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Abstract: The increasing rate of population growth and urban expansion has led to a higher demand
for fossil fuels, which, in turn, directly generate greenhouse gas emissions into the atmosphere. These
emissions contribute to environmental problems such as global warming and climate change. This
study aims to present the total life-cycle energy analysis (LCEA) of a single-family detached house
designed with an energy conservation approach. Using a cradle-to-grave scope, this study quantifies
the embodied energy in six stages of the building’s life cycle, i.e., initial, transportation, construction,
operational, recurrent, and demolition. An input–output (IO)-based method was employed to con-
struct a Thailand-specific embodied energy coefficient for 36 key building materials. This coefficient
was then used to quantify both the initial embodied energy and the recurrent embodied energy in
this study. The case-study house was broken down into 13 building materials. Concrete was the
most consumed material, followed by fiber–cement, steel, and timber, in that order. However, the
results of the embodied energy distribution for these materials revealed that fiber–cement ranked first,
accounting for 29%. Steel was next, at 21%, followed by concrete at 18%, and, finally, aluminum at
12%. The case-study house had an initial embodied energy of 7.99 GJ/m² and a total life-cycle energy
consumption of 0.66 GJ/m²/year. This study provides valuable information on LCEA for residential
buildings, fostering public understanding of energy conservation in the Thai context. Furthermore,
this study’s results can be applied to establish energy conservation guidelines for residential buildings.
These guidelines can help reduce energy resource depletion, carbon emissions, and environmental
problems, ultimately contributing to Thailand’s goal of achieving carbon neutrality by 2050.

Keywords: embodied energy; life-cycle energy analysis; cradle-to-grave; carbon neutrality; Thailand

1. Introduction

The increasing rate of population growth and expansion of urbanization is estimated to
reach 68% by 2050, leading to greater energy demand across all sectors [1]. The construction
sector alone accounts for 36% of global energy consumption [1]. Increased energy demands
can lead to a higher amount of fossil fuels being needed for energy generation, industrial
use to produce goods, and residential use. As is well known, the use of fossil fuels for
energy generation releases greenhouse gas emissions into the atmosphere, making it a key
factor in environmental problems such as global warming, climate change, ice melting,
rising sea levels, and ecological damage. According to the United Nations Environment
Programme (UNEP), in 2020, the global construction sector was responsible for 37% of total
global carbon dioxide (CO2) emissions. This can be broken down into two main stages, i.e.,
the operational stage of buildings (27%) and the production stage of building materials
(10%) [2]. Research on the life-cycle carbon emissions of residential buildings has found
that CO2 emissions are highest during the use phase, followed by the building materials’
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production phase [3]. All countries around the world are aware of the importance of these
environmental issues. Thailand made a commitment to work towards environmental
sustainability by announcing its intention to become carbon-neutral by 2050 at the 26th
United Nations Climate Change Conference (COP26). The concept of carbon neutrality
refers to the attempt to balance carbon dioxide emissions with the amount removed from
the atmosphere, achieved through reducing emissions and carbon offsetting. In Thailand,
efforts to reduce carbon emissions are particularly focused on the residential sector, where
energy consumption is continuously rising. The data on electricity consumption in 2022
reveal a significant impact of the residential sector, accounting for 27%—the second-largest
share of electricity after the industrial sector, at 44.9% [4]. Furthermore, the data show that
the projected residential demand in 2037 is 28%, highlighting the growing impact of this
sector [5]. These statistical reports indicate the critical need to reduce energy consumption
and provide energy efficiency in the residential sector in order to achieve carbon neutrality
by 2050.

Reducing energy consumption during the operational phase is a key factor in achiev-
ing energy conservation goals for the residential sector. This is because operational energy
accounts for a significant portion of a building’s total energy consumption throughout
its lifetime [6,7]. Operational energy can be minimized by reducing energy usage across
various activities and systems within the building. These include heating, cooling, lighting,
ventilation, appliances, and electronic devices [8–10]. Efforts to reduce energy consumption
by focusing on operational energy have led to the development of low-energy building
designs involving the installation of advanced technologies and highly efficient building
materials to minimize the building’s energy use. However, while efforts are focused on
reducing operational energy in buildings, another type of indirect energy called ‘embodied
energy’ is gradually increasing. Embodied energy refers to the energy used for the pro-
cesses of extracting raw materials, transportation of materials to the manufacturer, and
production and demolition of those materials. Embodied energy can be divided into two
main categories, i.e., initial embodied energy (IEE) and recurrent embodied energy (REE).
IEE includes the energy used for material extraction (cradle-), transportation to the manu-
facturing site, and manufacturing itself (-to-gate) [8–10]. Meanwhile, REE accounts for the
energy expended during building maintenance, repairs, replacements, and refurbishments
over time, which is influenced by the building’s lifespan and the durability of its materials.
Several studies have found that the proportion of embodied energy is rising, particularly in
energy-efficient buildings [11–14]. For example, research has shown that low-energy build-
ings generally consume less operational energy compared to conventional buildings [15].
However, these low-energy buildings often require more energy-intensive materials and
construction processes, leading to a higher proportion of embodied energy [16,17]. Studies
suggest that embodied energy can range from 2 to 38% in conventional buildings and from
9 to 46% in low-energy buildings [15]. Some reports indicate proportions of embodied en-
ergy as high as 60% [18]. The embodied energy of a building can be significant, equivalent
to up to 15 years of operational energy use over its lifespan [9] and 20–50 times the annual
operational energy consumption [19]. In low-energy houses, operational energy consump-
tion is reducing, but embodied energy can be increased by up to half of the total life-cycle
energy use [20]. This higher embodied energy is often due to the use of additional building
materials to reduce operational energy. Therefore, to achieve true energy conservation and
reduce the environmental impact, it is crucial to consider energy consumption throughout
a building’s entire life cycle. This can be accomplished by quantifying both operational
energy and embodied energy.

Enhancing energy efficiency in residential buildings in Thailand is crucial to reducing
carbon emissions and achieving carbon neutrality. The Ministry of Energy launched
a prototype for an energy-conservative house design, available for public access [21].
This initiative aims to provide a bill of quantities for energy-conservative house design,
hoping to arouse interest and encourage the public to use it for the construction of their
own homes. Additionally, Thailand projects a target for primary operational energy
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consumption in single-family detached houses to reach 0.17 GJ/m²/year by 2032 [22].
However, the current energy conservation policies in Thailand primarily focus on reducing
operational energy. This approach neglects other stages of a building’s life cycle, such
as embodied energy. Ignoring this crucial aspect can hinder the achievement of future
sustainability goals. Therefore, life-cycle energy analysis (LCEA), which is a subset of
life-cycle assessment (LCA), should be employed to quantify the total energy consumption
throughout a building’s lifespan.

