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Abstract

The construction industry significantly contributes to global carbon emissions, neces-
sitating sustainable practices to mitigate environmental impacts. This thesis presents
a model-driven framework for estimating and comparing carbon emissions across three
construction methods: traditional cast-in-place, prefabricated, and 3D concrete print-
ing (3DCP). The study addresses the industry’s environmental challenges by integrating
Building Information Modeling (BIM) with standardized construction databases, specif-
ically RSMeans for MasterFormat and TT10-2019/BXD for TCVN.

The methodology involves a detailed quantity takeoff, material estimation, and emis-
sions calculation for structural elements, including columns, beams, slabs, and walls. A
Revit API was developed to automate these processes, enhancing efficiency and accuracy.
Two case studies, a laboratory facility and a lecture hall, were analyzed to validate the
framework and provide comparative insights.

Key findings indicate that conventional cast-in-place and prefabrication methods ex-
hibit relatively the same environmental impacts. However, the distribution of carbon
emissions differs, with around 87-88% of carbon emissions in cast-in-place construction
categorized as material emissions, while this percentage increases to 96-98.3% in prefabri-
cation. A major cause of this shift is the transfer of carbon emissions from the formwork
and curing processes in cast-in-place construction, classified as process emissions, to the
material emissions category in prefabrication due to off-site production. Although 3DCP
offers the highest material efficiency and the lowest carbon emissions due to its precision
and reduced material waste, it still faces many obstacles to widespread implementation,
such as the lack of official regulations.

This thesis contributes to sustainable construction practices by providing a robust tool
for carbon emissions estimation, facilitating informed decision-making for industry stake-
holders. The research underscores the need for standardized regulations to support the
adoption of innovative technologies like 3DCP. Future studies should expand the frame-
work to include additional construction elements and regional variations, incorporating

full lifecycle assessments for a holistic view of environmental impacts.

Keywords: Carbon Emission ; Building Information Model (BIM) ; Prefabrication
Conventional Construction ; 3D Concrete Printing (3DCP)
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Chapter 1

Introduction

1.1 Background

Currently, there are more than 8 billion people worldwide, with over 55% living in big
cities. This figure is expected to grow to over 10 billion, with 68% of which is urban resi-
dents over the next twenty-five years. The swift rise in population and urbanization drives
substantial infrastructure and housing development. Economic advancements, especially
in developing countries, further amplify construction activities [33].

However, the built environment is a significant consumer of natural resources, using
vast quantities of materials such as sand, steel, and aluminum,... The energy required
to produce these materials is considerable, contributing to the sector’s substantial envi-
ronmental footprint. In 2022, the operational energy demand in buildings constituted
approximately 30% of the total final energy demand, rising to 34% when including the
energy used for material production[8]. Furthermore, construction activities generate
substantial amounts of waste, which, if not managed properly, can lead to severe envi-
ronmental pollution.

Carbon emissions from the AEC sector are also alarming, In 2022, CO, emissions
generated from building operations phase hit record levels, comprising 37% of the total
global carbon emissions. This figure includes emissions from electricity use and direct
emissions from buildings. Additionally, The production of construction materials such
as cement, steel, and aluminum contributes substantially to embodied carbon emission,
contributing 2.5 GtCO,, with brick and glass production adding another 1.2 GtCO2[9].
Despite some improvements in energy efficiency, overall energy demand and emissions
in the sector have continued to rise, highlighting the urgent need for larger research
investments and policies to enhance energy efficiency and reduce carbon emissions in the

industry.
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1.2 Problems Statement and Research Motivation

1.2.1 Problems Statement

Despite several promising technological innovations, the built environment is still heavily
reliant on traditional on-site construction methods. Traditional construction, character-
ized by high material waste, intensive labor, and substantial energy consumption, has
established detailed practices, standards, and codes that are widely accepted and un-
derstood across the industry. The low initial investments, low requirements for labor
skills, and the ability to use local materials and workforce contribute to making conven-
tional construction methods the most widely practiced globally. Although alternative
construction methods offer substantial benefits, their adoption is limited by several bar-
riers, including high initial costs, lack of standardized implementation frameworks, and
limited understanding of their long-term environmental benefits.

One of the most critical obstacles is the absence of robust, standardized methods
for estimating and comparing the carbon emissions of these innovative construcion tech-
niques with traditional methods. Without reliable data and comprehensive frameworks,
stakeholders in the construction industry are hesitant to transition from well-established
traditional practices to newer, more sustainable methods. This hesitation is exacerbated
by the risk and uncertainty associated with adopting unproven technologies without clear
evidence of their environmental advantages.

To overcome these challenges, there is an urgent need for a robust framework that can
accurately calculate the carbon emissions associated with different construction methods.
Such a framework would provide essential insights, enabling stakeholders to make in-
formed decisions based on environmental impact assessments and promoting the broader
adoption of sustainable construction practices. The development and implementation of
innovative construction methods like prefabrication and 3DCP are essential for reducing
the industry’s carbon emissions. However, without a reliable framework for estimating
and comparing the carbon emissions of these methods, their potential benefits cannot be

fully realized.

1.2.2 Motivation

This study is driven by the necessity to address a significant gap in the construction indus-
try: the absence of comprehensive, standardized methods for estimating and comparing
carbon emissions across different construction techniques. This gap hinders the ability of
stakeholders to make informed decisions about adopting more sustainable construction
practices.

Innovative methods such as 3D concrete printing (3DCP) and prefabrication promise

substantial environmental benefits, including reduced material waste, lower energy con-
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sumption, and decreased labor requirements. However, without robust frameworks to
quantify these benefits, their adoption remains limited. Stakeholders often revert to tra-
ditional construction methods due to the perceived risks and uncertainties associated
with new technologies.

Developing a BIM-based framework that accurately calculate carbon emissions for var-
ious construction methods, particularly focusing on the feasibility of 3D concrete printing,
is essential. Such a framework will provide crucial data and insights, enabling stakehold-
ers to evaluate the environmental impacts effectively and make data-driven decisions. By
contributing to the development of reliable tools for carbon emission estimation, this re-
search will support efforts to reduce the sector’s overall carbon footprint. This aligns with
global sustainability goals and addresses the urgent need for environmental stewardship
in construction practices. The impact of this study is hoped to extend beyond academia,

influencing practical construction projects.

1.3 Objectives

The main objective of this study is to create a BIM-based framework for accurately and
comprehensively calculating and comparing the carbon emissions of different construction
methods, with a particular focus on the carbon emissions of concrete structural compo-
nents, including columns, beams, slabs, and walls, from the material production phase
to the end of the construction phase of construction projects. This framework aims to
provide reliable and comprehensive data on the carbon emissions associated with tradi-
tional, prefabricated, and 3D concrete printing construction methods. By offering a clear
comparison of total carbon emissions during the construction phase of these methods,
it will facilitate informed decision-making for stakeholders in the construction projects.
Additionally, this study aims to promote the adoption of sustainable construction prac-
tices by demonstrating the potential environmental benefits of innovative technologies
like prefabrication and 3D concrete printing.

To accomplish the primary objectives, the study will carry out the research by fol-

lowing these steps:

e Conduct a Quantity Takeoff: Start with a designed 3D model and perform a
quantity takeoff for structural concrete elements such as columns, beams, slabs, and

walls.

e Estimate Material Needed for Each Method: Estimate the main material
(concrete and reinforcing rebar) needed to construct the building with three differ-
ent construction methods: on-site traditional construction, prefabrication, and 3D

concrete printing.
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e Define Construction Activities: Define construction activities for each element
in all three methods and align the construction activities with their respective

construction standards code from MasterFormat and TCVN.

e Link Activities to Databases: Based on those standardized codes, the construc-

tion activities are linked to construction databases such as RSMeans for Master-

Format and TT10-2019/BXD for TCVN.

e Identify Necessary Resources: Identify necessary machines and equipment and
calculate the working hours needed based on quantity takeoffs and construction

norms.

e Calculate Carbon Emissions: Calculate the required resources and use carbon

emission factors to determine the carbon emissions for each construction method.

e Conduct a Comparative Analysis: Conduct an analysis to compare the carbon

emissions of the different construction methods.

To guide the investigation and ensure a focused approach, this study formulates spe-
cific research questions. These questions are designed to explore the core aspects of car-
bon emissions in construction methods and the potential benefits of 3D concrete printing.
They aim to uncover critical insights that will support the development of a model-driven

framework for carbon emissions estimation.

e How do different construction methods impact the structural and material usage

aspects?

e What are the carbon emissions associated with traditional, prefabricated, and 3D

concrete printing construction methods during the construction phase?

e How can the carbon emissions of different construction methods be compared ef-

fectively?

e How can a model-driven framework improve the accuracy and reliability of carbon

emissions estimation in construction projects?

1.4 Research Scope

The scope of this study centers on the analysis and comparison of carbon emissions from
three different construction methods: on-site traditional construction, prefabrication, and
3D concrete printing (3DCP). This involves performing a quantity takeoff for structural
concrete components includings columns, beams, floor slabs, and walls using 3D models.

A model-driven framework for estimating and comparing carbon emissions is developed by

4
d0i:10.6342/NTU202403587



integrating data from construction standards (e.g., MasterFormat and TCVN), construc-
tion databases (e.g., RSMeans, TT10-2019/BXD), and the carbon emissions database.
To streamline these processes, the study includes the development of a Revit API us-
ing PyRevit to automate tasks such as quantity takeoff, resource identification, carbon
emissions calculation, and generating comparative analysis reports. This research is con-
ducted within the context of current construction practices and technologies, without
accounting for future advancements or changes in regulatory frameworks.

This study assumes that the building frame in the framework is either a conventional
cast-in-place concrete frame or a precast concrete frame. While 3D concrete printing
(3DCP) offers innovative solutions, it is currently unsuitable for load-bearing frames in
buildings designed to support large live loads, such as schools.

This unsuitability is due to several factors, including weak interlayer bonding, infe-
rior material properties, difficulty in integrating reinforcement, and regulatory approval
challenges. The layer-by-layer construction method of 3DCP can result in weak points
between layers, compromising structural integrity. Additionally, printed concrete often
has poorer material properties compared to traditional mold-cast concrete, affecting over-
all structural performance. Installing reinforcement in 3DCP is challenging because the
printing process necessitates a clear space above the extruded layer to accommodate the
movement of the machine head. Moreover, building codes and standards for load-bearing
structures are well-established for conventional methods, but there are currently no de-
sign codes available for 3DCP, making it difficult to meet regulatory requirements for
large-scale load-bearing buildings. Therefore, 3DCP techniques will only be applied to
the wall element of this framework.

For conventional concrete and prefabricated frame with the same material properties
(concrete and rebar grades), the design structure of a precast frame (columns, beams,
slabs) is equivalent to the design structure of a cast-in-place frame (columns, beams,
slabs). The performance of a structure relies on the properties of the materials used and
the design specifications. Both precast and cast-in-place methods utilize concrete and
rebar, which are essential for structural integrity. By maintaining consistent material
properties, it is expected that the structural performance, including load-bearing capacity,
durability, and safety, will be comparable between the two methods.

Regardless of the construction method used (cast-in-place, precast, or 3D concrete
printing), the final building will maintain the same architectural aesthetics and HVAC
utilities, resulting in similar operational carbon emissions across all methods. This hy-
pothesis assumes that the end-use and functionality of buildings remain consistent irre-
spective of the construction method. While the construction methods may differ; the
architectural design, interior finishes, and installation of HVAC systems are standardized
to meet specific requirements and performance standards.

The carbon emissions associated with building operations, including heating, cooling,
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and lighting, are determined by the efficiency of the installed systems and the building’s
energy use patterns. Since these systems and usage patterns are consistent across different

construction methods, the operational carbon emissions are expected to be similar.

1.5 Thesis Structure

The thesis is divided into multiple chapters, each dedicated to a distinct facet of the
research. This organization is intended to lead the reader methodically through the
study, starting with the introduction of the problem and progressing to the detailed

analysis and conclusions. Below is an outline of the main chapters:

e Chapter 1: Introduction: This chapter presents the background of the study,
articulates the problem statement, defines the objectives, delineates the scope, and

outlines the structure of the thesis.

e Chapter 2: Related Works: This chapter offers an overview of relevant works,
key concepts, and theories related to carbon emissions in construction. It exam-
ines previous research on conventional cast-in-place, prefabricated, and 3D concrete

printing methods, and identifies gaps in the existing literature.

e Chapter 3: Methodology: This chapter details the research design, data collec-
tion methods, and data analysis techniques utilized in the study. It outlines the
tools and software employed, including the methodologies for estimating carbon

emissions based on established standards.

e Chapter 4: Case Studies: This chapter showcases the study’s results through
the examination of two case studies. It includes a comparative analysis of the car-
bon emissions associated with traditional, prefabricated, and 3D concrete printing
methods. The chapter interprets the results and discusses their implications for

sustainable construction practices.

e Chapter 5: Discussion: This chapter delves into the principal outcomes of the

research, discussing their broader implications.

e Chapter 6: Conclusion: This chapter concludes the study by highlighting the
key conclusions and practical implications. It discusses the study’s limitations and
provides recommendations for future research. Additionally, it provides final re-
marks on the significance of the research and suggests potential areas for further

investigation.
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Chapter 2

Related Works

The primary objective of this chapter is to provide a comprehensive overview of exist-
ing research related to carbon emissions in the construction industry, with a particular
focus on three construction practices: conventional construction methods, prefabricated
construction, and 3D Concrete Printing (3DCP). By examining the current state of knowl-
edge, this review aims to identify gaps and areas for further research, thereby laying a

solid foundation for the current study.

2.1 Carbon Emission Estimation

2.1.1 Overview of the construction industry

The 2023 Global Status Report for Buildings and Construction highlights the substantial
environmental impact of the construction sector. The buildings and construction sector
significantly contributes to global greenhouse gas emissions, representing roughly 34% of
global energy usage and producing 34% of process-related carbon dioxide (CO,) emissions
in 2022. While there has been an improvement in energy intensity per square meter, which
decreased by 3.5% in 2021, the overall energy demand and emissions in the buildings
sector have continued to rise by 1%, reaching a peak of nearly 10 gigatonnes (Gt) of
COs. Figure 2.1 illustrates Share of Global Energy Demand and Carbon Emissions in
Construction Industry

To address the severe environmental problems, the global construction industry is in-
creasingly prioritizing sustainability, driven by the need to reduce environmental impacts
and meet climate goals. Key trends include the widespread adoption of green building
standards, technological innovations, and strengthening policy frameworks.

