The hardwood system recorded its highest EII values in the use
stage (B2-B5) yet also demonstrated higher global warming impacts during the end-of-life stage (C2-C4)
and ozone depletion in the construction stage (A4). Making decisions based on specific LCA boundaries
may seem reasonable, but it could impede a holistic perspective in LCA application. This nuance can be
mitigated by aligning the LCA’s focus with its intended purpose. For instance, if the LCA prioritizes
circular economy or target 5 of UNSDG #12 outcomes, emphasis should be placed on the end-of-life
(C2-C4) and Module D stages. The focus would shift to the production (A1-A3) and construction (A4)
stages for embodied energy. For operating energy, the use stage (B2-B5) becomes critical. While this
approach is simplistic, it can be refined by developing comprehensive indicators that reflect the analysis
concepts. Moreover, decision-making becomes complex based on subjective reasoning; however, integrating
a mathematical model can facilitate optimal outcomes. Therefore, a ranking system is needed to guide the

decision-making process.

Alola, et al. (2019) asserted that non-renewable energy demand negatively affects environmental quality,
including impacts on water resources and forest reserves. In this context, the hardwood system’s higher
non-renewable energy demand suggests a more pronounced depletion of land and natural resources than
nylon-based systems. The eutrophication potential is expected to be higher in wood-based projects like
hardwood because unharvested wood absorbs carbon dioxide and produces oxygen, contributing to overall
carbon sequestration. However, the differences between Type B (hardwood) and Type A (nylon-based) in
eutrophication potential are relatively marginal (Table 1). The similarities in the values recorded during the

production and use stages for both flooring systems could be attributed to the carbon emissions associated
with nylon production (Sim and Prabhu, 2018) and the increased carbon dioxide emissions that result from

the absence of wood (Type B) in its natural state (Binner, et al., 2017; Turner-Skoff and Cavender, 2019).

The impact of acidification shows a similar pattern to eutrophication between the two flooring systems.
However, Type B has 1.8 times the acidification value of Type A, which is notable since Type B is a wood-
based product. Additionally, the global warming and ozone depletion impacts exhibit comparable trends.
Type A (nylon) has nearly twice the values of Type B (hardwood), positioning hardwood as the better-
performing system in these areas. Given that global warming and ozone depletion are critical indicators

of climate change (EPA, 2024), these two factors should be prioritized when determining the system with

superior environmental performance. This highlights the need for a ranking system and a weighting system

to enable more accurate comparisons between the Ells.

An evaluation of the TRACI Ells further suggests a need to reconsider the decision criteria from a social
(health) perspective, given that Ells can directly or indirectly impact human health. For example, smog
formation can lead to respiratory issues (Bare, 2011). From a health perspective, nylon-based systems are the
better option (Table 1), as the production and use stages, which include replacement and repairs, recorded
higher smog formation values. These stages involve harvesting new trees, producing new nylon-based
carpets, and removing old finishes. Turner-Skoff and Cavender (2019) demonstrated that trees reduce air

pollution, lower carbon emissions, and mitigate respiratory diseases like bronchitis. Therefore, the absence
of trees (hardwood) could contribute to higher levels of air pollution, exacerbating respiratory conditions.
However, Haines, et al. (2019) found that carpets, including those made of nylon, can act as reservoirs for

indoor contaminants, leading to respiratory issues. Since this study was conducted indoors, nylon-based

systems may have been expected to show higher impacts during the use stage of the flooring systems

(Table 1).
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In summary, the health perspective adds complexity to the decision-making process. Hardwood
contributes to broader external health issues, while nylon-based systems may lead to indoor health concerns.

Although the data in Table 1 aid in selecting a flooring system based on environmental indicators, the actual

health implications remain uncertain.
Implications of the study

THEORETICAL IMPLICATIONS

The results of this study demonstrate the environmental impacts associated with selecting different flooring
materials, underscoring the importance of always considering the design-technology perspective of BIM—

LCA to provide a data-driven foundation for material selection (Najjar, et al., 2017; Bueno and Fabricio,

2018). However, the findings reveal an inconclusive outcome, as no single material consistently performed
worse across all Ells, making the BIM-LCA inconclusive. Bueno and Fabricio (2018) encountered a similar
outcome but used GaBi analysis as additional verification. In contrast, this study approached the analysis
from the perspective of Ells, which could lead to greater environmental impacts, such as global warming,

ozone depletion, and renewable energy demand.