Life-cycle assessment (LCA) is a comprehensive approach to analyzing the ‘cradle-
to-grave’ environmental footprint of a product, process, or activity, including everything
from material extraction and production to use and final disposal or recycling [23,24]. LCA
was established by the International Organization for Standardization (ISO); the ISO 14040
framework provides guidelines for conducting LCA studies [25]. In the building sector,
LCA has been used since 1990 to assess the environmental impact of building materials,
construction processes, and the entire life cycle of buildings [17,26–28]. LCA consists of
the following four key steps: First, the definition of the goal and scope provides a clear
outline of the purpose and establishes the boundaries of the assessment. The second step,
life-cycle inventory (LCI) analysis, gathers an inventory of all inputs and outputs associated
with the building’s life cycle, including data on energy consumption and material use.
Life-cycle impact assessment (LCIA) translates the potential environmental impacts into
meaningful indicators. Finally, the interpretation utilizes the data to provide meaningful
conclusions [24,25].

LCEA is used to determine the total energy consumption across the building’s entire
life cycle [8,29,30]. The European standard ‘Sustainability of construction works—Assessment
of environmental performance of buildings—Calculation method’ (EN 15978) provides a
clear framework of system boundaries by dividing the building’s life cycle into the follow-
ing five stages: building material production, construction, use (occupied and operational),
end-of-life (demolition and disposal), and a potential reuse, recovery, and recycling stage
beyond the system boundaries [31]. Each stage can be further subdivided to provide a bet-
ter understanding of the system’s boundaries. The LCEA of residential buildings has been
explored in various studies, with each defining its system boundaries according to specific
research goals. Cradle-to-grave scopes have been employed by some studies to quantify
the total energy consumption from raw material extraction to demolition [32,33]. However,
other research has excluded demolition energy due to its relatively small contribution, typi-
cally ranging from 1% to 3.5% [7] or from 0.1% to 1% [32]. In such cases, demolition energy
can be estimated as 3% of the total initial embodied energy [33]. Some studies focus solely
on the three main stages of LCEA, i.e., initial, recurrent, and operational energy. These
studies, often examining low-energy buildings, aim to understand the impact of energy
consumption from building materials (initial and recurrent stages) and operational energy.
They may compare energy efficiency after implementing energy-saving measures within
buildings [29,34]. Other research prioritizes quantifying only the initial embodied energy
and operational energy, justifying this approach based on the minimal energy contribution
of other stages [12]. Additionally, some studies concentrate solely on embodied energy to
analyze the energy embedded within building materials [35,36].

However, research suggests that the initial embodied energy (IEE) receives the most
attention from scholars among the other stages of LCEA. This may arise from two factors,
i.e., IEE consumes a significantly larger amount of energy compared to other embodied
energy types, and it can be used to assess the impact of building materials on the embodied
energy of a building design. Concrete, for instance, accounts for the largest share of building
materials by quantity (around 65–75%) [32]. However, its embodied energy contribution
is only 19–23%. Conversely, research in Hong Kong [35] found that while concrete is
the most widely used material, steel and aluminum rank first and second in terms of
embodied energy, respectively. Valuable insights can be gained from quantifying the initial
embodied energy.
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Three main methods are used for quantifying IEE, i.e., process-based, IO-based, and
hybrid analysis. The first method, process-based analysis, is a traditional and widely
accepted approach due to its ability to provide accurate results. This method meticulously
tracks energy inputs backwards throughout the supply chain, starting from material ex-
traction and continuing to each subsequent stage. However, a significant limitation of this
method is the potential unavailability of data at the upstream stages, leading to incomplete
results [37–39]. Despite this limitation, some researchers [7,32] choose the process-based
method because it offers a bottom-up approach that can provide detailed information. The
second method, IO-based analysis, overcomes the data limitation of the process-based
method by utilizing economic input–output data to estimate energy consumption across
various industries. While this method offers comprehensive results and completes the
system boundaries, it may provide inaccurate results due to data aggregation [37–39].
However, several researchers choose this method for its ability to provide comprehensive
results and eliminate truncation errors associated with the process-based method [29,36,40].
The third method, the hybrid method, combines the strengths of both previous methods
to deliver more comprehensive and accurate results [19,37,39,41]. Additionally, some re-
search quantifies IEE by collecting embodied energy coefficient values from published
databases [33–35,42]. For instance, research from Hong Kong [35] utilized the Inventory
of Carbon and Energy (ICE) database developed by Hammond and Jones (University of
Bath). This database draws on data from the British Isles, Europe, and global averages to
construct embodied energy values [43]. The justification for using this approach is that
while embodied energy coefficients can vary significantly between countries, data may not
be readily available for many regions, including China, Malaysia, and Thailand. Therefore,
it becomes necessary to use embodied energy from various sources. Researchers in New
Zealand employed embodied energy coefficients reported by Baird G. [44]—a database of
embodied energy coefficients developed in New Zealand using the process-based method.
Stephan A.’s research [34] quantified the initial embodied energy of a Belgian house using
embodied energy coefficients from an Australian database developed through an IO-based
hybrid method [45–47]. The reasoning behind this choice was that most embodied energy
databases in Europe rely on the IO-based hybrid method, which may be insufficient. How-
ever, this research emphasized that using embodied energy data from different locations
requires caution. While these databases can provide valuable information, it is crucial to be
aware of the limitations and variations associated with using embodied energy coefficients.
When using these resources, factors such as system boundaries, energy type (primary or
secondary), methodology (process-based, input–output, etc.), data source and age, and
any limitations reported by the authors should be critically considered [10]. Furthermore,
using data from different countries requires caution due to variations in climate zones,
energy sources, production technology, and raw material quality [9]. Inappropriate use of
embodied energy coefficients can lead to inaccurate results [34].