International agreements such as the Paris Agreement play a crucial role in driv-
ing sustainability. The Paris Agreement strives to reduce climate change to well below
2°C, preferably to 1.5°C, by significantly reducing greenhouse gas emissions across all

sectors, including construction [44]. Similarly, the United Nations’ Sustainable Develop-
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Figure 2.1:  Share of Global Energy Demand and Carbon Emissions in Construction
Industry|9]

ment Goals, particularly Goals 11 (Sustainable Cities and Communities) and 13 (Climate
Action), emphasize sustainable urban development and climate resilience, encouraging
countries to integrate sustainability into construction practices [32].

To meet these international goals, governments worldwide are implementing robust
policy and regulatory frameworks to support sustainable construction. The FEuropean
Union’s Energy Performance of Buildings Directive (EPBD) sets ambitious energy per-
formance standards, mandating nearly zero-energy buildings (NZEB) for all new construc-
tions by 2020[12]. Nationally Determined Contributions (NDCs) are also incorporating
specific actions for the construction sector, including updating building codes to improve

energy efficiency and setting targets for reducing carbon emissions from buildings[44].

2.1.2 Green building evaluation system

The implementation of green building standards and certifications, such as LEED (Lead-
ership in Energy and Environmental Design) and BREEAM (Building Research Estab-
lishment Environmental Assessment Method), is becoming increasingly common. These
frameworks guide the creation of energy-efficient and environmentally friendly build-
ings. National initiatives like Vietnam’s LOTUS and China’s Green Building Evaluation
Standard further emphasize the global dedication to sustainable construction practices.
Various green building rating systems have been established to mitigate the negative envi-
ronmental impacts of construction activities, offering standardized criteria for evaluating
the environmental performance of buildings throughout their lifecycle. Table 2.1 sum-
merizes some of the main characteristics of LEED, LOTUS and BREAAM green building
rating systems. These tools encourage sustainable practices in design, construction, and

operation by promoting reduced energy consumption, decreased carbon emissions, and
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more efficient resource utilization [49].

These systems adopt a comprehensive approach, assessing multiple facets of a build-
ing’s attributes, including energy efficiency, water usage, indoor environmental qual-
ity, material selection, and site sustainability, while considering the entire lifecycle of
a building.[10].

Green building rating systems, while promoting sustainability, face a few disadvan-
tages. The complexity and bureaucracy of the certification process, such as seen in LEED,
lead to delays and increased costs, deterring some projects. Additionally, there are sig-
nificant inconsistencies between different rating systems, making it difficult to compare
certifications across regions and undermining their credibility. These systems often em-
phasize design over actual performance, limiting their real-world impact. Moreover, high
costs, limited adoption, regional variability, and the need for continuous improvement fur-
ther challenge the effectiveness of green building certifications. Addressing these issues

is crucial for enhancing their role in sustainable development [37].

2.1.3 Estimation Methods

Beyond the sustainability assessment systems created by various organizations and insti-
tutes, researchers have conducted numerous studies to evaluate the sustainability contri-
butions of construction projects. Often, these studies utilize a single criterion or a very
limited number of criteria as symbols of sustainability. Carbon emissions, in particular,
are frequently used to represent the environmental impact of building projects on their
surrounding environments.

According to life cycle theory [4], a building’s carbon emissions can be divided into
three main stages: construction phase, operation phase, and demolition phase. The
construction stage includes activities such as sourcing raw materials, producing build-
ing materials, transportation, and the actual construction work. During the operational
stage, COq emissions primarily originate from the use of climate control systems (heat-
ing, ventilation, and air conditioning), lighting, office appliances, elevators, and water
pumps.The demolition stage includes the dismantling of the building and the recycling
and processing of the resulting waste materials. Figure 2.2 illustrate carbon emission
components during the life cycles of built projects.

Structural engineers play a crucial role in reducing building carbon emissions, pri-
marily by minimizing the embodied carbon of structures and other building elements [2].
Hence, it is vital to assess the embodied carbon of a building project at the very start of
the design phase. This allows engineers to focus on reducing carbon emissions by choos-
ing appropriate construction methods, materials, specifications, efficiency measures, and
reuse strategies, and to make necessary adjustments based on the assessment results.

The core principle of calculating embodied carbon involves multiplying the amount
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Table 2.1: Green Building Certification Systems: LEED, LOTUS, and BREEAM
Description LEED

LOTUS

BREAAM

Parent U.S. Green Building Vietnam Green Building Building Research
Organization Council (USGBC) Council (VGBC) Establishment (BRE)
Type of LEED Certified LOTUS Certified Pass
Ratings LEED Silver LOTUS Silver Good
LEED Gold LOTUS Gold Very Good
LEED Platinum LOTUS Platinum Excellent
Outstanding
Type of oLEED BD+C oLLOTUS New eBREEAM New
Schemes (Building Design Construction (NC) Construction
Available  and Construction) ¢LOTUS BIO eBREEAM
oLEED ID+C e[LOTUS Homes Refurbishment
(Interior Design ¢LOTUS SB and Fit-Out
and Construction) (Small Buildings) eBREEAM In-Use
eLEED O+M eLOTUS Interiors eBREEAM
(Building Operations ~ eLOTUS Small Communities
and Maintenance) Interiors eBREEAM
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Figure 2.2: Carbon Emission in Building lifecycle [34]

of each material or product by a carbon factor (usually measured in kgCOse per kg of
material) for each life-cycle module considered. Two aspects needs to consider in this
principle is the carbon emissions factors and the traditional quantity surveying process.

A carbon emission factor is a measure used to estimate the amount of carbon dioxide
(CO2) emissions associated with a specific material, activity, or process. It is typically
expressed in units of mass (e.g., kilograms or metric tons) of CO2 emitted per unit of
activity (e.g., per kilogram of material used, per kilowatt-hour of electricity consumed, per
gallon of fuel burned). These factors are crucial for calculating the environmental impact
of various activities and for developing strategies to reduce greenhouse gas emissions.
They can vary by source, scope (direct, indirect, value chain), and region.

Another aspects to consider is the traditional quantity surveying process. This pro-
cess, being a manual process, is prone to errors and can be time-consuming. However,
these problems can be alleviated through automation. Building Information Modeling
(BIM), a comprehensive database of engineering information, can provide accurate mate-
rial quantity data. This enables BIM to automatically generate a precise bill of quantities,
thereby reducing the need for tedious manual operations and minimizing the likelihood
of errors.

Although research on utilizing BIM for carbon emissions estimation is limited, there
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are even fewer studies that directly compare the sustainability performance of construc-

tion processes using different construction methods in building projects.

2.2 Construction Method and Technology

Technological innovations are key to advancing sustainability in construction. Alternative
construction methods such as prefabrication and modular construction offer significant
benefits in terms of efficiency and waste reduction. These techniques allow for the produc-
tion of building components in controlled environments, minimizing waste and ensuring
higher precision in assembly. 3D concrete printing is another innovative technology that
presents opportunities to further reduce material waste, lower labor costs, and minimize
carbon emissions by optimizing construction processes. Additionally, the implementation
of BIM technologies in built project enhance project planning, design, and management
by providing a comprehensive digital representation of a building’s physical and functional
characteristics. These technologies collectively contribute to more sustainable construc-
tion processes by improving precision, reducing material waste, and optimizing resource

use.

2.2.1 Construction Method
Conventional Construction

According to McCormac and Brown in “Design of Reinforced Concrete” [23], conventional
reinforced concrete or traditional cast-in-place concrete is a composite material mainly
made up of concrete mixture and steel reinforcement rebar. The concrete provides the
compressive capacity, while the steel rebar imparts tensile ability of concrete components,
making it a versatile and widely utilized material in construction.

Reinforced concrete is considered to be the most prevalent and essential materials
for building construction projects due to its numerous significant advantages, which in-
clude high compressive strength, durability, flexibility in design, economic viability, fire
resistance, and sound insulation. It can withstand significant compressive forces, making
it suitable for various structural applications such as buildings, bridges, and dams. Its
great resistance to fire, water, and environmental degradation ensures a long lifespan with
minimal maintenance. Additionally, concrete can be cast into a wide variety of shapes
and sizes, allowing for innovative architectural designs. Locally available materials can
be used for its production, which reduces transportation costs and often requires less
skilled labor compared to other construction materials. Concrete is highly fire-resistant
and can protect the steel reinforcement from high temperatures during a fire. Its dense
nature provides good sound insulation, which is beneficial in residential and commercial

buildings.
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However, traditional cast-in-place concrete also has several drawbacks. Concrete itself
has low tensile strength, necessitating the use of steel reinforcement to counteract tensile
forces. The high density of concrete results in a heavy material, which can lead to
higher foundation costs and challenges in handling and transport. The process of setting
up formwork, placing reinforcement, pouring, and curing concrete is time-intensive. A
significant portion of the total cost of reinforced concrete structures is attributed to
the formwork required to shape and support the concrete until it hardens. Concrete
is susceptible to cracking because of shrinkage, thermal fluctuations, and load-induced
stress, which can compromise its durability and structural integrity.

In addition to these structural drawbacks, conventional construction materials also
have severe environmental impacts. The production of cement, a primary component of
concrete, is energy-intensive and contributes significantly to CO, emissions, with approx-
imately 8% of global CO, emissions attributed to cement production [9]. The extraction
of raw materials such as limestone, clay, sand, and gravel for concrete production can
lead to habitat destruction and resource depletion. Manufacturing, transporting, and
processing the materials for reinforced concrete require substantial energy, contributing
to its overall environmental footprint. Construction processes generate waste, including
unused concrete, formwork materials, and debris, necessitating proper disposal and re-
cycling practices to mitigate environmental impact. Additionally, concrete production is
water-intensive, and the curing process requires substantial amounts of water, which can
be a concern in water-scarce regions.

With the widespread use of conventional cast-in-place construction methods, the car-
bon emission rate is projected to double over the next two decades [39]. There is an

urgent need to find more sustainable approaches for carrying out construction projects.

Prefabrication Construction

Among all alternative construction methods, modular construction, also known as pre-
fabrication or precast construction, is frequently mentioned as a viable approach. Pre-
fabrication construction entails producing building components in a factory setting and
subsequently transporting them to the construction site for assembly and installation.
[13]. Figure 2.3 illustrates the prefabrication process, highlighting its difference in stages
in comparison to traditional construction methods.

The process begins with the off-site production of components in industrial production
halls under ideal conditions. These components undergo rigorous quality checks, ensuring
higher precision and consistency. After fabrication, the components are transported to the
construction site. This stage involves long transports, but efficient logistics management
ensures timely delivery and assembly. On-site assembly of these prefabricated components

is then carried out, resulting in the completion of the construction project.
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Figure 2.3: Prefabrication Construction Method Process [48]

In contrast to traditional on-site construction, which is subject to weather conditions
and other site-related challenges, prefabrication offers several advantages. Efficiency and
speed are significantly improved, as components are produced simultaneously in the fac-
tory, independent of on-site conditions. This automated process reduces the negative
effects of outdoor environments and the workload of on-site construction activities. Qual-
ity control is enhanced because components manufactured in a controlled environment
undergo rigorous quality checks, resulting in higher precision and consistency, reducing
the likelihood of defects. Waste reduction is achieved by optimizing the use of resources
during the manufacturing process, allowing for better recycling and reuse of materials,
leading to more sustainable construction practices. Additionally, by decreasing on-site ac-
tivities and optimizing material usage, prefabrication lessens the disturbance to the local
environment and cuts down on greenhouse gas emissions from construction activities.

Prefabrication also offers design flexibility, as long-span precast components create
larger open spaces and fewer piers, supporting various shapes and sizes for innovative and
economical designs. The method provides inherent fire resistance, enhancing safety and
lowering insurance premiums. The durability of precast concrete is notable, often lasting
over 100 years with lower life cycle costs. Material efficiency is another benefit, with
prestressing enhancing span-to-depth ratios, performance, and material usage. Aesthetic

flexibility is a key advantage, with a wide range of textures, colors, and finishes that
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can mimic materials like granite and brick. Precast concrete is effective for acoustical
control, providing sound insulation suitable for pleasant living and working environments.
Its high thermal mass improves energy efficiency, further enhanced with insulated panels.
Moreover, prefabrication supports sustainability through efficient use of materials and
energy, improved quality control from factory production, modular construction for future
reuse, and the ability to design redundancy for blast resistance [6].

A case study of an educational school [35] concluded that prefabricated systems of-
fer significant sustainability benefits over traditional construction methods, primarily
through reduced environmental impacts during construction and end-of-life stages. How-
ever, the sustainability of prefabricated technology largely depends on the specific case,
particularly the distance between the factory and the building site. In some scenarios,
non-prefabricated technologies may be more sustainable, especially if the construction
site is far from manufacturing facilities or if the initial cost and construction time are
primary considerations.

Despite these advantages, the use of prefabrication construction remains limited, with
less than 3% of all residential buildings in the US being constructed using precast con-
crete materials [18]. This limited adoption is likely due to the fact that the advantages
of prefabrication construction methods compared to on-site construction are not well

recognized by many construction professionals and the general public [29].

3D Concrete Printing (3DCP)

Digital manufacturing technology, usually referred to as 3D printing or additive man-
ufacturing, constructs physical objects from geometric designs by incrementally adding
material layer by layer [41]. A variety of 3D printing technologies have been developed,
each with unique capabilities. According to ASTM Standard F2792 [15], these tech-
nologies are classified into seven categories: binder jetting, directed energy deposition,
material extrusion, material jetting, powder bed fusion, sheet lamination, and vat pho-
topolymerization. Table 2.2 states some main features related to benefits, drawbacks and

application of those 6 common method of 3D Printing technologies.

e Binder Jetting: A fast prototyping method where a liquid binder is selectively
applied to join powder particles. It is used to create casting patterns, raw sintered
parts, and large-volume items from materials such as metals, sands, polymers, hy-

brids, and ceramics.

e Directed Energy Deposition: A sophisticated process for repairing or adding
material to existing parts, offering precise control over grain structure. Typically
uses metals and metal-based hybrids in wire or powder form. Examples include

Laser Deposition and Laser Engineered Net Shaping (LENS).
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e Material Extrusion: A process that builds objects by extruding heated thermo-
plastic filament layer by layer. It is commonly used for printing plastics, food, or

living cells. An example of this technology is Fused Deposition Modelling (FDM).

e Material Jetting: This method involves selectively depositing droplets of mate-
rial that solidify under UV light to construct parts layer by layer. It is ideal for
multi-material printing with a variety of materials, including polymers, ceramics,

composites, and biologicals.

e Powder Bed Fusion: A technique that uses an electron beam or laser to melt
or fuse powder materials together. This category includes Electron Beam Melting
(EBM), Selective Laser Sintering (SLS), and Selective Heat Sintering (SHS).

e Sheet Lamination: A process that creates objects by bonding sheets of material
together. Examples include Laminated Object Manufacturing (LOM) and Ultra-
sound Additive Manufacturing (UAM).

e Vat Photopolymerization: Utilizes a laser or light to cure photo-reactive poly-
mers. Examples of this technology include Stereolithography (SLA) and Digital
Light Processing (DLP).

