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ABSTRACT

Received: 21 March 2024 This study aims to establish environmental impact coefficients for major construction materials used in

Accepted: 21 March 2024  the life cycle assessment of renovated buildings. To achieve this goal, we conducted a theoretical
examination of life cycle assessment and environmental impact categories, outlining the study’s
direction. Specifically, major materials contributing to global warming potential in building con-
struction are identified, and the LCI database is selected accordingly. Environmental impacts are
categorized into approximately 10 ISO 14040-specified categories, using reference substances and
impact indices. The production stage of construction materials is assessed through characterization,
and the environmental impact of construction materials is analyzed based on the characterization
impact calculated in this study.

Keywords: environmental impact coefficients; construction materials; life cycle assessment; green
renovation

Introduction

With increasing concerns about global-scale climate change, there is a growing focus on environmental issues
through the formulation of specific agreements. Particularly, the problem of global warming is being explicitly
addressed, and its impact is considerable on a worldwide scale. Consequently, nations are not only undertaking
efforts at the individual country level to reduce greenhouse gas emissions but are also engaging in international
agreements to collectively combat global greenhouse gas reduction [1, 2]. The escalating global attention on climate
change, intensified by worldwide meteorological anomalies, represents a critical issue that must be addressed to
ensure the successful pursuit of the United Nations’ Sustainable Development Goals (SDGs). Despite the
greenhouse gas (CO,) reduction efforts of major countries, CO, emissions continue to rise steadily due to factors
such as a fossil fuel-centric energy mix and economic growth in developing nations. As of 2020, South Korea
ranked 11th globally in greenhouse gas emissions, emitting a total of 6.9 billion tons of greenhouse gases. Without
significant measures, it is predicted that emissions will increase to approximately 8.5 billion tons by 2030 compared
to Business-As-Usual (BAU) projections [3].
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Consequently, various carbon-centric environmental
policies are being implemented in response to climate
change, leading to a growing need for reducing environ-
mental burdens in accordance with national-level
industrial activities. In line with these efforts, the
Korean government has declared its commitment to
achieving carbon neutrality by 2050 [4].

Carbon neutrality policies are concentrated on the
supply business side, while material demand mana-
gement and recycling activation policies are neglected.
The emergence of various demand management poli-
cies is expected to provide environmental information
on manufactured products, promote green product
consumption, and increase regulatory policies. To
achieve carbon neutrality, a change is needed from a
workplace-centered management system to a LCA
centered management system including embodied car-
bon emissions. Strengthening requirements for ESG
information disclosure, such as International Sustain-
ability Standards Board (ISSB) disclosure standards
under International Financial Reporting Standards
(IFRS) and EU Sustainability Disclosure Standards
(ESRS) The scope of ESG information disclosure
includes carbon emissions information including Scope
1,2, and Scope 3 [5-7].

In the USA, the White House has initiated the TF
project aimed at promoting the procurement of eco-
friendly building materials. Ninety-eight percent of
federal procurement materials are given priority as
low-carbon materials. The government provides support
to assist construction raw material manufacturers in
minimizing carbon emissions [8-10]. Effective from 2021,
materials surpassing the maximum allowable carbon
emissions are prohibited from participating in gover-
nment bidding. Additionally, carbon labeling certifi-
cation is mandatory for four types of building materials.
Expansion of government policies to gradually improve
energy efficiency in new buildings and promote green

remodeling of existing buildings. Minimize the energy

load required for buildings and minimize energy con-
sumption by utilizing new and renewable energy [11].

In countries that have completed industrialization,
there is a noticeable trend where the proportion of
environmental load emissions from the construction
sector significantly outweighs that of the industrial
sector. Presently, there is a rising trend in environ-
mental load due to building sector, necessitating energy-
saving measures for existing buildings, constituting
70% of all structures, in addition to energy-saving
practices for new constructions [12-15]. While buildings
consume a substantial amount of energy throughout
their life cycle, accounting for 37% of the nation’s
annual energy consumption, this includes energy con-
sumed during material production and operational
phases of building materials. Apartment houses, repre-
senting residential buildings, contribute about 40% to
annual building energy consumption, making them a
significant energy consumer in the life cycle. The
energy consumption of apartment buildings is signi-
ficantly influenced by the envelope system, which
interfaces with the ambient air. Therefore, enhancing
the efficiency of aging envelope systems is paramount
for improving the overall energy efficiency of apart-
ment buildings, especially through green renovation
initiatives as depicted in Figure 1 [16]. However,
current studies on green renovation of apartment houses
primarily focus on cost-benefit analyses, such as renew-
able energy technologies and operational phase energy
consumption, neglecting the assessment of intrinsic
energy perspectives related to the building materials
used in renovation. Additionally, the development of a
database and evaluation technology supporting optimal
alternatives for energy and environmental performance
in improving apartment house envelope systems is still
insufficient [17, 18]. Industries in practically every country
are increasingly subject to stringent international en-
vironmental regulations based on sustainable develop-