Building on previous research, this study recognizes the importance of quantifying
IEE alongside defining the system boundaries for a building’s LCEA. As mentioned above,
using embodied energy coefficients from different locations can introduce errors, and
Thailand currently lacks its own embodied energy database. Therefore, this research devel-
oped a Thailand-specific embodied energy database using the IO-based method within a
cradle-to-gate scope. The IO-based method was chosen for this study because Thailand has
insufficient data on energy consumption for the process-based method. However, Thailand
does have readily available data on economic input–output tables. Additionally, the hybrid
approach was deemed impractical due to the lack of process data in Thailand. In this
context, the IO-based method appears to be the most suitable approach for developing
embodied energy coefficients. The developed embodied energy database will be made pub-
licly accessible for scholars, practitioners, and building designers to consider the embodied
energy impact of various building materials. Subsequently, this research employed the
LCEA framework to quantify the total energy consumption of a single-family detached
house. The cradle-to-grave scope encompasses all six stages of the house’s life cycle, i.e.,
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initial, transportation, construction, operational, recurrent, and demolition. Notably, the
Thailand-specific embodied energy coefficients were applied to quantify both the initial
embodied energy and the recurrent embodied energy.

The aims of this research are as follows:

1. Develop a Thailand-specific embodied energy database for 36 key building materials
using the IO-based method within a cradle-to-gate scope.

2. Quantify the total energy consumption of a single-family detached house using the
LCEA framework within a cradle-to-grave scope, encompassing six stages, i.e., initial,
transportation, construction, operational, recurrent, and demolition. The Thailand-
specific embodied energy database was applied to quantify both initial and recurrent
embodied energy.

This study has the potential to provide valuable information that can guide appropriate
energy conservation strategies in the Thai residential building sector. Ultimately, this
research contributes to reducing energy depletion and supports Thailand’s goal of achieving
carbon neutrality by 2050.

2. Methods and Data
2.1. Quantifying the Embodied Energy Coefficients of Thailand’s Building Materials

There are three main methods for calculating the embodied energy coefficients of
building materials. However, based on the available data sources in Thailand, the IO-
based method appears to be the most suitable approach for quantifying embodied energy
coefficients. Although the IO-based method was the primary method used in this research,
the direct energy consumption of eight building materials was also measured and used
to determine embodied energy through a hybrid approach. After that, GAP analysis was
employed to determine the difference between the results obtained from the process-based
method and the hybrid method.

2.1.1. IO-Based Method for Quantifying Embodied Energy Coefficient

The IO-based method is considered to be the most appropriate method to quantify
embodied energy coefficients in Thailand’s building materials. This is due to the ready
availability of economic data and the ability to provide comprehensive results while being
less data-intensive and time-consuming [37–39]. While the process-based method is a
traditional and widely used approach for calculating embodied energy, limitations on the
availability of energy usage data in Thailand make this method unsuitable due to potential
truncation issues. A previously developed guideline, specifically designed to quantify
embodied energy in Thailand, was adopted and applied to calculate embodied energy
coefficients and, further, to construct a Thailand-specific embodied energy database [48].
The system boundary for the embodied energy of building materials is ‘cradle-to-gate’,
which includes the energy consumed in the extraction of raw materials, their transportation
to the manufacturing site, and the manufacturing of the building materials. This framework
is generally used to quantify embodied energy because it directly describes the amount
of energy embedded in each material, enabling comparisons of the energy consumption
impact. Thailand’s input–output table, consisting of 180 × 180 industry sectors developed
by the Office of the National Economic and Social Development Council in 2015, was
applied in this study [49]. The purpose of input–output tables is to analyze the relationships
between industry sectors and to show how much of each industry’s products are needed
by other industries.

Input–output tables were utilized to calculate direct embodied energy coefficients.
This was achieved through the construction of an energy input–output matrix. This
matrix reflects the amount of energy from the energy supply sector (represented as rows)
required to directly produce one unit of an output sector (represented as columns) [37,50].
Additionally, the Leontief inverse matrix was obtained by deriving the energy input–output
matrix and used for the calculation of total embodied energy coefficients. The Leontief
inverse matrix describes the amount of total energy required (both direct and indirect)
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to produce one unit of output [37,50]. Equations (1) and (2) were used to calculate the
direct embodied energy coefficient (DEC) and the total embodied energy coefficient (TEC),
respectively [37], where ‘Den’ represents the ratio of the direct monetary value of the energy
supply sector’s input to a specific sector (n) divided by the total output value of that specific
sector (n), while ‘Ten’ represents the ratio of the total monetary value of the energy supply
sector’s input to a specific sector (n) divided by the total output value of that specific
sector (n).

DEC =
n

∑
e

Den × energy tari f f e × PEFe (1)

TEC =
n

∑
e

Ten × energy tari f f e × PEFe (2)

From Thailand’s input–output table, the following four energy supply sectors were
used to calculate the amount of energy required: coal and lignite, petroleum and natural
gas, petroleum refineries, and electricity. These energy supply sectors were used to quantify
the embodied energy coefficients of building materials within specific sectors (n). For calcu-
lating embodied energy coefficients using the IO-based method, an important parameter
called ‘inverse energy tariffs’ (MJ/THB) was applied. This parameter was used to transform
the monetary value of the embodied energy coefficients into energy units. The inverse
energy tariffs can be determined by dividing the total energy consumption of an energy
supply sector by its total output from the input–output table. The total energy consumption
data were obtained from the 2015 Energy Balance of Thailand report, published by the
Department of Alternative Energy Development and Efficiency (DEDE) of the Ministry
of Energy [51]. This study reports the values of embodied energy coefficients in primary
energy terms. Primary energy can truly describe the contribution of energy depletion to
environmental problems compared to final energy consumption. Therefore, the primary
energy factor (PEF) for the four energy supply sectors was calculated using data obtained
from the 2015 Energy Balance of Thailand report, published by the DEDE [51]. The PEF
was determined by dividing the amount of primary energy consumption by the amount of
final energy transformation [37].

The calculated embodied energy coefficients were initially presented in units of energy
per monetary value (MJ/THB). For comparison with other research and to directly relate
embodied energy to material weight, the units of the embodied energy coefficient were
converted to energy per unit weight (MJ/kg). Therefore, the price of building materials
plays a crucial role in converting the embodied energy coefficient into energy per unit
weight. Following the methodology of a previous study [48], the average prices of building
materials were obtained from the 2015 report published by the Bureau of Trade and
Economic Indices (CMI) of the Ministry of Commerce [52]. The total embodied energy
coefficients (TEC), after being multiplied by the price of building materials, can be used
to represent the total embodied energy coefficients of building materials in Thailand. The
calculated direct embodied energy coefficients (DEC) were used for quantifying the hybrid
embodied energy coefficients (HEC), as further described in Section 2.1.2.