Table 2.2: Benefits, Constraints, and Applications of 3D Printing Technologies [43]

Technology | Benefits Constraints Applications
Powder Bed | High precision, strong | Limited material va- | Building components,
Fusion (PBF) | parts, large build ca- | riety, expensive, com- | intricate  structures,
pacity plex procedures custom parts
Material Jet- | High accuracy, excel- | Small  build  size, | Architectural models,
ting lent surface quality, | costly, requires post- | building components,
diverse materials processing small-scale objects
Binder  Jet- | Fast production, cost- | Lower strength, sub- | Building components,
ting effective, versatile ma- | par surface quality, | decorative objects,
terials needs post-processing | small-scale models
Fused Deposi- | Economical, easy to | Reduced accuracy, in- | Prototyping,  small-
tion Modeling | use, supports various | ferior surface finish scale models, building
(FDM) materials components
StereolithographMigh accuracy, excel- | Limited material op- | Concept models,
(SLA) lent surface quality tions, costly, slower | prototyping, architec-
production tural models
Selective Versatile  materials, | Expensive, com- | Custom parts, build-
Laser Sinter- | high accuracy, strong | plex, requires post- | ing components,
ing (SLS) parts processing structural elements

Among the various 3D printing techniques, 3D concrete printing (3DCP) is an in-

novative construction technology that automates the building process by creating struc-

tures layer by layer from a digital model. This method leverages advanced software and
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specially formulated concrete mixtures to produce complex, precise, and customized de-

signs efficiently. 3DCP represents a significant advancement over traditional construction

methods, offering enhanced material efficiency, design flexibility, and sustainability.

3D Modelling
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Figure 2.4: 3D concrete printing process [21]

Figure 2.4 show the process of 3D Concrete Printing. The 3D printing process begins
with the design phase, where objects are designed using 3D modeling software. This
model is then converted to STL format, which provides detailed information on the
coordination and boundaries of the structure. Once in STL format, the model is sliced
into layers of the same height and then converted to G-code, which directs the printer on
how to construct each layer.

Next, the printing process commences, wherein a suitable concrete mixture is extruded
and bonded in layers to form the object. The 3D printer, set up on-site, follows the
programmed paths based on the digital model layers. The structure is ”printed” layer
by layer according to the model’s specifications. This automated process is continuously
monitored to ensure accuracy and to address any issues that arise. Finally, in the post-
processing phase, the printed concrete is cured to achieve full strength, and any necessary
finishing touches are applied to meet structural and aesthetic requirements.

3D Concrete Printing (3DCP) offers significant environmental benefits by reducing
material usage and waste, cutting energy consumption, and lowering CO5 emissions com-

pared to traditional construction methods. The process also minimizes noise pollution
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and fuel consumption by reducing the need for heavy machinery. Additionally, 3DCP
supports the use of renewable and recycled materials, enhancing overall sustainability
and improving the durability and longevity of structures.

3DCP can reduce material usage by up to 40% and material waste by 30% compared to
traditional casting methods, primarily due to the precision of the printing process, which
ensures that only the necessary amount of material is used [?]. Life cycle assessment
(LCA) studies indicate that 3DCP can decrease cumulative energy consumption by 41-
64%, directly contributing to lower CO, emissions and minimizing other environmental
impacts [16]. Furthermore, 3DCP has the potential to reduce the environmental impact
by 50% compared to cast concrete techniques, including a significant reduction in CO,
emissions. The production process for 3DCP involves fewer emissions because it optimizes
material usage and reduces waste. The construction process using 3DCP also eliminates
noise pollution associated with traditional construction methods, creating a more pleasant
and less disruptive environment for surrounding communities.

3DCP reduces the need for heavy construction equipment, thereby lowering fuel con-
sumption and transportation-related emissions. The reduction in required machinery
also lessens the environmental footprint of construction sites. The potential of using al-
ternative materials in 3DCP, such as soil mixed with straw, recycled glass, and organic
materials, enhances the sustainability of concrete by reducing reliance on traditional
energy-intensive materials. Increasing the durability of 3D-printed structures extends
their service life, reducing the frequency of repairs and replacements, and further con-
tributing to the overall reduction of environmental impacts associated with construction
activities. Examples such as the Holstebro-House in Denmark demonstrate innovative
approaches to improving the environmental sustainability of 3DCP, such as the use of
solar roofs, which could further enhance the environmental benefits by reducing energy
consumption and promoting renewable energy use.

While 3D concrete printing (3DCP) offers numerous environmental advantages, the
transition from traditional construction methods to 3DCP is not without its challenges.
These benefits highlight the potential of 3DCP to revolutionize the construction industry
by promoting sustainability and efficiency. However, the implementation of this innova-
tive technology encounters several obstacles that need to be addressed to fully realize its
environmental and practical benefits [24].

Social challenges include the impact on employment, as automation reduces the num-
ber of construction workers, potentially causing societal issues in areas dependent on
construction jobs. Aesthetic and design limitations, such as the rougher surface finish of
3D printed structures compared to conventional construction, and geometric limitations,
as current 3D printing technologies may not be suitable for larger-scale constructions, are
also concerns.

The initial investment required for 3D printing equipment and setup is substantial,
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including the cost of printers, materials, and the adaptation of existing construction sites
for 3D printing. The logistics of transporting and setting up 3D printing equipment in
remote areas pose significant challenges, and the materials and specifications must be
tailored to the local environment. Material standards and specifications need to match
the requirements of the technology, and the availability of suitable materials in remote
areas can be limited. If local materials cannot meet the specifications, importing materi-
als becomes necessary, increasing costs and complexity. The integration of utilities, such
as plumbing and electrical systems, into 3D printed buildings is complex and not always
feasible with the current state of technology. Ensuring the structural integrity and stabil-
ity of 3D printed structures, especially in extreme conditions like cyclones, earthquakes,
and floods, is challenging. The mechanical properties of 3D printed elements can vary
significantly, affecting their long-term durability and structural performance.

The lack of standardized building codes and regulations specific to 3D printed con-
structions complicates the approval and implementation processes. Implementing 3DCP
requires new knowledge and methods for construction scheduling and project manage-
ment, including adapting to the unique requirements of the technology, such as material
preparation and delivery systems. Setting up on-site fabrication for 3D printing can be
challenging and time-consuming, impacting overall project timelines. Construction work-
ers need to be trained in operating and maintaining 3D printing equipment, requiring new
skills compared to traditional construction methods. The cost of materials suitable for
3D printing can be higher compared to traditional construction materials, affecting the
overall cost-efficiency of projects. In some cases, the economic feasibility of 3D printing
in construction, especially in remote or low-income areas, remains a concern.

3D concrete printing (3DCP) offers significant environmental benefits, including re-
duced material waste, lower energy consumption, and the use of sustainable materials.
However, its adoption faces several challenges, such as high initial costs, material limita-
tions, integration of building services, and ensuring structural integrity. A critical barrier
is the lack of established building codes and standardized regulations, complicating ap-
proval and implementation. Addressing these regulatory challenges is essential to fully

realizing the potential of 3DCP in sustainable construction.

2.2.2 Building Information Model (BIM)

Building Information Modeling (BIM) is described as a collaborative digital model rep-
resenting the physical and functional attributes of any constructed entity, providing a
reliable basis for decision-making throughout its entire lifecycle [40]. Originating from
product models [5] used in industries like petrochemical, automotive, and shipbuilding,
BIM digitally replicates real buildings as coherent, semantically enriched models[46].

Implemented through object-oriented software, BIM comprises parametric objects that
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represent building components, each containing spatial or non-spatial attributes, such as
operational, contextual, or structural information. BIM can be applied to both new con-
structions and existing buildings, supporting various phases from design and construction
to maintenance and deconstruction. Figure 2.5 show the way to apply BIM technique

and the creation of BIM model in both new and existing building projects.
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Figure 2.5: BIM model creation processes. [36]

Building Information Modeling (BIM) offers numerous benefits that enhance project
outcomes in various ways. One significant advantage is the reduction of risk and costs.
BIM reduces risks by providing better information management throughout the project
lifecycle, leading to fewer schedule and budget overruns and minimizing claims. Efficient
clash detection and coordination help avoid costly errors during construction, resulting
in lower net costs for owners, designers, and engineers.

BIM also improves productivity and coordination. Easy retrieval of information and
improved coordination of construction documents enhance overall productivity. The abil-
ity to generate accurate and consistent 2D drawings at any stage reduces the time needed
for construction drawings and minimizes potential errors.

Enhanced project performance is another key benefit of BIM. Schematic models enable
a more accurate assessment of proposed designs, ensuring they meet functional and sus-
tainable requirements, thus improving project performance and quality. BIM allows for
visualization of the design at any stage, ensuring dimensional consistency and enhancing
monitoring efficiency, which reduces operating costs.

The speed and efficiency of project delivery are greatly enhanced through BIM. Im-
proved coordination among design disciplines and early detection of design issues ac-
celerate project delivery. Embedding and linking vital information, such as material
quantities and vendor details, streamline estimation and tendering processes, making the

overall construction process more efficient.
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BIM also promotes better collaboration and communication among project stakehold-
ers, leading to more efficient project execution. Enhanced design coordination reduces
construction time and the number of change orders, resulting in faster project completion.

BIM has significant potential to enhance sustainable construction practices. The inte-
gration of BIM with green building practices offers several advantages that contribute to
environmental sustainability. BIM facilitates energy simulations and performance analy-
ses during the design phase, enabling more energy-efficient building designs. This helps
in reducing energy consumption and improving the overall energy performance of build-
ings [45]. Furthermore, BIM supports the incorporation of renewable energy sources,
such as solar panels and geothermal systems, enhancing the building’s sustainable energy
generation [38].

BIM also improves resource efficiency by aiding in the selection of sustainable mate-
rials with low embodied carbon and high recycled content. It helps in choosing materials
that emit low levels of volatile organic compounds (VOCs), improving indoor air quality
[3].  Comprehensive life cycle assessments (LCA) enabled by BIM evaluate the envi-
ronmental impacts of building materials and construction methods from cradle to grave,
helping to identify the most sustainable options for materials and construction techniques
[25].

Waste reduction is another significant advantage of BIM. Precise material estimates
provided by BIM reduce surplus material and minimize construction and demolition
waste, contributing to more efficient resource use on construction sites [7]. BIM-driven
prefabrication techniques streamline construction processes, reducing waste and construc-
tion time, and enhancing the energy performance of buildings.

BIM also fosters collaborative decision-making by promoting better collaboration
among stakeholders, ensuring that sustainability goals are considered at every stage of
the project. This leads to more efficient project execution and sustainable outcomes [22].
Early-stage design decisions supported by BIM optimize energy efficiency, resource use,
and environmental impact, resulting in more sustainable building designs and improved
project performance [19].

Furthermore, BIM-supported sustainability reporting improves transparency and ac-
countability in green building projects. It provides clear information about materials used
and their environmental impacts, aiding in compliance with green building certifications
like LEED and BREEAM.

Building Information Modeling (BIM) holds significant potential for promoting sus-
tainable construction practices, particularly in analyzing and reducing carbon emissions.
By enhancing energy efficiency, improving resource efficiency, reducing waste, and en-
abling comprehensive life cycle assessments (LCA), BIM ensures sustainability goals are
met at every project stage. Overall, BIM is a crucial tool for advancing sustainable

construction and reducing the industry’s carbon footprint.
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2.3 Gaps in Knowledge

Selecting the optimal construction method for each building project is crucial for achieving
sustainability goals. Wey and Wu [47] indicate that choosing inappropriate construction
methods can lead to negative environmental and financial impacts, such as resource waste
and cost overruns. Despite this, the process of selecting a construction method, such as an
off-site method, is often based on historical experience and anecdotal evidence, primarily
due to a lack of convenient tools to analyze the environmental impact of each option [30].
Therefore, it is essential to develop and utilize tools that can comparatively assess the
lifecycle sustainability performance of different construction methods [20].

Despite the growing interest in 3D Concrete Printing (3DCP) as an innovative con-
struction technology, there is still significant room for exploration, particularly in com-
prehensively analyzing its carbon emissions compared to traditional and prefabrication
construction methods. Most existing studies focus on structural performance, cost, and
efficiency. While there are some studies on the environmental impacts of these prac-
tices, this research often focuses on the carbon emissions of the material but neglects the
emissions during the print process.

Another gap in existing research is the inadequate consideration of regional variations.
Construction practices, material availability, and regulatory standards vary significantly
across different regions, affecting the carbon emissions of construction methods. However,
most studies generalize findings without accounting for these regional differences. This
limits the applicability of the research outcomes to specific contexts.

The lack of standardized measurement frameworks further complicates the compara-
tive analysis of construction methods. Different studies often use varying methodologies
and metrics to measure the environmental impacts of construction projects, making it
challenging to compare results across studies. This inconsistency hinders the ability to
draw generalizable conclusions about the sustainability of different construction methods.

To address these gaps, future research should adopt a Life Cycle Assessment (LCA)
approach to systematically compare the carbon emissions of different construction meth-
ods, covering all stages from material production to disposal in line with current inter-
national standards. Additionally, it should consider regional variations by accounting for
differences in construction practices, material availability, and regulatory standards, pro-
viding more accurate and applicable sustainability assessments. Furthermore, developing
and using a standardized measurement methodology is crucial to ensure a consistent
framework for measuring carbon emissions, facilitating comparability across studies. By
addressing these issues, the construction industry can better understand the environmen-
tal implications of 3DCP and other methods, promoting truly sustainable practices and
reducing the overall environmental footprint.