ment principles. Consequently, the construction industry
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Figure 1. Effects of each type of renovation on existing buildings.

regards sustainable development as a solution to environ-
mental conservation, and endeavors to assess and
control the raw materials and energy inputs through
environmental product declarations (EPDs) based on
life cycle assessment (LCA) as a means of sustainable
development. However, at present, studies on the environ-
mental database of renovation construction materials
are insufficient to provide adequate support [19, 20].
Therefore, In this study, the goal is to provide
stakeholders in green remodeling architecture with an
environmental performance information database for
key construction materials.. The proposed classifi-
cation system of construction materials, categorized
by designers, aims to provide the necessary environ-
mental information. Additionally, an environmental
database is constructed for construction materials
where the existing database is unsatisfactory. To achieve
this, a classification system for the green renovation
system was proposed, selecting representative methods
and input materials applicable in actual green reno-

vation building. For the construction of the database,

this study built a comprehensive database on the
environmental, economic, and energy performances of
the envelope classification system, dividing the system
boundary. The environmental assessment of building
components proceeded by selecting 52 combinations
of construction materials for the six major components
of the building, specifying size and materials. It was
structured to automatically calculate environmental
loads when components or construction materials are
designated. To support reliable environmental assess-
ments based on material selection, a database (LCI
DB) was constructed through a primary hierarchy
analysis of detailed construction materials for each
component, linking with the life cycle inventory (LCI)
databases of construction materials. Even for the same
construction material, reflecting the characteristics of
input quantities for different parts was made possible,
facilitating utilization aspects of assessments and
enabling detailed environmental assessment results for
each component. National LCI databases were pri-

marily applied for construction material LCI data,
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supplemented by national construction material environ-
mental information databases and Ecoinvent databases
for construction materials not covered in the national
LCI databases. Furthermore, for selected component-
specific construction materials, a database of charac-
terization coefficients for six major environmental
impact categories was constructed using a list analysis
of materials with high environmental loads and the
characterization factors of ISO 14042. This facilitated
the prioritization and comparison of environmentally
favorable alternative construction materials by empha-

sizing materials with significant environmental impacts.

Methodology

Classification system by renovation building
element

The assessment of building elements combines the
environmental characteristics of building materials,
offering several key features. The environmental
evaluation of a building is closely linked to the types
and quantities of materials employed in its construc-
tion. Designers can utilize building element assess-
ments as a support tool to make environmentally
friendly and efficient decisions regarding construction
materials. When estimating the quantity of construction
materials during the design stage, construction element
estimation proves more advantageous than the work
type estimation applied in traditional life cycle assess-
ment (LCA) techniques. This is particularly beneficial
from a user accessibility standpoint, as it simplifies
amount estimation and material selection. Moreover,
even when the same material serves as the construction
material for different building elements, a building
element with distinct material characteristics can be
added to the database. This approach enhances assess-
ment accuracy, allowing for detailed environmental

assessment results for each building element. Given

the absence of a specific code or standard that outlines
a classification system by building element in South
Korea, this study proposes a classification system
tailored to the building types prevalent in South Korea,
drawing insights from existing international classifi-
cation systems of building elements. The predominant
technique used to assess the environmental perfor-
mance of buildings is the Whole Life Cycle Assessment
method. According to the classification system of
building environmental assessment tools by the U.S.
Office of Energy Efficiency and Renewable Energy
(OEERE), the assessment type following building
energy modeling is the Whole Building Assessment
based on material and component selections. Repre-
sentative tools for such assessments include IMPACT
for BREEAM support in the UK and ATHENA for
LEED support in the US. Here, “building components”
refer to parts of buildings such as walls, ceilings, and
floors, which consistently serve the same function
regardless of building type or design. Assessments
based on material and building component selections
evaluate the environmental characteristics of building
materials, facilitating eco-friendly decision-making by
integrating various environmental attributes of materials.
This method, based on building materials, progresses
through stages of assessment from material level to
component level, building level, and ultimately to
building environmental certification systems, with the
aim of promoting the adoption of environmentally

friendly construction materials.