2.1.2. Establishment of Hybrid Embodied Energy Coefficients

As described in Section 2.1.1, the IO-based method is the preferred approach for
quantifying the embodied energy coefficients of building materials in Thailand due to its
ability to overcome limitations on data collection in the upstream stages and complete the
system boundaries. However, to ensure valuable results, direct energy consumption data
for eight building materials were collected from domestic reports. The energy consumption
of ceramic tiles and bricks was obtained from the Final Report on the Project for the
Development of Energy Efficiency in the Ceramics and Brick Industry, Thailand Institute
of Scientific and Technological Research (2003) [53]. Similarly, data for plastic pipes were
obtained from reports on ‘Energy Conservation for the Plastics Industry by the Department
of Alternative Energy Development and Efficiency’ (2006) [54]. The energy consumption of
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sheet glass, fiberglass, and cement was determined from A Study on Energy Consumption
Criteria in the Non-Metallic Industry, Department of Alternative Energy Development
and Efficiency (2007) [55]. The research by Juntueng, S. (2006) [56] provided data on steel
reinforcement consumption. Finally, the energy consumption of autoclaved aerated blocks
was determined from ‘Guidelines for Preparing Product Life Cycle Data: Lightweight
Concrete Products Industry, Department of Industrial Works’ (2017) [57].

These processes’ energy consumption values were then used to calculate hybrid
embodied energy coefficients, using the hybrid approach developed by Crawford R. [38]
as a foundation. We adjusted this hybrid approach to the specific context of Thailand in
order to quantify the hybrid embodied energy coefficient of each material, as presented in
Equation (3).

HEC = PEC + [(TEC − DEC) × Price o f building materials] (3)

As shown in Equation (3), the hybrid embodied energy coefficient (HEC) was calcu-
lated by combining data from both the process-based method and the IO-based method.
The process-embodied energy coefficient (PEC) represents the direct energy consumption of
the building materials. To achieve a comprehensive result, the indirect energy consumption
obtained from the IO-based method was added to the calculation. The indirect energy can
be determined by subtracting the direct embodied energy coefficient (DEC) from the total
embodied energy coefficient (TEC). This indirect value can then be multiplied by the price
of each material to express the indirect energy component in units of energy per weight.

The calculated hybrid-embodied energy coefficients were then evaluated using GAP
analysis [58]. This evaluation method was used to determine the significance of including
indirect energy from the IO-based method in the process-based method. This inclusion
provided comprehensive and reliable hybrid embodied energy coefficient results. The GAP
analysis method is presented in Equation (4).

%GAP =
HEC − PEC

HEC
× 100 (4)

2.2. Life-Cycle Energy Analysis of a Single-Family Detached House in Thailand

The embodied energy coefficients presented in Section 2.1 were applied to analyze
the embodied energy of a single-family detached house in Thailand. This analysis consid-
ers both initial embodied energy and recurrent embodied energy. Therefore, the energy
consumed during the transportation of building materials to the construction site and
the energy consumed for building construction were both calculated in this research. To
complete the life-cycle energy analysis (LCEA) scope (cradle-to-grave), operational energy
data and the demolition energy calculation approach were obtained from previous studies
and included in this research to provide comprehensive LCEA results.

2.2.1. Single-Family Detached House: The Case Study

To promote energy savings, raise awareness, and provide understanding about energy
conservation in the residential building sector, the Department of Alternative Energy
Development and Efficiency (DEDE) of the Ministry of Energy launched a prototype for
an energy-conservative house design and published it for public access [21]. This research
uses a single-family detached house published by the DEDE as a case study for quantifying
the total life-cycle energy consumption. The results of this research can be used to evaluate
the potential for energy conservation, which directly reflects the energy resource depletion
in residential buildings.

The building plans and bill of quantities for the case-study house were obtained from a
published website [21]. We calculated the total energy consumption of the case-study house
by specifically focusing on structural and architectural systems. The case-study house is
a 127 m² (internal floor area) single-family detached house designed for a household of
four occupants. The house consists of two stories and has a designated 50-year service
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life. The house is made from a reinforced concrete structure. The floor structure on the
ground floor consists of precast concrete slabs (50 mm thick) finished with ceramic tiles.
The upper floor is finished with laminate wood flooring. The interior and exterior walls
consist of 30 mm autoclaved aerated concrete blocks plastered with cement. Paint is used
for the interior walls. For the exterior walls, fiber–cement board cladding is utilized. All
windows consist of 6 mm tinted float glass and white aluminum frames. Exterior sun
louvers, made of aluminum, are intended to provide shade and heat protection in order
to reduce the building’s operational energy consumption. The ceiling of the first floor
consists of a 9 mm gypsum board suspended on a galvanized steel frame. The ceiling of the
second floor utilizes the same construction but with an additional layer of 76 mm fiberglass
insulation covered with reinforced aluminum foil for improved thermal performance. The
roof consists of fiber–cement tiles. Table 1 summarizes the main characteristics of the
case-study house.

Table 1. Main characteristics of the case-study house.

Characteristics Description

Building lifetime 50 years
Gross floor area 215 m2

Internal floor area 127 m2

Number of occupants 4
Structure Reinforced concrete structure

Envelop 30 mm autoclaved aerated blocks plastered with cement and painted (interior wall)
30 mm autoclaved aerated blocks cladded with fiber–cement board (exterior wall)

Window 6 mm tinted float glass and white aluminum frames

Ceiling 9 mm gypsum board suspended on a galvanized steel frame with a 76 mm fiberglass
insulation covered with reinforced aluminum foil (insulation used for the 2nd floor)

Roof Fiber–cement roof tiles

2.2.2. Initial Embodied Energy

The list of building materials and their quantities for the case-study house was ex-
tracted from the bill of quantities by taking account of structural and architectural works.
The embodied energy coefficients presented in Section 2.1 were employed and multiplied
by the corresponding quantities of building materials. The wastage multiplier of building
materials was not included in the calculations, as the published quantities in the bill of
quantities already include the waste factor.