In an attempt to address these gaps, this study aims to provide a comprehensive anal-
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ysis of carbon emissions associated with different construction methods, focusing on con-
ventional cast-in-place, prefabrication, and 3D Concrete Printing (3DCP) construction
methods. The contributions of this study include the development of a general framework
that conducts a thorough carbon emissions analysis from the production phase until the
end of construction phases of traditional cast-in-place concrete, prefab concrete, and 3D
concrete printing technologies. By evaluating carbon emissions during the production and
construction phases, the research provides a holistic view of the environmental impacts,
specifically focusing on carbon emissions.

Additionally, the primary innovation of this research is the integration of Building
Information Modeling (BIM) with carbon emission estimation frameworks and official
construction standards, including those from the American Construction Institute and
Vietnamese construction standards. This integration enhances the accuracy and efficiency
of carbon emission estimations by standardizing the process, addressing a significant gap
in current research practices. The study also takes into account regional variations in
construction practices and regulatory standards, providing more accurate and context-
specific sustainability assessments. This approach ensures that the findings are applicable

to various regions.
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Chapter 3
Methodoglogy

To develop and propose a framework to estimate carbon emissions comprehensively, the
study carry out estimating carbon emissions of two case studies. One is laboratory
facilities and the other is the lecture hall. The details steps on how to the estimation is
explained in details of this chapter 3: Methodology and the results will be demonstrated
in chapter 4: Case Studies

3.1 Overview

Define construction Match construction
activities for activities with Identify related
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Figure 3.1: Carbon Emission Estimation Methodology
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The Carbon Emissions Estimation Framework, illustrated in figure 3.1, is designed
to systematically evaluate the carbon footprint associated with different construction
methods. Its primary aim is to provide a comprehensive and replicable methodology for
assessing and comparing the environmental impact of conventional cast-in-place concrete,
prefabricated concrete, and 3D concrete printing methods. The framework is structured
into several key steps as illustrated in the methodology diagram.

The process begins with developing a initial BIM model on Autodesk Revit Software.
The model used in this research is available model from research department.

The next step is identifying the construction activities for each type of building ele-
ment in each construction method. This foundational step ensures that all relevant ac-
tivities are clearly outlined and understood, setting the stage for a detailed and accurate
analysis of each method’s specific requirements and impacts. Construction activities are
meticulously mapped to specific types of building elements for each construction method.
This step utilizes building standards and existing databases to ensure a comprehensive
and precise mapping of the elements and activities involved.

Using a design 3D BIM model, a quantity takeoff is performed to determine the
material quantities required for each construction method. This step is essential for
quantifying the resources needed and serves as the basis for carbon emissions estimation.

At this stage, carbon emissions are estimated based on the material quantities and
the associated construction activities. This step provides a quantifiable measure of the
carbon footprint for each construction method, enabling a comparative analysis.

The estimated carbon emissions are reviewed by experts who provide feedback on
the accuracy and reliability of the results. If necessary, the model is updated based
on this feedback to ensure the validity and robustness of the findings. Based on the
expert feedback, the model may be iterated and refined to address any identified issues
or inaccuracies. This step also serves as a basis for deciding which construction methods
are chosen for the building project.

Once the model is finalized, a comparative analysis is conducted to evaluate and
compare the carbon emissions across different construction methods. This analysis high-
lights the most sustainable construction approach, considering both direct and indirect

emissions throughout the construction lifecycle.

3.2 Building Element and Construction Activities As-

sociation

The process begins with a crucial step: defining on-site construction activities for each
type of building element in every construction method. This foundational step involves a

thorough identification and categorization of the activities associated with each building
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element, such as walls, columns, beams, and slabs.

The first step is activity identification which involves pinpointing the main on-site
activities required for constructing each building element. For example, in cast-in-place
concrete construction, the activities include formwork preparation, rebar installation,
concrete pouring, and curing. For prefabricated concrete elements, the primary activ-
ities involve the installation of the prefabricated components. In 3D concrete printing
(3DCP), the main on-site activities primarily consist of printing the concrete elements
layer by layer. Each construction method has unique on-site activities that are crucial
to its specific process, highlighting differences in how the elements are constructed and
assembled. The detailed breakdown of activities is illustrated in Table 3.1. By metic-
ulously defining on-site construction activities, a solid foundation for the entire Carbon
Emissions Estimation Framework is established, ensuring precision and reliability in the

subsequent analysis.

Table 3.1: On-site Activities for Concrete Elements by Construction Method

Method Concrete Element | Main On-site Activities
Reinforcing in place, Columns
Columns Forrr.ung. in place, Columns
Placing in place, Columns
Curing concrete, Columns
Forming in place, Beams
Reinforcing in place, Beams
Beams —
. Placing in place, Beams
Traditional .
. Curing concrete, Beams
Cast-in-place =
Forming in place, Slabs
Concrete . —
Slabs Reinforcing in place, Slabs
Placing in place, Slabs
Curing concrete, Slabs
Reinforcing in place, Walls
Forming in place, Walls
Walls Placing in place, Walls
Curing concrete, Walls
Columns Installing Prefabricated Columns
. Beams Installing Prefabricated Beams
Prefabricated Concrete STabs Tnstalling Slabs
Walls Installing Prefabricated Wall Panels
3DCP Walls Printing 3DCP Walls

The next step is task sequencing. This entails arranging the identified on-site activities
in a logical sequence that reflects the actual construction process. Understanding the
workflow and dependencies between activities ensures that all steps are accounted for in
the correct order.

Following the detailed identification and categorization of on-site construction ac-

tivities, the next crucial step involves associating these activities with their respective
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building standards and construction database. This association is done in accordance
with two building standard systems: MasterFormat by the Construction Specifications
Institute (CSI) and TCVN by the Vietnamese government. This structured approach
ensures that the construction process is accurately reflected and facilitates a thorough
analysis of each method’s unique requirements and impacts based on a standardized
database. Additionally, it leverages construction databases, specifically RSMeans for
MasterFormat and TT10-2019/BXD for TCVN. Notably, while cast-in-place and pre-
fabricated methods follow these standards, 3D concrete printing (3DCP) currently lacks
established standards.

Corresponding codes are first identified. This involves associating the identified con-
struction activities from the previous step with specific codes in building standards such
as MasterFormat and TCVN. Each activity is accurately matched with the relevant code
for each construction method, utilizing the assigned codes for construction activities to
obtain detailed information about the type of labor, activity norms, and other standard-
ized data.

Next, machinery requirements are identified and documented for each construction
activity, such as concrete mixers for concrete pouring, cranes for prefabricated element
installation, and 3D printers for 3DCP walls. The identified machinery requirements are
validated to ensure they match the actual needs of the construction activities. The de-
tailed building element and construction activities association results, with all relevant
codes and machine/equipments, are illustrated in tables 3.2, 3.3, 3.4, and 3.5. By system-
atically associating construction activities with their corresponding codes in recognized
standards, machinery requirements of each construction activities defined are identified.
This supports accurate data collection, analysis, and comparison in the later phases of the
study. While cast-in-place and prefabricated methods benefit from established standards
and databases, the 3DCP method will need to be evaluated without such established

guidelines.

3.3 Quantity Takeoff

After associating construction activities with their corresponding building element codes
and identifying the necessary machinery requirements, the next crucial step is to accu-
rately quantify the materials required for each construction method. This phase, known
as Quantity Takeoff, involves detailed measurement to calculate material quantities, en-
suring consistency and reliability across different construction techniques. The results
from this step are essential for the subsequent estimation of carbon emissions and com-
parison of the environmental impact of each construction method.

The first step is to obtain detailed design models of the building using Building
Information Modeling (BIM) software, such as Autodesk Revit. These models should
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Table 3.2: Conventional Construction Activities - RSmean - MasterFormat

Construction Activity Description Code Machine

Forming in place, columns 031113.25 None

Reinforcing in place, columns 032111.60 None

Placing in place, columns 033113.70 | 2 Gas Engine Vibrators
1 Concrete Pump (Small)

Curing concrete, columns 033913.50 None

Forming in place, beams 031113.20 None

Reinforcing in place, beams 032111.60 None

Placing in place, beams 033113.70 | 2 Gas Engine Vibrators
1 Concrete Pump (Small)

Curing concrete, beams 033913.50 None

Forming in place, floors 031113.35 None

Reinforcing in place, floors 032111.60 None

Placing in place, floors 033113.70 | 2 Gas Engine Vibrators
1 Concrete Pump (Small)

Curing concrete, floors 033913.50 None

Forming in place, walls 031113.85 None

Reinforcing in place, walls 032111.60 None

Placing in place, walls 033113.70 | 2 Gas Engine Vibrators
1 Concrete Pump (Small)

Curing concrete, walls 033913.50 None

accurately represent the geometry and dimensions of each concrete structural building
element, including columns, beams, slabs, and walls.

Next steps is to perform the Quantity Takeoff using the design model to quantify
the materials required for each building element, including calculating the volumes of
concrete, quantities of rebar, and other necessary materials. The quantified material
quantities are adjusted to account for the waste percentages specific to each construc-
tion method. The waste percentages/ material loss for each construction method are
illustrated in Table 3.6. These percentages result from a literature review and consul-
tations with construction experts. The table highlights the material waste percentages
for different construction methods: Conventional Cast-in-place (5%), Prefabricated (1%).
Conventional Cast-in-place has the highest material loss due to on-site mixing and manual
labor, leading to excess material usage and errors. Prefabricated construction has a lower
material loss because components are manufactured in controlled environments, reducing
waste during assembly. 3DCP has almost no material waste due to its precise automated
process that places concrete exactly where needed, minimizing waste and human error.

To accurately quantify the rebar needed for concrete structural elements, the reinforce-
ment ratios are assumed based on a combination of expert interviews and established
construction standards. This ensures that the values used are optimal for structural

performance and material efficiency. Table 3.7 illustrates the reinforcement ratios for
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Table 3.3: Conventional Construction Activities - TT10-2019/BXD - TCVN

Construction Activity Description Code Machine
Forming in place, columns AF.81130 None
Reinforcing in place, columns AF.61400 LW éiﬁgxiilgiﬁ?ggﬁachme
50 m®/h Concrete Pump
Placing in place, columns AF.32200 1.5kW Vibrator
Forming in place, beams AF.81140 None
Reinforcing in place, beams AF.61500 LW éiﬁg;ﬁi?gﬁﬁ?ggﬁaehme
50 m3/h Concrete Pump
Placing in place, beams AF.32300 1.5kW Vibrator
Forming in place, floors AF.81150 None
25-ton Tower Crane
Reinforcing in place, floors AF.61700 EW Cu t?irf;r;r?daggei;ﬁ; Machine
50 m®/h Concrete Pump
50 m®/h Concrete Pump
Placing in place, floors AF.32300 1.5kW Vibrator
Forming in place, walls AF.81300 None
Reinforcing in place, walls AF.61300 LW éiﬁgixi?%iﬁ?ggi/f%hine
50 m®/h Concrete Pump
Placing in place, walls AF.32100 1.5kW Vibrator

Table 3.4: Prefabrication Activities - RSmean - MasterFormat

Construction Activity Description Code Machine

Installing Precast Column 034133.15 | 1 Lattice Boom Crane, 150 ton
Installing Precast Beam 034133.10 | 1 Lattice Boom Crane, 150 ton
Installing Precast Hollow Core Plank | 034113.50 | 1 Lattice Boom Crane, 150 ton
Installing Precast Wall 034513.50 | 1 Lattice Boom Crane, 150 ton

Table 3.5: Prefabrication Activities - TT10-2019/BXD - TCVN

Construction Activity Description Code Machine

] 10-ton Crane
Installing Precast Column AG.41100 93 kKW Welding Machine

. 16-ton Crane
Installing Precast Beam AG.41200 23 kKW Welding Machine

Concrete Mixer 2501
Installing Precast Slab AG.21200 | Cement Pump 6 m®/h
1.5kW Vibrator
Installing Precast Wall AG.41500 10-ton Crane
& ' 23 kW Welding Machine

different building elements: Columns (3%), Beams (2%), Slabs (1%), and Walls (0.6%).
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Table 3.6: Material loss/waste percentage for each construction method

Construction method Material Loss
Conventional Cast-in-place 5% [17]
Prefabricated 1% [17]

Table 3.7: Reinforcement Ratios for Structural Elements

Building Element | Reinforcement Ratio
Columns 3%
Beams 2%
Slabs 1%
Wall 0.6%

3D concrete printing (3DCP) will only be applied to the wall elements of the frame-
work. The configuration of the printed walls was selected based on standard industry
practices in 3DCP [28]. The thickness was set at 300 mm for external walls and 180
mm for internal walls, despite some references indicating thicknesses of 400 mm and 500
mm in existing 3DCP buildings [11] [26]. A layer thickness of 40 mm was chosen within
the typical range of 35 mm to 45 mm recorded [26]. The increased thickness in these
case studies is due to the incorporation of steel reinforcement for structural elements.
However, for this project, a thicker wall is unnecessary as the printed walls, which are
unreinforced 3D printed wall, is not the main component to bear the loads.

To calculate the volume of 3DCP walls, first determine the net cross-sectional area
by subtracting the area of the voids (triangles) from the total cross-sectional area. With

a layer thickness of 40 mm, the volume of 3DCP is calculated as follows:

V=25x0.12 (3.1)

where V is the volume of the 3DCP wall (m?®) and S is the area of the wall (m?).

By conducting a detailed and accurate quantity takeoff based on the design model and
adjusting for waste percentages, the material requirements for each construction method
are precisely quantified. This step is critical for the subsequent analysis of carbon emis-
sions, enabling a reliable comparison of the environmental impact of different construction

techniques.

3.4 Carbon Emission Estimation

Following the detailed quantification of materials through the quantity takeoff process,
the next critical step involves estimating the carbon emissions associated with each con-
struction method. Understanding carbon emissions is essential for evaluating the environ-

mental impact of different construction techniques. This phase focuses on quantifying the
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carbon footprint from material production, on-site activities, and transportation, thereby
facilitating a comprehensive comparison of the sustainability of each construction method.

The process begins with thorough data collection related to materials, machinery,
transportation, and emission factors. From the quantity takeoff results, the total quantity
of materials required for each construction method is first identified, including the volume
and weight of concrete and rebar for conventional and prefabricated construction and the
volume of concrete for 3D concrete printing (3DCP). Accurate quantification of these
materials is crucial as it forms the basis for subsequent emission calculations.