Methodology of life cycle impact assessment

As of January 2023, there are over 16,000 Verified
EPDs to EN 15804 for construction products regi-
stered globally. With nearly 90,000 EPDs to ISO
21930 and over 25,000 EN 15804 EPDs from verified
EPD tools, there are likely close to 130,000 EPDs for

construction products globally, as illustrated in
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Figure 2 [19]. As part of a strategic approach to utilize
environmental assessment results for construction
materials already certified with EPDs issued by the
Korea Environmental Industry and Technology Insti-
tute (KEITTI), this study applied the same LCIA meth-
odology as the current EPD certification system [20].
Specifically, GWP can be estimated using the base
substance ‘CO,’ based on the 100-year impact factors
suggested by the IPCC guideline. Although different
base substances for AP are utilized based on regional
characteristics and atmospheric environments, they

can be integrated into the single substance ‘SO,,” as

suggested by the universally applicable CML 2002.
Similarly, various base substances for EP can be
integrated into the single substance ‘PO,*”, following
the CML 2002. ODP can be estimated using ‘CFC-11’
as the base substance, relying on impact indexes
suggested by the WMO. POCP can be expressed using
the single base substance ‘C2H4,” suggested by the
CML 2002. ADP can be estimated using ‘Sb’ as the
base substance, following the CML 2002. FATP,
MATP, HTP, and TETP can be estimated using ‘DCB’
as the base substance, relying on impact indexes
suggested by the CML 2002 [21-24].

EN 15804 EPD from Verified EPD tools (EPD produced or available in 2022 but not registered with an EPD programme)
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Figure 2. Registered EPD to EN 15804 & ISO 21930 of construction material.

Construction works assessment information
Optional supplementary
Construction works life cycle information within the system boundary information beyond the
system boundary
Al1-A3 A4 -A5 B1-B7 C1-C4
D
Pma:g:'“” CONSTRUCTION USE Stage END-OF-LIFE
St: G St
(Mandatory) i age
Al A2 A3 A4 A5 B1 B2 B3 B4" B5 Cc1 cz Cc3 Cc4
1 r |
5 : g 5
= B B oo Sw P E 20
E =] = K g ) = £
g - . 37| E§ 352 g3% 3 2 = o
30 Z 2 2 "
= g @ & R =8 E‘ S g £8 ¢ E 8 & @ Potential net benefits
A= o £ = £ a'k 58~ 525 aarn 2 e @ a
32 = El 8 S aad gE2 a5 || 588 = o] @ £ from reuse, recycling
%] o g = =da w @ o599 2 | @ @ =1 fhet
2 -1 151 & K] 2 S5 g 28¢ 2o E E-E ] g8 e © and/or energy recovery
] v pil g 3 3 EF 58| S| TEm = ER:S B =
=] z E} & 2 Ss R 288 el EsE 8 g B Z beyond the system
2B 2 g £ 2 8¢ 3 82 E £L 2 g2 E e© £ 2 bounda
] 2 = ] = £54 = B g8¢ ESY E £ a 2 oundary
& £ = gg8 ] 343 99 a £ = a
£ (=] geg g g5¢e 55¢€ S 2
2] £E £5 sk R 3 g
" g ) ko a g
= 2 = = =
H L ) J
Scenario Scenario Scenario  Scenario Scenario  Scenario  Scenario Scenario Scenario  Scenario Scenario Scenario
B6 Operational energy use ‘
Scenario
B7 Operational water use l
Scenario

Figure 3. System boundary of ISO 21930.