Moreover, a social perspective, reflecting the effects of Ells, was considered, such as the health
implications of increased carbon emissions in the atmosphere. The outcomes from previous studies
demonstrate disparities in the decision-making process when selecting sustainable materials for projects.
From the BIM Information Requirement (BIR) view, it is critical that BIM applications for sustainability
include clearly defined BIRs, as specified by appointing authorities (BSL et al., 2020). BIRs should define
the BIM-LCA tools and social elements to be considered during decision-making. Since BIRs represent

the goals set by higher-level organizational bodies, social elements can be tailored to meet these objectives.
For instance, the Centre for Digital Built Britain (2020) published a template for BIRs and identified

relevant goals and objectives. A similar approach can be applied to compile an exhaustive list of social

factors to support decisions when BIM-LCA results are inconclusive.

Another observation made from the results indicates the adverse effects of Ells, including on human
health, aquatic ecosystems, and terrestrial ecosystems, as discussed by previous researchers (Smith and Hitz
2003; Bare, 2011; Alola, et al., 2019; Haines, et al., 2019). These adverse impacts are likely related to several
United Nations Sustainable Development Goals (SDGs). For example, respiratory problems affecting
human health correspond to SDG3 (Good Health and Well-being). The effects on aquatic ecosystems,
including fish mortality and water body health, align with SDG6 (Clean Water and Sanitation) and SDG14
(Life Below Water). Terrestrial systems, especially concerning land use, are linked to SDG3 (Good Health
and Well-being), SDG15 (Life on Land), and SDG13 (Climate Action), as deforestation for hardwood

production increases atmospheric carbon dioxide and has broader consequences.

Additionally, nylon, a petroleum-based product (Sim and Prabhu, 2018), has higher global warming

potential during its production and replacement stages, aligning with SDG13. The increased energy
demands for both renewable and non-renewable resources during the production and reuse stages (Module
D) correspond to SDG7 (Affordable and Clean Energy) and SDG12 (Responsible Consumption and
Production). The interpretation of the results suggests a negative relationship to these SDGs, as the goals are

designed to address these adverse environmental impacts.

PRACTICAL IMPLICATION

This study examined BIM-LCA EII decision-making and observed that practitioners can leverage the

approach to select project materials. The analysis and discussions from the study provide insights for clients
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and permit approval teams, enabling them to ensure environmental sustainability in projects proactively.
For instance, local councils could consider strategic objectives, focusing on sustainability concepts or the
United Nations SDGs, as a basis for approving building permits. This study has elaborated on sustainability
concepts in relation to the BIM-LCA boundaries, which councils and clients can adapt and use as the basis

for material selection in their projects and/or for approving permits.

Conclusions

Existing literature has examined the application of BIM-LCA from diverse perspectives, such as (a)
comparing alternative designs, (b) exploring environmental hotspots in buildings, (c) performing parametric
modeling, (d) conducting sensitivity analysis, and (e¢) improving BIM-LCA. However, none has critically
focused on the decision-making process in its application. This study investigates the BIM-LCA decision-

making process to identify gaps for improvement.

‘The results reveal that hardwood flooring systems performed better than nylon-based carpets in several
ElIs, such as global warming potential (7,673.5 < 11,159.18 kg CO,eq), ozone depletion (-2.9767E-07 <
4.63E-04 kg CFC-11eq), and renewable energy demand (177,882.42 MJ > 5,766 M]). However, nylon-
based carpet outperformed hardwood in other Ells, including acidification (37.5357 < 66.5156 kg SO,eq),
eutrophication (7.26639 < 7.34547 kg Neq), smog formation (465.1 < 1,355.75 kg O,eq), and non-
renewable energy demand (185,720 < 198,251 M]J). This leads to an inconclusive basis for decision-making,

as both materials excel in different areas.

'The findings led to discussions on improving the BIM-LCA decision-making process and suggested
further research in the following areas:

* (Re)examining and identifying indicators for environmental sustainability concepts related to LCA
analysis.

* Developing a ranking system to guide decision-making.

¢ Creating a weighting system for environmental impact indicators.

+ Considering social (health) factors in the decision-making process.

'The findings and recommendations contribute to the decision-making process associated with BIM-
LCA and environmental sustainability. Additionally, the study relates the LCA process to the UNSDGs.
Notwithstanding, this study encountered some limitations, such as using a single geographic and temperate
climatic zone context (Sydney, Australia), which limits the generalization of the findings. In addition,
certain life cycle stages, such as A5 (construction installation), B1 (use), B6 (operational energy), B7
(operational water), and C1 (demolition), were excluded due to the use of the Tally® plug-in.
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