Next, the types of machines and equipment required for each construction activity
are documented along with their consumption rates, derived from the Building Element
and Construction Activities Association results and mechanical parameters published by
manufacturers. Table 3.8 shows the information that helps estimate energy usage and
associated emissions during on-site construction activities. The types of vehicles used for
transporting materials and elements to the construction site are identified, the result is
illustrated in table 3.9. The consumption rates of these vehicles are determined based
on manufacturer-published information, allowing for accurate calculation of emissions
from transportation activities. For conventional cast-in-place concrete elements, trans-
ported materials include ready-mixed concrete and steel rebar, which are transported by
concrete mixer trucks and dump trucks, respectively. For prefabrication construction,
prefabricated building elements are transported by specialized trailers. For 3DCP con-
crete mixture, the concrete is assumed to be mixed in a nearby concrete factory and

transported to the site by concrete mixers.

Table 3.8: Machine/Equipment specs associated with each method process

Machine Type Resources Unit Consumption Rate

Gas Engine Vibrators Gasoline 1/h 0.71
Concrete Pump (Small) Diesel 1/h 16

23 kW Welding Machine Electricity kW 23

5 kW Cutting and Bending Machine | Electricity kW 5
50 m®/h Concrete Pump Diesel 1/h 10
1.5 kW Vibrator Electricity kW 1.5
3-ton Cage Hoist Diesel 1/h 3.4
25-ton Tower Crane Electricity kW 132

1 Lattice Boom Crane, 150 ton Diesel 1/h 22
10-ton Crane Diesel 1/h 12

23 kW Welding Machine Electricity kW 23
16-ton Crane Electricity kW 120

Concrete Mixer 2501 Gasoline 1/h 1
Cement Pump 6 m®/h Diesel 1/h 12

1.5 kW Vibrator Electricity kW 1.5
Robotic Arm Electricity | kW.h/m? 22
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Table 3.9: Vehicle specs for transportation

Vehicle Capacity | Resources Unit Consumption Rate
Concrete Mixer Truck | 8 m? Diesel | 1/100 km 30
Trailers 29 tons Diesel 1/100km 35
Heavy Dump Truck 27 Diesel 1/100km 30

Finally, the carbon emission factors for all materials and resources consumed during
the construction and transportation process are gathered. These factors indicate the
amount of carbon emissions produced during the production of those materials. Typically,
they are sourced from literature, environmental databases, and industry reports. The By
integrating these emission factors with the material quantities and consumption rates,
the total carbon emissions associated with each construction method can be accurately
calculated. The carbon emission factors used in this research are derived from a literature
review, indicating the average carbon emissions of resources worldwide, or from technical

reports by international organizations. All the carbon emissions is mentioned in table
3.10.

Table 3.10: Carbon emissions factors of material

Material Unit Carbon Emissions Factor
Cast-in-place kg COy/m? 340.9 [42]
unreinforced concrete | kg COy/kg 0.136 [42]
Prefabricated kg COq/kg 0.178 [17]
unreinforced concrete

Rebar kg CO,/kg 1.99 [17]
Wooden Formworks kg COq/m? 522 [31]

Diesel kg CO4/1 2.68 [14]
Gasoline kg CO4/1 2.31 [14]
Electricity kg COy/kWh 1.35 [1]

Numerous studies have estimated the carbon emissions for SDCP concrete, considering
various concrete mix components. As a result, 3DCP concrete exhibits different carbon
emission factors. For instance, one composition with cement (864 kg/m3), silica fume (36
kg/m?), fine aggregate (900 kg/m?), water (315 L/m?), and 0.3% admixture has a carbon
emission factor of 631 kg COze/m®. Another mix, consisting of cement (430 kg/m?), fly
ash (170 kg/m3), fine aggregate (1420 kg/m?), water (180 L/m?3), and superplasticizer
(10 L/m®), has a lower carbon emission factor of 345 kg COse/m3. Considering these
variations, the average carbon emissions factor for the provided compositions is used
in this study to calculate the carbon emissions of a 3DCP wall. This average carbon
emissions factor is approximately 440 kg COge/m3.

Based on the quantity takeoff results, the volume and weight of materials required
for each construction method can be estimated, taking into account the waste material

percentage. The materials considered include unreinforced concrete and rebar for dif-
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ferent construction methods: ready-made concrete and rebar for cast-in-place concrete,
unreinforced concrete and rebar for precast, and 3DCP concrete for the 3DCP method.
The total quantity of materials is then multiplied by the corresponding carbon emission
factors to calculate the total material carbon emissions for each construction method.

The formula used for this calculation is as follows:

Material Emissions = Z(Matem’al Quantity x Carbon Factor) (3.2)

Process emissions refer to the carbon dioxide produced during the burning of resources
to operate machinery and equipment in various construction phases. Using quantity take-
off data, the number of shifts required for each construction activity and the corresponding
machinery and equipment are calculated. These calculations are combined with the con-
sumption rates of the machinery and equipment to estimate the total resources required
for each construction method. The total quantity of resources is then multiplied by the
corresponding carbon emission factors to determine the total process carbon emissions for
each construction method. For conventional cast-in-place concrete, process carbon emis-
sions include those generated by the formwork used and consumed during the process.
According to Pronk et al., formwork can be reused up to seven times, provided it remains
flat and undamaged, and the project characteristics allow for such reuse. However, due
to the complex conditions on construction sites, the reuse time of formwork is assumed
to be two times. The thickness of wooden formwork is approximately 18 mm. By using
this thickness and the formwork area from the quantity takeoff, the volume of formwork
can be estimated, and the carbon emissions related to the formwork can be calculated.
The formula used for this calculation is as follows:

For conventional construction method:

Work Quantity
Machine Norm

Process Emissions = Z ( x Consumption Rate x Carbon Factor)

+ (Formwork Area x Thickness x Carbon Factor)
(3.3)

For other construction method:

Work Quantity
Machine Norm

x Consumption Rate x Carbon Factor

(3.4)

From the material quantity obtained in the quantity takeoff process, the number of

Process Emissions = E (

transporting trips is calculated. This is then combined with the vehicles’ travel consump-
tion rate to estimate the total resources consumed in the transportation process, and the

associated carbon emissions are measured. The formula for calculating transport carbon
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emissions is as follows:

Material Quantity
Truck Capacity

x Consumption Rate x Carbon Factor

(3.5)

The total carbon emissions encompass three main components: material carbon emis-

Transport Emissions = Z (

sions, process carbon emissions, and transport carbon emissions. Material carbon emis-
sions are derived from the production and use of construction materials. Process carbon
emissions result from the activities and equipment used during the construction process.
Transport carbon emissions are generated from the transportation of materials to the

construction site. The formula for total carbon emissions is:

Total Carbon Emissions = Material Emissions + Process Emissions (3.6)

+ Transport Emissions .
The carbon estimation steps will provide a comprehensive analysis of material quanti-
ties, process emissions, transport emissions, and total carbon emissions for each construc-
tion method. This detailed assessment will enable accurate comparisons, highlighting the

most sustainable construction method.

3.5 Expert Review, Feedback and Model Update

The expert review feedback and model update steps are crucial for validating and refin-
ing the carbon emission estimation results. Engaging industry experts ensures that the
methodology and findings align with current standards and practices, while the model
update step incorporates this feedback to enhance accuracy, reliability and sustainability.

The first step involves selecting experts from academia, industry, and research institu-
tions with relevant expertise in sustainable construction and carbon emissions. Once the
experts are identified, detailed reports of the findings are prepared and presented, includ-
ing all data, methodologies, assumptions, and preliminary conclusions. This thorough
presentation ensures that experts have all the necessary information to provide informed
feedback.

Following the presentation, detailed comments on data accuracy and project sus-
tainability are collected from the experts. This feedback is essential for identifying any
potential gaps or inaccuracies in the initial estimation process, as well as for determining
the most sustainable methods for carrying out the construction projects. The next step
involves analyzing the feedback and integrating it into the model and methodology. This
process ensures that expert suggestions are thoroughly considered and that the necessary

improvements are made to enhance the project’s sustainability.
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Once the feedback is analyzed and integrated, the model update process begins. Nec-
essary modifications to the carbon emission estimation model are implemented based on
the expert feedback. It is essential to address all significant points raised by the experts
and ensure they are fully incorporated into the updated model to make the project more
sustainable.

Finally, if there are major changes, follow-up adjustments are conducted, starting
again from the re-definition of construction activities and their associated data, to ensure
that the feedback has been appropriately integrated and that the updated model enhances
the sustainability of the building project. This rigorous process of expert review and
model updating enhances the study’s credibility and reliability, ultimately contributing
to more sustainable building practices and providing a strong foundation for sustainable

construction.

3.6 Comparative Analysis

After finalizing the design model with integrated expert review, it is essential to demon-
strate the comparative analysis of carbon emissions to all project members and stake-
holders. This ensures a common understanding of the carbon emissions and supports the
correct implementation of sustainable practices in the projects. This process involves a
detailed examination of the carbon footprints associated with conventional, prefabrica-
tion, and 3D printing construction methods.

The comparative analysis begins with data aggregation, where carbon emissions data
for each construction method, obtained from previous steps, is consolidated. This includes
compiling all relevant emissions data related to materials, processes, and transportation.
By centralizing this information, a comprehensive view of the emissions profile for each
construction method can be developed. This centralized data aggregation allows for a
thorough and accurate comparison of the sustainability of different construction methods.

Using a detailed breakdown of carbon emissions, the consolidated data is analyzed
to identify patterns and significant differences in carbon emissions among different con-
struction methods. This analysis highlights specific areas where each method excels or
falls short in terms of sustainability. Interpreting the results allows for an understanding
of the underlying causes of emission variations and the sustainability implications of each
method.

To effectively communicate the findings, visual aids such as charts, graphs, and tables
are created to present the comparative analysis results clearly. These visuals highlight
key findings and make the comparisons easily understandable.

Finally, the comparative analysis findings are compiled into a comprehensive report.
This report summarizes the key insights, patterns, and expert recommendations for the

most sustainable construction practices based on the analysis. It outlines the comparative
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carbon emissions of each method and provides actionable recommendations for reducing
emissions in the construction industry. By offering a detailed comparison and highlighting
the most sustainable construction practices, this analysis provides valuable insights on

how to make projects more sustainable.
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Chapter 4

Case Study

In this chapter, the practical application of the developed model-driven carbon emissions
estimation framework is explored by examining its use in two distinct building projects in
Taipei, Taiwan. One is a laboratory facility, and the other is a lecture hall of a university.
These case studies provide valuable insights into the framework’s functionality, accuracy,
and practical implications for sustainable construction practices.

The primary objective of these case studies is to evaluate the feasibility and accu-
racy of the carbon emissions estimation framework when applied to different buildings
constructed using various methods. These buildings serve as prime examples of mod-
ern, research-oriented facilities, providing an ideal environment to test the framework’s
capabilities in complex construction scenarios.

To conduct the case studies, detailed structural concrete elements and material data
are first collected from the project’s Building Information Modeling (BIM) files. This
comprehensive data collection ensures that all relevant information is captured for accu-
rate analysis.

Next, the developed framework is utilized to automate quantity takeoff and calculate
carbon emissions based on the collected data. The software used in this study is limited
to Autodesk Revit.

Finally, the estimated carbon emissions associated with different construction meth-
ods are compared to evaluate the sustainability and feasibility of each method. This
comparison provides valuable insights into the environmental impact of various construc-
tion techniques and helps identify the most sustainable practices for future projects. The
calculation is also conducted manually using data-driven methods, with Excel as the base

software assisting the manual calculation.
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4.1 Case Study of Laboratory Facility

4.1.1 Project information

The project, located at a university in Taipei City of Taiwan, exemplifies modern con-
struction techniques through the use of prefabrication. Spanning a site area of 3719
square meters, this building encompasses a total floor area of 8716 square meters and
reaches a height of 35.7 meters. The structure includes eight floors above ground and
one floor below ground. Completed between August 2007 and June 2008, this project

highlights the efficiency and innovation possible in prefabrication construction practices

Figure 4.1: Case study of laboratory facility

4.1.2 Material Quantity Takeoff

To accurately calculate the materials required for the construction of the building, a
detailed quantity takeoff was performed. This process involved listing all the concrete

structural elements, including columns, beams, slabs, and walls of the design model.

38
d0i:10.6342/NTU202403587



Figure 4.2: Case study of laboratory facility

The volumes of these elements were meticulously calculated and summed to provide a
comprehensive overview of the concrete needed.

The estimated volumes were then combined with the waste percentages specific to
each construction method to determine the constructed quantity of each type of element.
The waste percentages are as follows: 5% for cast-in-place (CIP), 1% for prefabrication,
and 0% for 3D concrete printing (3DCP). It is important to note that the 3SDCP method
is applied exclusively to the walls.

By incorporating these waste percentages, it ensures a more accurate representation
of the actual material usage for each construction method. This adjustment is crucial for
effective planning and resource allocation in the project’s construction phase. Quantity
Takeoff of laboratory facility of different construction method. The results are shown in
table 4.1.

For 3D Concrete Printing, this technique is only applied to construct wall elements.
Applying formula 3.1, with a total wall area of 14,252.48 m?2, the volume of 3D printed
walls is 1,710.3 m3
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Table 4.1: Quantity Takeoff of laboratory facility of different construction method

Element Design Conventional Cast-in-place | Prefabrication
Concrete | Rebar | Concrete | Rebar | Formwork | Concrete | Rebar
(m®) (m?) (m®) (m?) (m?) (m?) (m?)

Columns | 1,057.90 | 31.74 | 1,110.80 | 33.33 3,804.99 1,068.48 | 32.06
Beams 1,302.56 | 26.05 | 1,367.69 | 27.35 6,170.25 1,315.59 | 26.31
Slabs 2,013.16 | 20.13 | 2,113.82 | 21.14 | 10,006.24 | 2,033.29 | 20.33
Walls 2,017.97 | 12.11 | 2,118.87 | 12.78 | 28,504.96 | 2,038.15 | 12.23
Total | 6,391.59 | 90.03 | 6,711.17 | 94.53 | 48,486.44 | 6,455.51 | 90.93

4.1.3 Carbon Emissions
Material Emissions

Based on quantity takeoff results for each construction method combined with the car-
bon emissions factors, the total material required and carbon emissions associated with

activities to produce the required material of each construction method are calculated.