2.2.3. Transportation Energy

To quantify the transportation energy, we assumed a default transportation distance
of 50 km for all building materials delivered to the construction site. This assumption was
based on the average travel distances observed for delivering construction materials within
metropolitan areas in Bangkok, Thailand. The power series approximation method was
employed to quantify the transportation energy. This method has been used to calculate the
direct energy consumption at each stage of material production in previous studies [37,39].
Data from an input–output matrix were utilized to establish a ratio of transportation needs
per unit of residential building construction. This ratio was calculated by dividing the mon-
etary value of the ‘transportation sector’ input into the ‘residential building construction
sector’ by the monetary value of the total output from the ‘residential building construction
sector’. The direct embodied energy coefficient (DEC) of the transportation sector was
then multiplied by this ratio to obtain the transportation embodied energy coefficient
(MJ/THB). To calculate the transportation energy for the specific 50 km distance, this
coefficient was multiplied by the total weight of building materials and their transportation
rate (THB/ton). The transportation rate was derived from the total cost of transporting
materials via a 6-wheel truck (not exceeding 15 tons and considering a diesel fuel price of
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28.00–28.99 THB/L), as outlined in the Guidelines, Practices, and Details for Estimating
Construction Cost by The Comptroller General’s Department, Ministry of Finance [59].

2.2.4. Construction Energy

The IO-based method was used to quantify the construction energy of the case-study
house. The direct embodied energy coefficient obtained from the residential building
construction sector can be used to represent the amount of direct energy used to construct
the building. In this study, the total wage data from the bill of quantities were applied to
represent the embodied energy associated with human labor and the associated machinery.

2.2.5. Recurrent Embodied Energy

In this study, the life cycle of the case-study house is 50 years. During this period, some
building materials will need replacement due to variations in the materials’ useful life. To
determine the recurrent embodied energy of the house, the service lifetimes of individual
building materials were considered. This involved referencing previous research [60,61]
and obtaining information from domestic producers. Paints, for example, were assumed
to require recurring replacement every 10 years due to their durability and properties,
as supported by previous research [60,61]. Similarly, the recurring replacement time for
fiberglass was assumed to be 15 years, based on information obtained from domestic
producers. The same approach was applied to determine the service lifetimes of all other
building materials. Only the recurrent embodied energy of architectural systems, as listed
in the bill of quantities, was employed in this analysis. Table 2 presents a list of the building
materials requiring replacement and their service lifetimes. The recurrent embodied energy
was then calculated by multiplying the quantity of replacement materials by their embodied
energy coefficients and the number of replacements needed.

Table 2. List of building materials requiring replacement.

Material Name Useful Life * (Year) Number of Replacements Description of Materials Used

Paint 10 4 External walls and internal walls
Fiberglass (aluminum foil) 15 3 Insulation

Ceramic tiles 25 1 Flooring and internal walls
Roof tiles 25 1 Roofs

Plywood (MDF) 25 1 Flooring, doors, and stairs
Timber 25 1 Flooring, doors, and stairs
Plastics 25 1 Doors

Fiber–cement panel 30 1 External walls and ceilings
Gypsum board 30 1 Ceilings

* Based on Treloar G. [60] and Crawford R. [61].

2.2.6. Operational Energy

The operational energy consumption of the case-study house was quantified using
OpenStudio Thai Version 2.2.0, a free building energy simulation program developed by the
National Renewable Energy Laboratory (NREL). OpenStudio utilizes a plug-in associated
with SketchUp Make 2017 and EnergyPlus 8.7.0. SketchUp was used to create a three-
dimensional building model. Specific building information was then input into OpenStudio,
including weather data, site information, operational schedules, material types, thermal
zones, and the air-conditioning system. After all the required information was entered, the
EnergyPlus plug-in was used to calculate the annual operational energy consumption. Since
Thailand has a warm and tropical climate with minimal seasonal temperature variations
compared to other regions, we assumed constant energy consumption behavior throughout
the year for the case-study house. The annual operational energy consumption result was
obtained from previous research [62]. Subsequently, the primary energy factor (PEF) of
electricity, as described in Section 2.1, was used to convert the annual operational energy
into primary energy consumption.
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2.2.7. Demolition Energy

Due to the insufficient data on demolition energy in Thailand, we utilized data de-
veloped by Guan L. [63]. The value of 176 MJ/m² for heavy construction types (e.g.,
masonry and concrete) reported by Guan L. [63] was multiplied by the gross floor area of
the case-study house to represent the demolition energy.

2.2.8. Total Energy Consumption

In this research, the total energy consumption of the case-study house was quantified
by summing all embodied energy terms, including initial embodied energy (EEinitial),
transportation energy (EEtran), construction energy (EEcon), recurrent embodied energy
(EEre), and demolition energy (EEdemo). The annual operational energy (OE), which was
converted to primary energy terms, was then multiplied by the 50-year building life cycle
and added to the embodied energy components to determine the total life-cycle energy
consumption. The LCEA results for the case-study house are reported in primary energy
consumption units (GJ) per unit of internal floor area (GJ/m²). Equation (5) presents the
calculation of total energy consumption.

LCEA = EEinitial + EEtran + EEcon + EEre + EEdemo + (OE × building li f etime) (5)

3. Results

The results of Thailand-specific embodied energy coefficients quantified using the IO-
based method and the hybrid approach are presented in Section 3.1. These coefficients were
then used to calculate the initial embodied energy and recurrent embodied energy of the
case-study house. The LCEA results for the case-study house are presented in Section 3.2.

3.1. Embodied Energy Coefficient Quantification

This study employed inverse energy tariffs for four energy supply sectors and PEFs to
calculate the embodied energy coefficients of building materials. The inverse energy tariffs
for the four energy supply sectors and PEFs are presented in Table 3.

Table 3. The inverse energy tariffs and primary energy factor used in this research.

Energy Supply Sector Inverse Energy Tariffs (MJ/THB) PEF

Coal and lignite 8.02 1.0
Petroleum and natural gas 3.29 1.0

Petroleum refineries 1.81 1.2
Electricity 0.80 2.4

The inverse energy tariffs range from 0.80 to 8.02 MJ/THB. Coal and lignite, catego-
rized as primary energy sources, give this energy supply the lowest cost, where one unit of
monetary value can produce 8.02 MJ of energy. Conversely, electricity, which is secondary
energy, has the highest cost due to the transformation process increasing the overall cost.
Since coal, lignite, petroleum, and natural gas are primary energy sources, their PEF in this
research is assumed to be 1.0. Conversely, petroleum refineries and electricity have PEFs of
1.2 and 2.4, respectively.