114 - International Journal of Sustainable Building Technology and Urban Development Vol. 15, No. 1, 2024

For the LCIA of buildings, The system boundary
defining the scope for conducting Life Cycle Assess-
ment (LCA) of construction materials is divided into
five stages, encompassing the stages from product
manufacturing (A1-A3), construction (A4-AS), use
(B1-B7), disposal (C1-C4), up to the calculation of
environmental benefits through, as depicted in Figure 3.
recycling/reuse of EPD-certified products in Module
D. Product manufacturing stage involves the pro-
duction of raw materials (A1), transportation of raw
materials to the construction material production
facility (A2), and the manufacturing process of
construction materials (A3). Data for assessing the
environmental impacts at this stage should ideally
be sourced from actual production data of the
construction materials. While data for transportation
(A2) and manufacturing processes (A3) can be easily
managed by companies seeking EPD certification as
they typically handle procurement and production
data, obtaining data for the production of raw materials
(A1) from suppliers might pose challenges. In such
cases, utilizing existing Life Cycle Inventory (LCI)
databases for raw material production is acceptable
Construction stage includes transportation of manu-
factured construction materials to the construction site
(A4) and installation of construction materials (AS).
This stage accounts for additional materials, products,
energy required during construction, as well as waste
and construction debris generated during the process.
Environmental impacts are assessed based on scenarios
considering potential losses of construction materials
during the construction process. Use stage covers the
period after the installation of construction materials,
encompassing their utilization and maintenance. It
includes the use of construction materials, equipment,
and services such as heating, ventilation, lighting,
water supply, and internal transportation (e.g., elevators
and escalators). Data collection for this stage typically

relies on scenario-based approaches due to the ex-

tended duration required for collecting on-site data in
building operations. Disposal stage involves the treat-
ment of waste generated during the demolition process,
consumption of materials required for demolition, and
environmental impacts arising from energy and water
usage. Data for waste disposal should be based on
country-specific waste disposal statistics and systems,
utilizing individual scenarios based on national waste
disposal regulations and systems. Module D provides
additional information beyond the boundaries of
certified product systems, focusing on the potential
environmental benefits of reuse, recycling, and energy
recovery. It aims to transparently disclose information
regarding potential environmental benefits arising
from subsequent product systems using reused pro-
ducts, recycled materials, secondary fuels, and/or products.

In summary, specific data derived from particular
production processes, particularly on-site data for
target products (A1-A3), should be prioritized for
calculating environmental impacts. While data for trans-
portation and manufacturing processes can usually be
obtained directly, data for raw material production
may be sourced from suitable existing LCI databases.
Data for installation, use, and disposal stages are
developed based on scenario-based approaches, con-
sidering average industry practices for construction

and waste disposal [25].

Amount of CO, Emitted during the Material Production Stage
= 2(Amount of Major Material Used x CO, Basic Unit) (1)

This equation calculates the environmental impact
coefficient by summing up the products of the mass of
each component or material and its corresponding
environmental factor, normalized by the total mass of
the construction material. The environmental factors
are derived from the LCI Database, providing quanti-
tative data on the environmental impacts associated with
each component or material throughout its life cycle ,

as depicted in Figure 4.
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Figure 4. LCIA model of green renovation construction material.

Establishment of Environmental
Impact Coefficients

The establishment of environmental impact coeffi-
cients involves two essential processes: classification
and the collection of environmental impact substances.
Drawing on LCA methodologies reported in relevant
scientific literature, these processes clarify the influ-
ence of each environmental impact substance on the
Earth’s environment. Substances are gathered from the
Life Cycle Inventory Database (LCI DB) based on

environmental impact categories. For example, the
IPCC guideline designates CO, as the base substance
as environmental impact substances related to Global
Warming Potential (GWP). The classification break-
down for ready-mix concrete 25-210-12 includes
4.10E+02 kg-COy/m?’, 2.10E-09 kg-CFC-11/m’, 2.01E-09
kg-CFC-114/m’, and 3.20E-10 kg-CFC-12/m’

In Table 1, this study categorizes environmental
impact substances into their respective environmental
impact categories. As depicted in Figure 5, plate glass
exhibited the highest level of Human Toxicity Po-