Table 4.2: Carbon Emissions by Construction Method

Construction Method | Material Volume | Weight | Carbon Emission
(m3) (tons) (kg COy)
Concrete 6,711.17 | 16,035.85 2,287,837.68
Cast-in-place Concrete | Steel (rebar) | 94.53 742.07 1,476,723.83
Total 16,777.92 3,764,561.51
Concrete 6.455.51 | 15,424.96 |  2,745,643.22
Prefabrication Steel (rebar) | 713.80 713.80 752,532.00
Total 16,138.76 | 3,498,175.22
3DCP Concrete 1,710.30 | 3,933.69 752,532.00

Table 4.2 provides a comprehensive comparison of the material quantities and as-
sociated carbon emissions for the laboratory facility using three construction methods:
Conventional Cast-in-place, Prefabrication, and 3D Concrete Printing (3DCP). It de-
tails the total weight of concrete and rebar required for each method, along with their
respective carbon emissions in kilograms of COy equivalent (kg COqee).

The Prefabrication method, although using slightly less concrete overall compared to
the Conventional Cast-in-place method (15,424.96 tons vs. 16,035.85 tons), results in
higher carbon emissions. The concrete emissions for Prefabrication are 2,745,643.22 kg
COgee, compared to 2,287,837.68 kg COsee for Conventional Cast-in-place. Additionally,
the rebar emissions are substantial in Prefabrication, totaling 1,420,467.68 kg COsee from
713.80 tons of rebar, compared to 1,476,723.83 kg COsee from 742.07 tons of rebar in
Conventional Cast-in-place. The increased emissions in Prefabrication are attributed to
the additional carbon footprint from the formwork and the energy-intensive processes of

curing concrete during production in a controlled environment.
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For the 3DCP method, used only for walls, the concrete required is 1,710.30 cubic
meters, with associated carbon emissions of 752,532.00 kg COqee.

This table highlights the significant carbon emissions associated with each construc-
tion method. The results emphasize that Prefabrication, while using less concrete, results
in more carbon emissions due to the consideration of carbon emissions from formwork

and the curing process in the production process.

Process Emissions

Following the detailed analysis of material emissions, the next crucial step in assessing
the environmental impact of different construction methods is to evaluate the process
emissions. While material emissions account for the carbon footprint associated with the
production of construction materials, process emissions focus on the carbon emissions
generated during the actual construction activities on-site. This includes emissions from
the use of machinery, energy consumption, and various construction processes such as
pouring and curing concrete. Examining both material and process emissions provides
a comprehensive view of the total carbon footprint for each construction method. This
detailed assessment allows for a more informed comparison of the overall sustainability of
Conventional Cast-in-place, Prefabrication, and 3D Concrete Printing (3DCP) methods.

To accurately calculate process emissions, the quantity takeoff results and construc-
tion standard data are first analyzed to calculate the number of shifts during which
construction machines operate. Based on these shifts, the total working hours for each
type of machine are estimated. These working hours are then combined with the spe-
cific consumption rates of each machine to determine the amounts of resources used
during the construction process. By applying the appropriate carbon emissions factors
to these resource quantities, the total carbon emissions generated by the machinery are
calculated. This thorough approach ensures that all aspects of machine operation and
resource consumption are accounted for in the process emissions calculation.

Table 4.3 illustrated the detail of consumed resources and carbon emissions and carbon
emissions by construction methods. For cast-in-place concrete methods, the process emis-
sions also include the carbon emissions produced during the manufacturing of formwork
used in on-site construction activities. While some studies claim that wooden formwork
can be reused up to seven times, due to the complicated conditions on the construction
site, the reuse times of formwork in this study are assumed to be two times. The thickness
of the wooden formwork is 18 mm. The volume of formwork is calculated by multiplying
the area of formwork required by the thickness of the formwork and then multiplying
by the carbon emissions factor of the formwork to get the total carbon emissions. Table
4.4 show the calculation of carbon emissions related to formwork used in this case for

conventional cast-in-place concrete

41
doi:10.6342/NTU202403587



Table 4.3: Consumed Resources and Carbon Emissions by Construction Method

Construction | Construction Resources | Unit Consumed | Carbon Emissions
Method Standard Resources (kg CO3)
Gasoline 1 6,367.20 14,708.23
RSmean - Diesel 1 13,440.00 36,019.20
Cast-in-place | MasterFormat Total 50,727.43
Concrete TT10-2019 | Electricity | kW.h | 37,708.00 50,905.80
BXD Diesel 1 17,921.60 48,029.89
Total 98,935.69
RSmean - Diesel 1 12,298.00 32,958.64
Prefabrication | MasterFormat Total 32,958.64
TT10-2019 Diesel 1 24,996.00 66,989.82
BXD Electricity | kW.h | 50,044.00 67,559.40
Total 134,548.68
3DCP N/A Electricity | kW.h | 37,626.60 50,795.91

Table 4.4: Formwork Carbon Emissions Calculation

Formwork Area | Thickness | Formwork Volume | Emission Factors | Carbon Emissions
(m?) (m) (m®) (kg COy/m?) (kg CO»)
48,486.44 0.018 &72.76 522 455,578.62

Transport Emissions

After thoroughly examining the material emissions and process emissions associated with
different construction methods, it is essential to consider the transport emissions to gain
a comprehensive understanding of the total carbon footprint. Material emissions covered
the carbon footprint from producing and transporting construction materials, while pro-
cess emissions focused on the emissions generated during on-site construction activities.
Transport emissions, the final component, account for the carbon emissions resulting
from the transportation of materials and equipment to the construction site. This in-
cludes emissions from vehicles used to transport concrete, rebar, prefabricated elements,
and other necessary materials.

For the Conventional Cast-in-place (CIP) method, the calculated materials include
ready-made concrete and steel rebar reinforcement. The distance for transporting these
materials is assumed to be 10 km due to a lack of specific data. For the Prefabrication
method, the transport process includes moving prefabricated concrete elements from the
manufacturer which is 60.7 km away from the construction site. For the 3D Concrete
Printing (3DCP) method, the special design concrete is made in the factory and trans-
ported to the site by concrete mixer truck with the distance also assumed to be 10 km.
The calculation is illustrated in table 4.5.

By integrating material, process, and transport emissions, we can accurately assess

the environmental impact of each construction method, allowing for a more informed
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comparison of their overall sustainability.

Table 4.5: Transportation Carbon Emissions by Construction Method

Construction | Material | Unit | Volume | Distances Total Carbon
Method (km) Consumption (1) | Emissions
(kg CO)
Cast-in-place | Concrete | m3 | 6,711.17 10 2,517.00 6,745.56
Rebar tons 742.07 10 84.00 225.12
Prefabrication | Concrete | tons | 15,515.89 60.7 11,387.32 30,518.02
Element
3DCP Concrete | m® | 1,710.30 10 642.00 1,720.56

Total Emissions

After individually analyzing the material emissions, process emissions, and transport
emissions for each construction method, it is essential to consider the combined impact
to understand the total carbon footprint. Material emissions covered the carbon foot-
print from the production of construction materials, process emissions focused on the
emissions generated during on-site activities, and transport emissions addressed the car-
Table 4.6 illustrated the carbon

emission related to construction phases of laboratory facilities.

bon produced by transporting materials to the site.

Table 4.6: Carbon Emissions for Cast-in-place Concrete and Prefabrication

Carbon Emissions Cast-in-place Concrete | Prefabrication
Material Emissions 3,764,561.51 4,166,110.90
Process Emissions (MasterFormat) 506,306.05 55,658.24
Process Emissions (TCVN) 554,514.31 142,254.48
Transport Emissions 6,970.68 30,518.02
Total (MasterFormat) 4,277,838.24 4,252 287.16
Total (TCVN) 4,326,046.50 4,338,883.40

The total carbon emissions represent the sum of these three components, offering
a comprehensive measure of the environmental impact for each construction method:
Conventional Cast-in-place (CIP), Prefabrication, and 3D Concrete Printing (3DCP).
This complete assessment allows for a thorough comparison of the overall sustainability
of each method, revealing which is the most eco-friendly. Understanding the total carbon
emissions helps to identify key areas for improvement and develop strategies to minimize
the carbon footprint of future projects. The following sections present a detailed analysis
of the total carbon emissions, highlighting the contributions from material, process, and
transport emissions for each construction technique.

The bar chart in figure 4.3 and table 4.6 together provide a comprehensive comparison

of the total carbon emissions for the whole building using two construction methods:
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Figure 4.3: Total Carbon Emissions of laboratory facility

Cast-in-place Concrete (CIP) and Prefabrication. Emissions are broken down into three
categories: Material Emissions, Process Emissions, and Transport Emissions, with data
presented for both MasterFormat and TCVN standards.

For Material Emissions, the chart shows that they constitute the largest portion of the
total emissions for both construction methods. CIP has material emissions of 3,764,561.51
kg CO,, representing about 88-98% of its total emissions. Prefabrication has slightly
higher material emissions at 4,166,110.90 kg COse, making up around 94-98% of its total
emissions. This dominance of material emissions highlights the significant environmental
impact of producing and transporting the concrete and rebar needed for construction.

Process Emissions differ significantly between the two methods. For CIP, process
emissions are relatively high, with 506,306.05 kg COse (MasterFormat) and 554,514.31
kg COge (TCVN), constituting approximately 11.8% and 12.8% of the total emissions, re-
spectively. In contrast, Prefabrication shows much lower process emissions: 55,658.24 kg
COqe (MasterFormat) and 142,254.48 kg COqe (TCVN), accounting for only about 1.3%
and 3.3% of its total emissions. This difference underscores the efficiency of prefabrication
processes in reducing on-site construction emissions.

Transport Emissions are relatively minor for both methods but are notably higher for
Prefabrication due to the need to transport prefabricated elements from the manufac-
turing site to the construction site. CIP transport emissions are minimal, at 6,970.68 kg

COge, while Prefabrication transport emissions are higher at 30,518.02 kg COse. Despite
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their small contribution to the total emissions (less than 1% for both methods), transport
emissions highlight the logistical challenges associated with prefabrication.

Overall, the total carbon emissions are quite similar between the two methods. CIP’s
total emissions are 4,277,838.24 kg COse (MasterFormat) and 4,326,046.50 kg COse
(TCVN). Prefabrication’s total emissions are 4,252,287.16 kg COqe (MasterFormat) and
4,338,883.40 kg COqge (TCVN). The small differences in total emissions, less than 1%
between the methods and standards, indicate that both methods have comparable envi-
ronmental impacts when considering material, process, and transport emissions together.

This analysis highlights the importance of considering all emission sources to fully
understand the environmental impact of different construction methods. While CIP and
Prefabrication have similar total emissions, the distribution of these emissions across
different sources varies significantly, providing insights into where improvements can be

made to reduce the overall carbon footprint.

4.2 Case Study of Lecture Hall

4.2.1 Project information

The developed framework was applied to another building — the new-built lecture hall,
another building in Taipei, Taiwan. Different from the prefabrication concrete structure
of laboratory facility, this building employs a cast-in-place construction method combined
with a steel structure, ensuring robustness and durability. Currently in the completion
phase, the lecture hall stands as a testament to advanced construction techniques and
modern architectural design. This building, along with the laboratory facility, forms part
of a broader study aimed at analyzing and comparing carbon emissions associated with
different construction methods. The lecture hall, in particular, highlights the application
of developed tools when applied to cast-in-place combined with steel structure construc-
tion, as well as its application during its construction phases, providing more insights

into the environmental impacts of the developed framework.

4.2.2 DMaterial Quantity Takeoff

The table 4.7 provides a comparison of the material quantities needed for the lecture hall
across different construction methods: Conventional Cast-in-place, Prefabrication. The
table highlights several key points. The Conventional Cast-in-place method requires the
highest quantities of concrete and rebar, along with significant formwork, especially for
walls, which demand 33163.52 m? of formwork. In contrast, Prefabrication uses slightly
less concrete and rebar than the Conventional method, indicating more efficient material

usage. Notably, 3DCP, which is applied only to walls, shows a significant reduction
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Figure 4.4: Case study of lecture hall

Table 4.7: Concrete and Rebar Quantities for Different Construction Methods

Element Design Conventional Cast-in-place | Prefabrication
Concrete | Rebar | Concrete | Rebar | Formwork | Concrete | Rebar

m) | ) | ) | @) | @) | () | ()

Columns 615.84 18.48 646.63 19.40 4,146.72 622.00 18.66
Beams 304.63 6.09 319.86 6.40 1,713.31 307.68 6.15
Slabs 3,933.67 | 39.34 | 4,130.35 | 41.31 | 20,622.92 | 3,973.01 | 39.73
Walls 3,972.59 | 23.84 | 4,171.22 | 25.03 | 33,163.52 | 4,012.32 | 24.08
Total 8,826.73 | 87.75 | 9,268.07 | 92.14 | 59,646.47 | 8,915.00 | 88.63

in concrete usage, with a total of 1989.81 m?® of concrete needed. Overall, the table
emphasizes the material efficiency of Prefabrication and the considerable reduction in
concrete required for walls using 3DCP compared to traditional construction methods.
For 3D Concrete Printing, applying formula 3.1, with a total wall area of 16,581.76 m?,
the volume of 3D printed walls is 1,989.81 m3
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4.2.3 Carbon Emissions

Material Emission

Table 4.8: Carbon Emissions by Construction Method

Construction Method | Material Volume | Weight | Carbon Emission
(m?) (tons) (kg CO2)
Concrete 9,268.07 | 22,446.91 3,159,483.87
Cast-in-place Concrete | Steel (rebar) | 92.14 723.26 1,439,289.87
Total 23,170.17 4,598,773.74
Concrete 8,915.00 | 21,591.78 3,843,337.70
Prefabrication Steel (rebar) | 695.71 695.71 875,516.83
Total 22,287.49 4,718,854.53
3DCP Concrete 1,989.81 | 4,576.57 875,516.83

The table 4.8 compares the volume, weight, and carbon emissions of materials used in
the lecture hall for three construction methods: Cast-in-place Concrete, Prefabrication,
and 3D Concrete Printing (3DCP). Cast-in-place Concrete requires the highest volume
and weight of materials, leading to total carbon emissions of 4598773.74 kg COs,. Prefab-
rication uses slightly less material but results in higher carbon emissions at 4718854.53
kg CO,. In contrast, 3DCP, used only for walls, requires significantly less concrete, re-
sulting in the lowest carbon emissions of 875516.83 kg CO,. This table highlights 3DCP’s
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efficiency in reducing material usage and associated carbon emissions compared to tradi-

tional methods.