This study determined the embodied energy coefficients for 36 key building ma-
terials using the IO-based method. These coefficients are presented in Table 4. The
embodied energy coefficients in this study were compared with results from previous
studies [40,41,43,44,64]. There is a strong correlation between the results in this study and
those of previous research, except for a few building materials. Concrete and glass had
slightly lower embodied energy coefficients compared to previous studies, while plywood
(MDF) had a slightly higher value. These variations may arise from several factors, includ-
ing differences in industrial production technology, the types of energy fuels used, and
methodological and system boundary variations.
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Table 4. Thailand-specific embodied energy coefficients (MJ/kg).

No. Building Material This Study Previous Studies 1,2,3,4,5

1 Aluminum 156.61 67.9–295
2 Brick 1.78 * 1.86–4.8
3 Cement 4.34 * 3.6–7.8
4 Fiber–cement panels 16.33 9.5–18.30
5 Fiber–cement (roof tiles) 11.47 9.5–18.30
6 Ceramic tiles 11.04 * 2.2–18.9
7 Concrete (general) 0.60 0.75–1.1
8 Concrete blocks 0.64 0.59–2.6
9 Autoclaved aerated block 4.11 * 3.50 3, 8.5 5

10 Concrete 180 ksc (cylinder) 0.57 0.70–1.3
11 Concrete 210 ksc (cylinder) 0.58 0.74 3

12 Concrete (roof tiles) 1.96 0.81 4, 4.3 5

13 Concrete slab (hollow core) 1.10 1.50 3, 2.0 4

14 Granite 12.68 0.70 1, 11.00 3

15 Glass (general) 14.19 15.00–28.5
16 Glass (toughened) 23.46 23.50–29.8
17 Fiberglass 63.14 * 30.3–57.5
18 Fiberglass (aluminum foil) 79.98 NA
19 Gypsum board 6.64 3.31–21.1
20 Gypsum board (moisture resistance) 9.57 NA
21 Nails 15.86 NA
22 Paints (general) 70.82 67.4–90.4
23 Waterborne paint 54.46 59.00–111
24 Solventborne paint 87.19 81.5–124

25 Plastic pipe (general) 63.88 *

98.2 (general) 2

80.50 (general) 3

70.0 (PVC) 4

76.3 (PVC) 5

26 Plywood (general) 12.74 7.0–15.00
27 Plywood (medium-density fiberboard; MDF) 16.80 7.0–11.9
28 Rock (crushed) 0.18 0.08–3.0
29 Rubber floor tiles 15.22 NA
30 Sand 0.14 0.08–0.34
31 Soil 0.10 0.45 3

32 Steel (reinforcement) 12.81 * 11.1–32.0
33 Steel (section) 18.09 21.50–38.8
34 Steel binding wires 15.90 NA
35 Timber (hardwood) 7.16 2.0–10.00
36 Timber (medium hardwood) 5.02 1.6–10.00

* Embodied energy coefficient obtained from the hybrid method. 1 Based on Kofoworola F [40]. 2 Based on Dixit
M. [41]. 3 Based on the ICE database [43]. 4 Based on Baird G. [44]. 5 Based on Australia’s EPiC database [64]. NA:
not available (i.e., unavailable data on the embodied energy coefficient).

The direct energy consumption of eight building materials according to the process-
based method, as obtained from domestic reports, was used to calculate the hybrid embod-
ied energy coefficients. These coefficients are presented in Table 5. The embodied energy
coefficients from the hybrid method are generally higher than those obtained from direct
energy consumption from process data alone. This is because the inclusion of the IO-based
method in the hybrid approach can provide more comprehensive results. The results of
the hybrid embodied energy coefficients (indicated by ‘*’ in Table 4) were used instead
of the results from the IO-based method. GAP analysis was employed as a comparative
method to provide comprehensive results quantifying the impact of indirect energy. The
percentage difference (%GAP) between the process-based method and the hybrid method
is reported in Table 5. The %GAP for the eight building materials ranges from 18 to 98%.
Brick presents the highest %GAP, while cement presents the lowest. The variation in
%GAP results may result from the truncation of energy consumption data in the upstream
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stages for each material. Therefore, the lower %GAP for cement may indicate that the
direct energy consumption according to the process-based method effectively completed
the system boundary for embodied energy quantification. Conversely, a higher %GAP
may suggest data truncation during the embodied energy quantification when using the
process-based method.

Table 5. %GAP analysis of embodied energy coefficients between the process-based and hybrid meth-
ods.

Building Material
Embodied Energy Coefficients (MJ/kg)

%GAP
Process-Based Hybrid

Brick 0.032 1 1.78 98
Plastic pipe 1.65 2 63.88 97

Steel reinforcement 2.10 4 12.18 83
Fiberglass 22.15 3 63.14 65

Autoclaved aerated block 1.98 5 4.11 52
Ceramic tiles 5.31 1 11.04 52

Glass 8.78 3 14.19 38
Cement 3.54 3 4.34 18

1 Based on [53]. 2 Based on [54]. 3 Based on [55]. 4 Based on [56]. 5 Based on [57].

3.2. Life-Cycle Energy Analysis of the Case-Study House
3.2.1. Embodied Energy of Building Materials

The list of main building materials used to construct the case-study house was ex-
tracted from the bill of quantities. The quantities of these main materials are presented
in Figure 1. Concrete accounts for the largest quantity because the case-study house was
designed as a heavy structure using a reinforced concrete frame and autoclaved aerated
block walls. Concrete was the main building material by mass, at 263,102 kg, followed
by fiber–cement (18,953 kg), steel (15,157 kg), timber (10,097 kg), cement (7029 kg), sand
(5745 kg), ceramic tiles (4331 kg), gypsum (1627 kg), glass (875 kg), aluminum (795 kg),
plywood (381 kg), paints (133 kg), and plastics (80 kg). Although concrete accounted for the
largest quantity, the embodied energy results differed significantly. Figure 2 illustrates the
proportions of embodied energy for each building material. When considering embodied
energy, fiber–cement has the greatest share, at 29%, followed by steel (21%), and concrete
(18%). As shown in Figure 2, aluminum ranks fourth in embodied energy share (12%). This
highlights how even a small amount of aluminum can contribute significantly to embodied
energy content due to its high embodied energy coefficient. Therefore, based on the results,
the main building materials can be categorized into the following three groups:

1. High quantity, low embodied energy coefficient: Concrete can be classified in this
category. While concrete has a relatively low embodied energy coefficient, its large
quantity consumption can lead to a high embodied energy impact.