Table 1. Environmental impact coefficient of renovation materials

Category Re::zcrrr;itzed Cement Paint Delt)’c;rrrsled Glass Board Insulation
Construction Blast Emulsion ~ Water Gypsum Plywood Urethane EPS Glass
Materials 25-210-12 Cement furnace type type Rebars  Plate glass board  board panel  panel wool
cement
GWP  kg-COyq 4.1E+02  44E-01 1.2E+00 8.4E-01 9.1E-01 1.1E+00 9.5E-01 9.5E-01 9.4E-01 9.4E-01 2.1E-01 2.1E+00
ADP kg 6.8E-01  14E-03 7.6E-03 3.8E-03 4.9E-03 1.3E-03 13E-03 [1.1E-03 5.8E-04 5.2E-04 S5.5E-04 4.1E-02
EP  kg-POs 8.0E-02 1.8E-04 1.0E-03 1.8E-03 54E-04 19E-04 14E-04 9.7E-05 3.7E-03 9.5E-05 6.7E-05 2.8E-03
ODP  kg-CFCq 4.7E-05  1.0E-08 2.7E-08 4.1E-08 3.6E-08 3.6E-08 1.7E-08 14E-09 13E-09 1.3E-09 4.1E-09 2.9E-08
POCP  kg-CyHiq 1.0E+00  3.4E-04 4.0E-04 3.7E-04 4.0E-04 3.0E-04 26E-03 1.7E-04 1.7E-04 14E-04 5.0E-04 6.4E-03
AP kg-SOs¢q 1.6E+00  2.8E-03 1.5E-02 1.8E-02 4.4E-02 1.1E-03 74E-04 1.5E-03 6.6E-04 6.6E-04 1.9E-04 1.7E-01
FAEP kg DCBeq 1.7E-16 ~ 1.4E-18 6.6E-19 9.6E-20 1.7E-17 3.9E-20 1.6E-19 6.6E-18 42E-20 6.6E-20 9.6E-21 1.7E-18
MAEP kg DCB 22E-18  12E-18 13E-19 79E-21 22E-19 2.7E-20 15E-20 6.6E-18 12E-20 13E-20 7.9E-22 2.2E-20
HTP kg DCBg 2.1E-18  12E-18 13E-19 7.1E-21 2.1E-19 2.7E-20 13E-20 6.5E-18 1.1E-15 13E-20 7.1E-22 2.1E-20
TETP kg DCB¢q 2.8E-19  5.6E-19 12E-19 73E-21 28E-20 2.6E-20 14E-20 6.6E-18 1.1E-20 1.2E-20 7.3E-22 2.8E-21
DB A A A A A A A A B B B B
Funtional unit m’ kg kg kg kg kg kg kg kg kg kg kg
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Figure 5. HTP LCA result of renovation materials.

tential (HTP) factor, primarily attributed to the pro-
duction of Polycyclic Aromatic Hydrocarbons in Water
(PAHs-Water) during the manufacturing process.
Specifically, PAHs-Water were found to be generated
in electric furnaces utilized for the production of glass
products, using silica and crushed glass as raw
materials. Noteworthy impact factors contributing to
HTP include PAHs-Water, Nitrogen oxides (NOx),
PAHs-Air, Benzene, and Arsenic. These substances
serve as both base substances and environmental
impact substances affecting HTP levels. Among them,
PAHs-Water stands out as particularly significant due
to its notable impact factor in our analysis. After
selecting the areas of building components for evalu-
ation, the top environmental impact items for the
construction materials inputted, excluding structural
materials such as concrete, were analyzed. Insulation
materials, cement mortar, and ceiling finishes were
identified as major contributors.

In particular, for component-specific evaluations,
users input area information for each component
directly from input material quantity data. This data
can serve as foundational material for verifying
existing designs against detailed drawings using area
calculation reports for future buildings. This straight-
forward approach to evaluating environmental impact
values based on component areas is expected to
enhance user-friendliness and efficiency.

Furthermore, users can input construction materials

and basic information directly to enable unit assess-
ments for each material, thereby facilitating compo-
nent-level assessments. Additionally, quantitative
evaluations at the building level are achievable
through component-level assessments.

Analysis of the environmental impact values for
materials inputted per component revealed that
structural materials emitted the highest amounts of
greenhouse gases, abiotic depletion potential, acidi-
fication potential, photochemical ozone creation
potential, among others. Environmental impact values
derived from building unit assessments showed
approximately 16% higher greenhouse gas emissions,
6% lower abiotic depletion potential, 10% lower
acidification potential, 10% lower eutrophication
potential, 28% lower ozone depletion potential, and
8% higher photochemical ozone creation potential
compared to actual environmental impact values of
existing buildings. Through material input for each
component and subsequent assessments at material,
component, and building levels, users can promptly
confirm emission quantities based on environmental
impact values and derive analysis results.