Process Emissions

Table 4.9: Consumed Resources and Carbon Emissions by Construction Method

Construction | Construction Resources | Unit Consumed | Carbon Emissions
Method Standard Resources (kg CO»)
RSmean Gasoline 1 7,216.16 16,669.33
MasterFormat Diesel 1 15,232.00 40,821.76
Cast-in-place Total 57,491.09
Concrete TT10-2019 Electricity | kW.h | 35,472.00 47,887.20
BXD Diesel 1 24.803.20 66,472.58
Total 114,359.78
RSmean Diesel 1 17,138.00 45,929.84
Prefabrication | MasterFormat Total 45,929.84
TT10-2019 Diesel 1 34,140.00 91,495.20
BXD Electricity | kW.h | 42,252.00 57,040.20
Total 148,535.40
3DCP N/A Electricity | kW.h | 43,775.84 59,097.39

Table 4.9 compares the resources required and carbon emissions during the construc-
tion phases of the Study hall for different methods. Cast-in-place Concrete consumes
significant gasoline and diesel, resulting in emissions of 57,491.09 kg COy (Rsmean-
MasterFormat) and 114,359.78 kg CO5 (TT10-2019/BXD) due to high electricity and
diesel usage. Prefabrication primarily uses diesel and electricity, leading to 45,929.84 kg
COs (Rsmean-MasterFormat) and 148,535.40 kg COy (TT10-2019/BXD). 3DCP relies
on electricity, with total emissions of 59,097.39 kg COs, highlighting it as the method

with the lowest emissions.

Table 4.10: Formwork Carbon Emissions Calculation

Formwork Area | Thickness | Formwork Volume | Emission Factors | Carbon Emissions
(m?) (m) (m?®) (kg COy/m?) (kg CO»)
59.646.47 0.018 1,073.64 522 560,438.20

Table 4.10 provides the calculation of carbon emissions associated with the use of
formwork in the lecture hall during cast-in-place concrete construction. The table includes
the total formwork area (59646.47 m?), the thickness of the wooden formwork (0.018
m), resulting in a formwork volume of 1073.64 m3. With an emission factor of 522 kg
COze/m3, the total carbon emissions from the formwork amount to 560438.20 kg COae.
This table highlights the significant impact of formwork on the overall carbon footprint

of the construction process.
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Transport Emission

Table 4.11: Transportation Carbon Emissions by Construction Method

Construction | Material | Unit | Volume | Distances Total Carbon
Method (km) Consumption (1) | Emissions
(kg CO,)

Cast-in-place | Concrete | m® | 9,268.07 10 3,477.00 9,318.36

Concrete Rebar | tons 723.26 10 81.00 217.08
Prefabrication | Concrete | tons | 22,287.49 21.9 5,894.39 15,796.95
Element
3DCP Concrete | m2 | 1,989.81 10 747.00 2,001.96

Table 4.11 compares the resources required and associated carbon emissions during
the transport process for different construction methods used in the lecture hall. For
Cast-in-place Concrete, the transportation of 9268.07 m?® of ready-made concrete and
723.26 tons of rebar over a distance of 10 km results in total diesel consumption of 3558
liters and carbon emissions of 9535.44 kg COse. Prefabrication involves transporting
22287.49 tons of concrete elements from other chosen nearby precast and prestressed
factory located 21.9 km away from the construction site. This process leads to diesel
consumption of 5894 liters and emissions of 15796.95 kg COse. The 3DCP method, used
for transporting 1989.81 m? of ready-made concrete over 10 km, consumes 747 liters of
diesel, resulting in the lowest emissions of 2001.96 kg COse. This table highlights the
significant variations in transport emissions among the different construction methods,

with 3DCP showing the lowest carbon footprint.

Total Emissions

Table 4.12: Whole Building Carbon Emissions

Carbon Emissions Cast-in-place Concrete | Prefabrication
Material Emissions 4,598,773.74 5,227,797.48
Process Emissions (MasterFormat) 617,929.29 73,582.08
Process Emissions (TCVN) 674,797.97 164,276.40
Transport Emissions 9,535.44 15,796.95
Total (MasterFormat) 5,226,238.47 5,317,176.51
Total (TCVN) 5,283,107.15 5,407,870.83

The bar chart in figure 4.6 and accompanying table 4.12 provide a comparison of
the total carbon emissions for the whole building using two construction methods: Cast-
in-place Concrete and Prefabrication. Emissions are broken down into three categories:
Material Emissions, Process Emissions, and Transport Emissions, with data presented
for both MasterFormat and TCVN standards.
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Figure 4.6: Total Carbon Emissions of lecture Hall

For Material Emissions, Prefabrication shows higher emissions at 5227797.48 kg COqe
compared to Cast-in-place Concrete at 4598773.74 kg COse. Material emissions consti-
tute a significant portion of the total emissions, accounting for approximately 88% of the
total for Cast-in-place Concrete and about 98% for Prefabrication under the MasterFor-
mat standard. Under the TCVN standard, the percentages are similar, with material
emissions making up about 87% for Cast-in-place Concrete and 97% for Prefabrication.

In terms of Process Emissions, Cast-in-place Concrete has significantly higher values.
The process emissions for Cast-in-place Concrete are 617929.29 kg COqe (MasterFormat)
and 674797.97 kg COqe (TCVN), representing approximately 12% and 13% of the total
emissions, respectively. In contrast, Prefabrication has much lower process emissions at
73582.08 kg COse (MasterFormat) and 164276.40 kg COqe (TCVN), which constitute
around 1.4% and 3% of the total emissions, respectively.

Transport Emissions are relatively minor but still noteworthy. For Cast-in-place Con-
crete, transport emissions are 9535.44 kg COge, making up about 0.18% of the total
emissions. Prefabrication has higher transport emissions at 15796.95 kg COsqe, account-
ing for approximately 0.3% of the total emissions.

When looking at the Total Emissions, Prefabrication results in slightly higher overall
emissions compared to Cast-in-place Concrete. For Cast-in-place Concrete, the total
emissions are 5226238.47 kg COqe (MasterFormat) and 5283107.15 kg COqe (TCVN).
For Prefabrication, the total emissions are 5317176.51 kg COse (MasterFormat) and
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5407870.83 kg COqe (TCVN). This indicates that Prefabrication has a higher carbon
footprint by about 1.7% (MasterFormat) and 2.4% (TCVN) compared to Cast-in-place

Concrete.
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Chapter 5

Discussion

5.1 Carbon Emissions

Through the case studies of the Civil Engineering Research Building and the Liberal Arts
Building at National Taiwan University, it can be observed that the emissions from con-
ventional cast-in-place (Cast-in-Place) concrete structures and prefabrication structures
are approximately the same. However, these emissions are distributed differently across
materials, processes, and transportation.

Figure 5.1 including four pie charts displays the carbon emissions distribution for cast-
in-place construction, specifically comparing two different buildings (Laboratory Facility
and Study Hall) and two classification systems (MasterFormat and TCVN). Across all
four charts, material emissions dominate the total carbon emissions, consistently com-
prising around 87-88%. Process emissions are a smaller contributor, making up approx-
imately 11.8-12.8% of the total emissions. Transport emissions are minimal and nearly
negligible in all cases. These charts highlight that material emissions are the dominant
source of carbon emissions, with process emissions also contributing significantly, while
transport emissions are relatively minor.

Figure 5.2 illustrated carbon emissions distribution for prefabrication construction.
The most notable difference is the higher percentage of material emissions in prefabrica-
tion construction, which ranges from 96% to 98.3% compared to 87% to 88% in Cast-
in-Place construction. Conversely, process emissions in prefabrication are significantly
lower, ranging from 1.3% to 3.3%, while in Cast-in-Place construction, they range from
11.8% to 12.8%.

In prefabrication construction, material emissions are dominated by the production
and manufacturing of prefab concrete elements, which include forming, curing, and trans-
porting these elements to the construction site. This consolidation of emissions into the
material category explains the high percentage of material emissions in prefabrication.

In Cast-in-place concrete construction, material emissions primarily come from the
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Figure 5.1: Carbon Emissions Distribution for Cast-in-Place Construction
(I - Laboratory Facility - MasterFormat; II - Laboratory Facility - TCVN; III- Lecture
Hall - MasterFormat; IV - Lecture Hall - TCVN)
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Figure 5.2: Carbon Emissions Distribution for Prefabrication Construction
(I - Laboratory Facility - MasterFormat; I - Laboratory Facility - TCVN; III- Lecture
Hall - MasterFormat; IV - Lecture Hall - TCVN)
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production of ready-made concrete used onsite. However, since formwork and curing
processes are considered part of the onsite activities, they fall under process emissions.
This distinction in categorization leads to a higher process emissions percentage in Cast-
in-Place construction compared to prefabrication.

Prefabrication construction methods demonstrate a substantial reduction in process
emissions because the carbon emissions related to forming and curing concrete elements
are included in the production and manufacturing of prefab concrete elements. This
reduces the need for extensive onsite activities. In contrast, Cast-in-Place construction
includes emissions from the formwork consumed in the process, making the onsite pro-
cesses more labor-intensive and contributing more significantly to carbon emissions.

Both buildings (Laboratory Facility and Study Hall) and classification systems (Mas-
terFormat and TCVN) show similar patterns within each construction method. The
carbon emissions related to prefabrication construction are slightly higher than the con-
ventional method, but the difference is minimal. In prefabrication construction, material
emissions dominate the total carbon footprint, whereas in Cast-in-Place construction,
process emissions have a more significant impact. While the prefabrication method uses
less material than the conventional methods, the carbon emission factor associated with
the production of elements is significantly higher, which leads to the higher carbon emis-
sions associated with prefabrication methods. Other research by Batikha et al. [27] also
showed significantly higher carbon emissions related to material production of prefabri-
cation methods, with around 13.5% of total carbon emissions compared to conventional
methods. However, it should be noted that the current research only considers the carbon
emissions related to concrete structural elements; overall emissions of the methods need
to be studied further to conclude which construction method is more sustainable.

In summary, while prefabrication construction methods offer advantages in reducing
process emissions, the high dependency on material emissions necessitates careful mate-
rial selection to minimize the overall carbon footprint. This comparison emphasizes the
importance of adopting sustainable materials and construction practices to achieve more
environmentally friendly building processes.

Based on the discussion results and methodology, the general framework is developed
and presented in the figure 5.3. This framework outlines the process for calculating and
analyzing the carbon emissions of construction activities using a Building Information
Modeling (BIM) approach. The process begins with the development of a detailed BIM
model for the project. Next, specific construction activities required for different methods
are identified and defined. These activities are then matched with established databases
and standards to ensure alignment. The necessary machinery and equipment for each
activity are determined, followed by a quantity takeoff to measure and quantify the
materials and resources needed.

Once the quantities are established, the framework calculates the carbon emissions
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Figure 5.3: General framework for carbon emissions estimation

associated with the materials used, identifying the appropriate emissions factors for each
material. It also computes emissions from construction processes, taking into account
the emissions factors for resources consumed during these activities. Additionally, the
framework calculates emissions from transportation activities, identifying the emissions
factors for transport-related resources.

The total carbon emissions are then calculated by summing up emissions from mate-
rials, processes, and transport. This comprehensive calculation allows for a comparative
analysis of the total carbon emissions of different construction methods, providing in-
sights into their environmental impact. The framework concludes with the completion
of this analysis, offering a structured approach to assess and compare carbon emissions

across various construction methods.

5.2 3D Concrete Printing Feasibility

3D Concrete Printing (3DCP) has emerged as a groundbreaking technology with signif-
icant potential to reduce carbon emissions in the construction industry. The feasibility
of 3DCP in achieving these reductions can be illustrated by examining the relative dif-
ferences in carbon emissions between 3DCP and traditional construction methods, as
evidenced by data from the carbon emissions estimation of the Civil Engineering Re-

search Building and Lecture Hall.
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The potential and feasibility of 3D Concrete Printing (3DCP) techniques are high-
lighted through two case studies. When applied exclusively to wall ,‘elementsj,r 3DCP
demonstrates the lowest emissions among the construction methods. N ﬁ{;ﬁ \“\

In the first case study, Material emissions for 3DCP are 752532.00 kg see, ‘Figpiﬁ-
cantly lower than both Cast-in-Place and Prefabrication. Process emissiéns for 3]jCP are
50795.91 kg COqee, and transport emissions are minimal at 1173.84 kg COgée. The total
emissions for 3DCP are 804501.75 kg COgee. This highlights 3DCP’s potential as the
most sustainable option for wall construction due to its lower overall carbon footprint.
Compared to Cast-in-Place and Prefabrication, 3DCP shows a reduction of approximately
33% and 28%, respectively, in total carbon emissions. The result of laboratory facilities
is illustrated in table 5.1 and figure 5.4.

Table 5.1: Wall Carbon Emissions by construction method of Laboratory Facility

Carbon Emissions | Cast-in-place Concrete | Prefabrication | 3DCP
Material Emissions 920,957.45 1,080,954.23 752,532.00
Process Emissions 281,359.95 25,942.40 50,795.91

(MasterFormat)
Process Emissions 291,982.84 65,232.72 N/A
(TCVN)
Transport Emissions 1,439.16 10,020.84 1,173.84
Total (MasterFormat) 1,203,756.57 1,116,917.47 804,501.75
Total (TCVN) 1,214,379.45 1,156,207.79 N/A
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Figure 5.4: Wall Carbon Emissions of Laboratory Facility
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For Cast-in-place Concrete (Cast-in-Place), the material emissions are substantial,
amounting to 920957.45 kg COqee. Process emissions are also significant, with 281359.95
kg COgee under the MasterFormat standard and 291982.84 kg COsee under the TCVN
standard. Transport emissions for Cast-in-Place are relatively low at 1439.16 kg COsee.
The total emissions for Cast-in-Place are 1203756.57 kg COqce (MasterFormat) and
1214379.45 kg COqee (TCVN), highlighting the substantial environmental impact of this
traditional construction method.

Prefabrication exhibits higher material emissions compared to Cast-in-Place, total-
ing 1080954.23 kg COsee. However, its process emissions are significantly lower, with
25942.40 kg COqee (MasterFormat) and 65232.72 kg COgee (TCVN). Transport emis-
sions for Prefabrication are higher than Cast-in-Place, at 10020.84 kg COsee, due to the
transportation of prefabricated elements from the factory to the construction site. The to-
tal emissions for Prefabrication are 1116917.47 kg COqee (MasterFormat) and 1156207.79
kg COqee (TCVN), showing a more efficient but still impactful construction method.