2. High quantity, high embodied energy coefficient: Steel and fiber–cement can be
categorized in this group. These materials are consumed in large quantities and
provide high embodied energy coefficients.

3. Low quantity, high embodied energy coefficient: This group includes materials such
as aluminum; while consumed in smaller quantities, their high embodied energy
coefficient can still affect the total embodied energy.

The total embodied energy of the building materials represents the initial embodied
energy of the case-study house. This value is 1015.3 GJ, which translates to 7.99 GJ/m² for
the 127 m² internal floor area.
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Figure 2. The percentage share of embodied energy in each building material.

3.2.2. Effect of Recurrent Embodied Energy

This study determined recurrent embodied energy by dividing the building elements
into groups in order to identify their effects on recurrent embodied energy. The amount
of recurrent embodied energy for each building element is presented in Figure 3. As
shown in Figure 3, ceiling replacement consumes the most embodied energy, at 217.5 GJ,
followed by wall replacement at 110.9 GJ and roofing replacement at 46.2 GJ. This high
recurrent embodied energy for ceiling replacement is due to the use of fiber–cement panels
and fiberglass insulation with aluminum foil, which consume high amounts of embodied
energy. Similarly, wall replacements require fiber–cement boards on the exterior walls,
contributing to their significant recurrent embodied energy. While paint requires a relatively
small quantity, the frequent need for repainting (every ten years) leads to a high cumulative
recurrent embodied energy for paint replacement. The total recurrent embodied energy of
the case-study house is 450.1 GJ and 3.54 GJ/m². Recurrent embodied energy accounts for
31% of the total embodied energy (as shown in Figure 4). This result shows the importance
of recurrent embodied energy in total life-cycle energy consumption.
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3.2.3. Total Life-Cycle Energy Consumption of the Case-Study House

The embodied energy includes initial embodied energy (1015.3 GJ), transportation
energy (0.5 GJ), construction energy (12.3 GJ), recurrent embodied energy (450.1 GJ), and
demolition energy (37.8 GJ). The operational energy consumption over a 50-year lifespan is
4186.5 GJ. The percentage shares of energy consumption are as follows: operational energy
(64%), initial embodied energy (24%), and recurrent embodied energy (11%). The sum of
transportation, construction, and demolition energy accounts for only 1% of total energy
consumption. Figure 5 illustrates the proportion of total life-cycle energy consumption.
Table 6 presents a comparison of the LCEA results from this study with those from other
studies. The initial embodied energy in this study was 7.99 GJ/m². The initial embodied
energy result in this study is lower when compared to the ‘green home’ reported by
Fay R. [29], which utilized fiberglass walls and ceiling insulation with additional roof
foil insulation, as well as the ‘passive house’ reported by Stephen A. [34], which used
polyurethane insulation in the walls, underfloor, and roof, as well as triple-glazed, argon-
filled windows. In contrast to this study, fiberglass insulation was only installed under
the ceiling. This variation in insulation installation can affect the initial embodied energy.
However, when comparing this result with the single-family detached house reported
by Adalberth K. [32], the results in this study are higher. This is because the detached
single-family house reported by Adalberth K. [32] made use of a wood frame and concrete
roof, which have lower embodied energy coefficients. The operational energy and life-cycle
energy consumption in this study are generally consistent with the findings of other studies,
except for those of Fay R. [29], who found a higher life-cycle energy consumption. This is
because Fay R. [29] included recurrent embodied energy in the energy consumption, which
accounts for the replacement of building materials and appliances.
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Table 6. Comparison of LCEA results with other studies.

Case Studies

Life Cycle Energy Consumption
CountryInitial Embodied Energy Operational Energy LCEA

(GJ/m2) (GJ/m2/year) (GJ/m2/year)

This study 7.99 0.42 0.66 Thailand
Fay R. [29] 14.1 0.30 1.52 Australia

Stephen A. [34] 19.17 0.40 0.88 Belgium
Adalberth K. [32] 2.92–3.67 0.46–0.53 0.55–0.63 Sweden

Furthermore, the LCEA results from this study were then compared with the statis-
tical data on energy consumption standards for residential houses (single-family houses)
developed in 2015 by the Department of Alternative Energy Development and Efficiency
(DEDE), Ministry of Energy, Thailand [22]. We found that the average primary operational
energy consumption in 2015 was 0.33 GJ/m²/year. This report also projected that the
primary operational energy consumption will decrease to 0.17 GJ/m²/year by 2032. The
comparison results present a significant difference. This is because this study determined
the energy consumption by using a life-cycle energy analysis approach, which accounts
for all energy consumed during the building’s lifespan. In contrast, the previous projected
reports accounted only for the operational energy consumption during the use phase of the
residential building.

4. Discussion

We constructed a database of embodied energy coefficients for 36 key building materi-
als in Thailand. The IO-based method was chosen as a suitable method because Thailand
has sufficient data to support it, providing comprehensive results. The direct energy
consumption of eight building materials was used to quantify hybrid embodied energy
coefficients. Although the hybrid approach is widely accepted as the most suitable method
for determining embodied energy coefficients, the limited number of domestic energy
consumption reports is an obstacle to providing sufficient embodied energy coefficients
using a hybrid approach. Therefore, the IO-based method is the most suitable method for
analyzing embodied energy coefficients in Thailand. This method can provide compre-
hensive results and be used to construct a Thailand-specific embodied energy coefficient
database, which can be further applied to determine embodied energy in future studies.