Environmental impact analysis of ready-mixed
concrete reveals a correlation between increased
strength and heightened GWP, EP, POCP, and
ecotoxicity potential. In contrast, ADP demonstrates
an inverse relationship with the strength of ready-

mixed concrete. The environmental impact, higher for
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cement than aggregates, increases with greater amounts
of cement. The formulation of cement-ready-mix
concrete emerges as a pivotal factor in determining
environmental impact, where the composition of alite
and belite influences the impact of cement. Moreover,
a reduction in aggregates is postulated to reduce ADP,
mitigating the high environmental impact associated
with ADP.

Conclusions

This study aims to establish environmental impact
coefficients for major construction materials in
building life cycle assessment, contributing to the
development of an environmental effect assessment
program. Key conclusions include the selection of 10
environmental impact categories, utilization of the
LCI DB and EPD of Building Products, and adherence
to ISO 14040. The study aims to effectively support
stakeholder decisions in enhancing the environmental
performance of buildings and provide a foundation for
architects’ voluntary engagement in environmentally
conscious activities.

After selecting the areas of building components for
evaluation, the top environmental impact items for the
construction materials inputted, excluding structural
materials such as concrete, were analyzed. Insulation
materials, cement mortar, and ceiling finishes were
identified as major contributors.

In particular, for component-specific evaluations,
users input area information for each component
directly from input material quantity data. This data
can serve as foundational material for verifying
existing designs against detailed drawings using area
calculation reports for future buildings. This straight-
forward approach to evaluating environmental impact
values based on component areas is expected to
enhance user-friendliness and efficiency.

Furthermore, users can input construction materials

and basic information directly to enable unit assess-
ments for each material, thereby facilitating compo-
nent-level assessments. Additionally, quantitative evalu-
ations at the building level are achievable through

component-level assessments.

Acknowledgments

This work was supported by the Korea Institute of
Energy Technology Evaluation and Planning (KETEP)
and the Ministry of Trade, Industry & Energy (MOTIE)
of the Republic of Korea (No. 20202020800360).

References

[1] P. Masoni and A. Zamagni, Guidance Document
for performing LCAs on Fuel Cells and Hydrogen
Technologies (Hyguide) [Online], 2011, p. 139.
Available at: http://www.fc-hyguide.eu/documents/
10156/d0869ab9-4efe-4bea-9e7a-11b823f4fcfa
[Accessed 29/02/2024].

[2] C. Ji and T. Hong, New Internet search volume-
based weighting method for integrating various
environmental impacts. Environ. Impact Assess.
Rev. 56 (2016), pp. 128-138. DOI: 10.1016/j.¢iar.
2015.09.008.

[3] Korea Government, National Strategy for Carbon
Neutrality and Green Growth, including the First
National Basic Plan (including Medium to Long®
term Greenhouse Gas Reduction Goals). (2023).

[4] Global Cement and Concrete Association, Global
Cement and Concrete Industry Announces Road®
map to Achieve Groundbreaking ‘Net Zero’CO,
Emissions by 2050. (2021).

[5T M. Mori, M. Gutiérrez, and P. Casero, Micro-grid
design and life-cycle assessment of a mountain
hut’s stand-alone energy system with hydrogen
used for seasonal storage. Int. J. Hydrogen Energy.
46(57) (2021), pp. 29706-29723. DOI: 10.1016/
j-ijhydene.2020.11.155.

[6] S. Ibbotson and S. Kara, LCA case study. Part 1:
Cradle-to-grave environmental footprint analysis
of composites and stainless steel I-beams. Int. J.
Life Cycle Assess. 18(1) (2013), pp. 208-217. DOL:
10.1007/s11367-012-0452-5.



118 - International Journal of Sustainable Building Technology and Urban Development Vol. 15, No. 1, 2024

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

D.I. Rinawati, A.R. Keeley, S. Takeda, and S.
Managi, Life-cycle assessment of hydrogen utili-
zation in power generation: A systematic review

of technological and methodological choices. Front.
Sustain, 3 (2022). DOI: 10.3389/frsus.2022.920876.

T.T. Suhariyanto, D.A. Wahab, and M.N.A. Rahman,
Multi-Life Cycle Assessment for sustainable pro-
ducts. A systematic review. J. Clean. Prod. 165 (2017),
pp- 677-696. DOI: 10.1016/j.jclepro.2017.07.123.

J. Kim, Assessment and Estimation of Particulate
Matter Formation Potential and Respiratory Effects
from Air Emission Matters in Industrial Sectors
and Cities / Regions. KSEE (Korean Soc. Eng.
Educ. 39(4) (2017), pp. 220-228.