This analysis highlights the efficiency of 3DCP in reducing total emissions, especially
in wall construction. Material emissions are the largest contributor across all methods,
but 3DCP manages to keep these emissions substantially lower. While Cast-in-Place
shows higher process emissions, Prefabrication balances with lower process emissions but
higher transport emissions. Overall, the chart and table together effectively illustrate the
environmental benefits of adopting 3DCP in construction projects, particularly for wall
elements, underscoring its potential for significant carbon footprint reduction.

In the second case study, For Material Emissions, the emissions for Cast-in-Place are
1813006.12 kg COqe, constituting approximately 84% of the total emissions under both
the MasterFormat and TCVN standards. Prefabrication has higher material emissions
at 2127976.55 kg COqe, which make up about 98% of the total emissions. In contrast,
3DCP has significantly lower material emissions at 875516.83 kg COse, highlighting its
material efficiency. The result of lecture hall is illustrated in table 5.2 and figure 5.5.

Table 5.2: Wall Carbon Emissions by construction method of Lecture Hall

Carbon Emissions | Cast-in-place Concrete | Prefabrication 3DCP
Material Emissions 1,813,006.12 2,127,976.55 875,516.83
Process Emissions 338,175.91 31,602.56 59,097.39

(MasterFormat)
Process Emissions 358,898.20 79,391.76 N/A
(TCVN)
Transport Emissions 4,261.20 7,107.60 2,001.96
Total (MasterFormat) 2,155,443.23 2,166,686.71 936,616.17
Total (TCVN) 2,176,165.51 2,214,475.91 N/A

In terms of Process Emissions, Cast-in-Place shows significantly higher values with

338175.91 kg COqe (MasterFormat) and 358898.20 kg COse (TCVN), accounting for
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Figure 5.5: Wall Carbon Emissions of Lecture Hall

roughly 16% of the total emissions. Prefabrication’s process emissions are much lower at
31602.56 kg COqe (MasterFormat) and 79391.76 kg COqe (TCVN), representing about
1.5% and 3.6% of the total emissions, respectively. 3DCP has process emissions of
59097.39 kg COsqe, which is about 6.3% of its total emissions.

Transport Emissions are relatively minor but noteworthy. For Cast-in-Place, trans-
port emissions are 4261.20 kg COqe, making up about 0.2% of the total emissions. Pre-
fabrication has higher transport emissions at 7107.60 kg COse, which is around 0.3% of
the total emissions. 3DCP, with transport emissions of 2001.96 kg COse, accounts for
about 0.2% of its total emissions, reflecting the reduced need for material transportation.

When looking at the Total Emissions, 3DCP stands out with the lowest emissions
at 936616.17 kg COqe. This is a significant reduction compared to Cast-in-Place, which
has total emissions of 2155443.23 kg COye (MasterFormat) and 2176165.51 kg COse
(TCVN). Prefabrication, although more efficient in process emissions, still has higher
total emissions at 2166686.71 kg COqe (MasterFormat) and 2214475.91 kg COqe (TCVN).
In percentage terms, 3DCP results in approximately 57% lower total emissions compared

to Cast-in-Place and 58% lower compared to Prefabrication.

Efficiency in Material Usage

One of the primary benefits of 3DCP is its ability to optimize material usage. Tradi-

tional construction methods, including Cast-in-Place and prefabrication, often result in
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significant material waste, with Cast-in-Place having a waste percentage of 5% and pre-
fabrication at 1%. In contrast, 3DCP employs precise deposition techniques, using only
the necessary amount of material for each structural element. This precision minimizes
waste and reduces the overall carbon footprint associated with material production and
transportation.

Although the carbon emissions of 3DCP concrete are higher than normal ready-made
concrete used in Cast-in-Place (440 kg COze/m3 vs. 340 kg COqe/m?), the elimination
of the need for reinforced rebar results in significantly lower total material emissions.
For example, the provided data on the Lecture Hall and Laboratory Facility walls show
that material emissions for 3DCP are relatively lower by 50% compared to traditional
methods and by 25% compared to prefabrication. By reducing waste and eliminating the
need for rebar, 3DCP can significantly lower these material emissions, contributing to

more sustainable construction practices.

Reduction in Process Emissions

The automation inherent in 3DCP also leads to a substantial reduction in process emis-
sions. Traditional methods, particularly Cast-in-Place, involve labor-intensive onsite ac-
tivities that contribute significantly to carbon emissions, including the use of formwork,
curing processes, and the movement of materials on the construction site. Prefabrica-
tion methods have already shown a reduction in these emissions, but 3DCP can push
this reduction even further. By automating the construction process and eliminating the
need for extensive formwork and onsite curing, 3DCP minimizes process emissions. For
example, the provided data on the Lecture Hall and Laboratory Facility walls indicate
that process emissions for 3DCP are approximately 90% lower than Cast-in-Place meth-
ods and about 60% lower than prefabrication methods. This significant reduction makes

3DCP a more environmentally friendly option.

Comparative Emissions Data

The provided tables serve as an illustration of how 3DCP can achieve lower carbon
emissions compared to traditional methods. In the case of the Lecture Hall and Labo-
ratory Facility walls, material emissions are shown to be the largest contributor to total
carbon emissions in both traditional and prefabrication methods. For the Laboratory
Facility, traditional construction methods (MasterFormat) result in approximately 84.48
kg COge/m?, while using the TCVN classification results in about 85.21 kg COqe/m?.
Prefabrication methods show a reduction, with emissions of 78.38 kg COze/m? (Master-
Format) and 81.12 kg COze/m? (TCVN). By leveraging the precision in material usage,
3DCP can further reduce these emissions. 3DCP results in carbon emissions of approxi-
mately 56.47 kg COye/m?.
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3DCP offers significant potential for enhancing sustainability, efficiency, and design
flexibility in the construction industry. Its ability to reduce material waste, lower labor
costs, and accelerate construction timelines makes it a viable alternative to traditional
construction methods. However, it is important to note that the current analysis applies
specifically to concrete walls. Further studies are needed to explore the application of
3DCP techniques to other structural elements. Additionally, there is a lack of building
standards and design manuals for designing and constructing 3DCP structures. Address-
ing these challenges is essential for the broader adoption of 3DCP and realizing its full

potential in reducing the carbon footprint of construction projects.

5.3 Limitation

While this study provides a comprehensive analysis of carbon emissions across different
construction methods, several limitations must be acknowledged. These limitations may
impact the accuracy, generalizability, and practical implementation of the findings. Un-
derstanding these constraints is crucial for interpreting the results within the appropriate
context.

Firstly, the scope of construction elements analyzed in this study is specifically lim-
ited to concrete structural elements, including columns, beams, slabs, and walls. Other
components, such as stairs and finishing layers, are not included in the carbon emissions
estimation. Therefore, the results may not fully represent the total emissions for entire
buildings or other structural configurations.

The feasibility of 3D Concrete Printing (3DCP) explored in this research is limited
to wall elements. Further studies are required to understand the application of 3DCP
to other structural elements like columns and beams. Additionally, there is a lack of
established building standards and design manuals specific to 3DCP. This limitation
affects the ability to standardize and validate the construction processes and structural
performance of 3DCP structures. The absence of these guidelines may also hinder the
broader adoption of 3DCP in the construction industry.

The study primarily focuses on environmental impacts and does not comprehensively
address the economic aspects of adopting different construction methods. Factors such
as cost-efficiency, initial investment, and long-term financial benefits are not thoroughly
analyzed, which could influence the practicality and attractiveness of these methods in
real-world applications. Moreover, the framework assumes the use of current standards
and technologies. While these are based on recent databases, they may not reflect the
latest advancements or future developments in construction methods. Any technologi-
cal improvements or changes in construction practices could alter the carbon emissions
associated with these methods.

The accuracy of the carbon emissions estimates heavily relies on the quality and avail-
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ability of data from construction databases and standards. Inaccurate or incomplete data
can affect the reliability of the results. The study uses specific data sources, and any vari-
ations in these sources could lead to different outcomes. Additionally, the results of this
study may not be fully generalizable to all types of construction projects or geographic
locations. Local variations in construction practices, materials, and regulations can in-
fluence the carbon emissions of different construction methods. Therefore, the findings
should be interpreted with caution when applied to different contexts.

Lastly, the calculation of carbon emissions in this study does not consider the emis-
sions associated with the movement of materials on the construction site. This exclusion
simplifies the calculation process but may omit a minor component of the total emissions.

By acknowledging these limitations, the study provides a transparent basis for its find-
ings and highlights areas where further research is needed. Addressing these limitations
in future studies will be essential for developing a more comprehensive understanding of
the carbon emissions associated with different construction methods and enhancing the

developed framework to assist in the process of carbon emissions estimation.
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Chapter 6

Conclusion

6.1 Conclusion

This research aimed to develop a comprehensive, BIM-based framework for estimating
and comparing the carbon emissions associated with different construction methods,
specifically traditional cast-in-place, prefabricated, and 3D concrete printing (3DCP).
Through a detailed methodology involving quantity takeoff, material estimation, and
carbon emissions calculation, valuable insights were provided into the environmental im-
pacts of these construction methods.

3DCP demonstrated the highest material efficiency with almost no material waste,
followed by prefabrication, which also showed significant waste reduction compared to tra-
ditional methods. The structural and material usage aspects varied significantly across
different construction methods. 3DCP was particularly notable for its ability to minimize
material waste, which directly contributes to lower carbon emissions. In contrast, tradi-
tional methods resulted in higher material usage and waste, negatively impacting their
environmental footprint.

A detailed breakdown of carbon emissions was conducted across different construction
methods, focusing on three primary components: material production, transportation,
and on-site construction activities. In terms of material production emissions, 3DCP had
significantly lower emissions due to precise control over material use and reduced waste
during the production process. Despite benefiting from optimized factory conditions that
reduce waste, prefabrication showed the most material emissions among the three meth-
ods. While the waste percentage of the cast-in-place construction method is the highest,
this method showed moderately lower emissions compared to prefabrication methods.
This difference is due to the carbon emissions related to forming and curing concrete be-
ing included in the material emissions for prefabrication construction methods, whereas
these emissions are categorized as process emissions for cast-in-place methods.

On-site construction emissions were lowest for 3DCP, attributable to the reduced need
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for heavy machinery and less energy-intensive processes. Prefabrication had moderate on-
site emissions, involving the assembly of prefabricated elements. Traditional cast-in-place
methods had the highest on-site emissions due to the extensive use of heavy machinery
and the emissions related to consumed wooden formwork. Regarding transportation
emissions, 3DCP minimized these emissions as the process required fewer materials and
less frequent deliveries. Prefabrication had the highest transportation emissions, with
factory-produced elements needing to be transported to the site. Despite these differences
in construction phases, the comparative analysis revealed that the total carbon emissions
for prefabrication and conventional methods were consistent, based on the hypothesis
that architectural aesthetics and HVAC utilities remain the same.

The developed BIM-based framework proved to be highly effective in improving the
accuracy and reliability of carbon emissions estimation in construction projects. By
integrating detailed 3D models with construction standards and databases, the framework
enabled precise quantity takeoff, material estimation, and emissions calculation. This
comprehensive approach ensured that stakeholders in the construction industry could
access reliable data on the carbon emissions of different construction methods, facilitating
more informed decision-making for sustainable construction practices.

This research supports the feasibility of 3DCP as a sustainable alternative to tradi-
tional and prefabricated construction methods, particularly for wall elements. Its ma-
terial efficiency and lower carbon emissions make it a promising technology for future
construction projects. However, the lack of standardized methods and regulations for
3DCP presents a significant barrier to its widespread adoption. Developing standards
and building codes specific to 3DCP is crucial for ensuring its safe and effective im-
plementation. Additionally, the integration of BIM with carbon emissions estimation
frameworks proved highly effective in enhancing the accuracy and reliability of the anal-
ysis. BIM’s capability to provide detailed material and energy simulations is invaluable

for sustainable construction practices.

6.2 Future Direction

To build on the findings of this study and address its limitations, several future research
directions are recommended. These directions will enhance the understanding of carbon
emissions in construction and the feasibility of advanced construction technologies like
3D Concrete Printing (3DCP).

Firstly, future research should focus on refining the current framework for estimating
carbon emissions. This includes improving the accuracy of data and addressing any iden-
tified gaps. Enhancements in the framework will provide more reliable and comprehensive
assessments of carbon emissions in construction.

Expanding the scope of the framework is also crucial. The current framework primar-
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ily focuses on concrete structural elements. Including other components, such as stairs
and finishing layers, will provide a more comprehensive analysis of the carbon emissions
of each construction method. Additionally, 3DCP currently focuses only on walls. Fu-
ture studies should investigate the carbon emissions, structural integrity, and feasibility
of 3DCP for additional elements to provide a more holistic view.

Conducting a detailed economic analysis of different construction methods, including
cost-efficiency, initial investment, and long-term financial benefits, will provide valuable
insights into their practical viability. Comparative studies between different construction
methods in terms of economic factors will help stakeholders make informed decisions.

As construction technologies evolve, it is important to continually update the carbon
emissions framework to incorporate the latest advancements. Future research should con-
sider the impact of new materials, construction techniques, and technological innovations
on carbon emissions and overall sustainability.

Expanding the scope of carbon emissions analysis to include a full lifecycle assessment
(LCA) of buildings will provide a more holistic view of environmental impacts. This
should cover all phases, from material extraction and manufacturing to construction,
operation, and end-of-life disposal or recycling.

Conducting case studies applying different construction standards will help under-
stand the local variations in carbon emissions. This will improve the generalizability of
the findings and provide region-specific insights.

Including the emissions associated with the movement of materials on construction
sites in future studies will provide a more accurate estimation of total carbon emissions.
This addition will refine the current framework and offer a more detailed analysis.

Long-term studies that monitor the performance, durability, and environmental im-
pact of 3DCP structures over time will provide valuable data on their sustainability and
practical application. These studies will help assess the long-term benefits and potential
challenges associated with 3DCP.

By pursuing these future directions, researchers can address current gaps, enhance
the understanding of 3DCP, and contribute to the development of more sustainable and
efficient construction practices. This will ultimately support the transition towards a

greener and more innovative construction industry.
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