A comparison of the embodied energy coefficients of building materials in this study
with the findings of other research studies showed that the results were generally consistent.
Only a few materials showed different results, which may have been due to differences
in analysis methods, system boundaries, energy sources used, and production technolo-
gies [10,33,34]. However, using embodied energy coefficients derived from domestic data
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can provide more reliable results. This is because using embodied energy coefficients from
other sources may result in errors due to differences in analysis methods and the variable
parameters used in the calculation, such as inverse energy tariffs and PEFs, which are
country-specific values that directly reflect energy resource consumption [9]. The results of
the initial embodied energy from this study show that concrete is consumed in the largest
quantity, followed by fiber–cement and steel. However, while concrete has the largest
quantity among the materials used, the analysis showed that fiber–cement consumes the
highest embodied energy, followed by steel and concrete. Aluminum was also identified as
another material with a high embodied energy content. The results of embodied energy
consumption can inform decision-making by guiding the selection of appropriate mate-
rials for building design. Additionally, these results can be used to raise awareness and
promote caution during the construction stage to minimize material waste, which directly
impacts embodied energy depletion. In addition to initial embodied energy, recurrent
embodied energy is another important factor affecting the life-cycle energy consumption of
the case-study house. The amount of recurrent embodied energy depends on the type of
replacement materials and the number of replacements required throughout the building’s
lifetime. The recurrent embodied energy in this research came from the replacement of
fiberglass insulation and fiber–cement in the ceiling, roofing, and exterior walls. Therefore,
to reduce recurrent embodied energy, it is crucial to select appropriate replacement building
materials with appropriate embodied energy coefficients. The development of building
materials by focusing on their properties may not achieve the desired energy conservation
in the building. The development of building materials by enhancing their durability is
essential, as this can reduce the amount of recurrent embodied energy in the building.

Aluminum is another material that has high embodied energy, even when used in
small quantities. In the case-study house, aluminum is used for sun louvers. To reduce
life-cycle energy consumption and achieve the design of an energy-conservative house, the
use of aluminum should be applied with caution. Timber can be a viable alternative for
sun shading due to its similar properties and lower embodied energy coefficient compared
to aluminum. Research by Peng J. [65] demonstrated that timber can be used as a shading
device and offers the lowest indoor air temperature compared to aluminum and concrete.
Additionally, vertical green walls can be used as an alternative approach to create sun
shading around the house [66]. However, it is important to note that aluminum can be
100% recyclable [67]. The use of aluminum may become part of a closed-loop society and
be associated with the concept of a circular economy, which the global community should
strive towards [68,69].

The LCEA results from this research (0.66 GJ/m²/year) were then compared with
the statistical data of energy consumption standards for residential houses (single-family
houses) developed in 2015 by the Department of Alternative Energy Development and
Efficiency (DEDE), Ministry of Energy [22]. The projected primary operational energy con-
sumption for 2032 is 0.17 GJ/m²/year. Understanding life-cycle energy analysis is essential
for achieving energy conservation in the residential building sector. This understanding can
lead to the construction of reasonable energy conservation guidelines that can be effectively
applied to the public.

In the context of Thailand, the understanding of life-cycle energy analysis throughout
the building’s life cycle should be emphasized and published to the public and those
responsible for setting guidelines or measures for energy conservation in residential build-
ings. This knowledge could be used to achieve effective energy conservation in residential
buildings. Finally, life-cycle energy analysis can provide comprehensive improvements in
energy conservation, reduce energy resource depletion, and help Thailand achieve its goal
of carbon neutrality by 2050.

5. Conclusions

This study developed a Thailand-specific embodied energy coefficient database using
the IO-based method due to the readily available economic data reports in Thailand. The
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database encompasses 36 key building materials within a cradle-to-gate scope. Additionally,
for eight building materials, energy consumption data were collected from domestic reports
and used to calculate hybrid embodied energy coefficients. These hybrid coefficients were
then incorporated into the Thailand-specific database. A single-family detached house
served as a case study to quantify total energy consumption throughout its life cycle using
the LCEA approach. The cradle-to-grave system boundary considered six stages, i.e.,
initial, transportation, construction, operational, recurrent, and demolition. Notably, the
Thailand-specific embodied energy coefficient database was used to calculate the initial
and recurrent embodied energy of the case-study house, which can be broken down into
13 building materials. Concrete was the most used material, followed by fiber–cement, steel,
and timber, in that order. However, the embodied energy distribution results showed a
different picture, i.e., fiber–cement ranked first, followed by steel, concrete, and aluminum,
in that order. The case-study house had an initial embodied energy of 7.99 GJ/m² and a
total life-cycle energy consumption of 0.66 GJ/m²/year.

This research offers valuable recommendations for the quantification and implementa-
tion of embodied energy in LCEAs for residential buildings. First, the embodied energy of
building materials should be a crucial parameter in material selection. Those with lower
embodied energy coefficients should be prioritized, while those with higher embodied en-
ergy coefficients should be used properly. Second, building materials’ development should
focus not only on material properties but also on the energy efficiency of the production
process, so as to minimize embodied energy. Third, knowledge about embodied energy
and life-cycle energy analysis should be disseminated to the public in order to promote an
understanding of energy conservation in residential buildings. Finally, the establishment
of guidelines or policies on energy conservation should mandate the determination of
embodied energy and total life-cycle energy consumption throughout a building’s life
cycle. This is because these factors directly impact energy resource depletion, which has
environmental consequences.

The IO-based method applied to quantify embodied energy and life-cycle energy
consumption for the case-study house relied on data sources published in 2015. Using
outdated data may introduce inherent errors. However, using domestic data provides
more reliable results than using data from another region. Data obtained domestically can
directly reflect energy resource depletion and production technology efficiency within the
country, effectively contributing to Thailand’s energy conservation efforts.

Author Contributions: Conceptualization, N.S., K.K. and S.C.; data curation, N.S.; formal analysis,
N.S.; investigation, N.S.; methodology, N.S., K.K. and S.C.; project administration, K.K. and S.C.;
supervision, K.K. and S.C.; writing—original draft, N.S.; writing—review and editing, K.K. and S.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request.

Acknowledgments: The authors are grateful to the School of Energy, Environment and Materials at
King Mongkut’s University of Technology Thonburi for making this research possible. Additionally,
the authors would like to thank the Office of the National Economic and Social Development Council,
the Department of Alternative Energy Development and Efficiency, the Ministry of Commerce, the
Department of Industrial Works, and the Comptroller General’s Department for providing valuable
information support.

Conflicts of Interest: The authors declare no conflicts of interest.



Sustainability 2024, 16, 4045 18 of 20

Abbreviations

DEC Direct embodied energy coefficient
EE Embodied energy
HEC Hybrid embodied energy coefficient
IEE Initial embodied energy
IO Input–Output
LCA Life cycle assessment
LCEA Life cycle energy analysis
LCI Life cycle inventory
LCIA Life cycle impact assessment
OE Operational energy
PEC Process-embodied energy coefficient
PEF Primary energy factor
REE Recurrent embodied energy
TEC Total embodied energy coefficient
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