C.R. Iddon and S.K. Firth, Embodied and opera-
tional energy for new-build housing: A case study
of construction methods in the UK. Energy Build.
67 (2013), pp. 479-488. DOI: 10.1016/j.enbuild.
2013.08.041.

W. Ingwersen, V. Subramanian, R. Schenck, L.
Bushi, A. Costello, L. Draucker, C. East, C. Hensler,
H. Lahd, and S. Ryding, Product category rules
alignment workshop, October 4, 2011 in Chicago,
IL, USA. Int. J. Life Cycle Assess. 17(2) (2012),
pp- 258-263. DOI: 10.1007/s11367-011-0357-8.

M.D.C. Gelowitz and J.J. McArthur, Comparison
of type III environmental product declarations for
construction products: Material sourcing and har-
monization evaluation. J. Clean. Prod. 157 (2017),
pp. 125-133. DOI: 10.1016/j.jclepro.2017.04.133.

S.L. Hsu, B.S.C. Engineering, J. Ochsendorf, and
D. Veneziano, Life Cycle Assessment of Materials
and Construction in Commercial Structures : Vari-
ability and Limitations. Thesis (M. Eng.) - Massa-
chusetts Institute of Technology, Dept. of Civil
and Environmental Engineering, 2010.

R. Kim, C. Baek, E. Kim, Y. Jeong, and S. Cho,
Potential global warming impact of 1 kW polymer
electrolyte membrane fuel cell system for resi-
dential buildings on operation phase. Energy for
Sustainable Development. 73 (2023), pp. 376-386,
DOI: 10.1016/j.esd.2023.03.001.

L. Oliveira, M. Messagie, J. Mertens, H. Laget, T.
Coosemans, and J. Van Mierlo, Environmental
performance of electricity storage systems for grid
applications, a life cycle approach. Energy Convers.
Manag. 101 (2015), pp. 326-335. DOI: 10.1016/
j.enconman.2015.05.063.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J. Giesekam, J.R. Barrett, and P. Taylor, Con-
struction sector views on low carbon building
materials. Build. Res. Inf. 44(4) (2016), pp. 423-444.
DOI: 10.1080/09613218.2016.1086872.

W.W. Ingwersen and V. Subramanian, Guidance
for product category rule development: Process,
outcome, and next steps. Int. J. Life Cycle Assess.
19(3) (2014), pp. 532-537. DOI: 10.1007/s11367-
013-0659-0.

H.J. Kang and E.K. Rhee, A Comparative Analysis
of Performance Assessment Tools for Establishing
Evaluation Framework for Sustainable Buildings.
Archit. Res. 16(4) (2014), pp. 131-137.

Korea Environmental Industry & Technology Insti-
tute (KEITT). Korea Environmental Product Decla
wration [Online], 2004. Available at: https://www.
greenproduct.go.kr/epd/ [Accessed 29/02/2024].

Korea Environmental Industry & Technology
Institute (KEITI). Korea Environmental Product
Declaration Certification Program [Online], 2021.
Available at: https://ezepd.epd.or.kr/ [Accessed
29/02/2024].

R. Heijungs, J. Guinée, and G. Huppes, Environ-
mental Life Cycle Assessment of Products - Voll:
Guide, no. October. 1992.

A. Arborea and G. Mossa, Life Cycle Assessment
and Product Category Rules as supporting tools
in evaluating product sustainability: the case of
upholstery furniture. IMS2020 - Proc. from IMS2020
Summer Sch. Sustain. Manuf. (2012), pp. 31-46.

R. Heijungs, A. de Koning, T. Ligthart, and R.
Korenromp, Improvement of LCA characterization
factors and LCA practice for metals. Cycle.

(2004), p. 71.

D.V. Spitzley, G.A. Keoleian, and S.G. Baron,
Life cycle energy and environmental analysis of a
microgrid power pavilion. Int. J. Energy Res.
31(1) (2007), pp. 1-13. DOI: 10.1002/er.1223.

M. De Schepper, P. Van den Heede, 1. Van Driessche,
and N. De Belie, Life Cycle Assessment of Com-

pletely Recyclable Concrete. Materials (Basel). 7(8)
(2014), pp. 6010-6027. DOI: 10.3390/ma7086010.



