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Abstract: This study analyzed the characteristics of the environmental impacts of apartment build-
ings, a typical housing type in South Korea, as part of a research project supporting the streamlined
life cycle assessment (S-LCA) of buildings within the G-SEED (Green Standard for Energy and
Environmental Design) framework. Three recently built apartment building complexes were chosen
as study objects for the quantitative evaluation of the buildings in terms of their embodied environ-
mental impacts (global warming potential, acidification potential, eutrophication potential, ozone
layer depletion potential, photochemical oxidant creation potential, and abiotic depletion potential),
using the LCA approach. Additionally, we analyzed the emission trends according to the cut-off
criteria of the six environmental impact categories by performing an S-LCA with cut-off criteria
90–99% of the cumulative weight percentile. Consequently, we were able to present the cut-off
criterion best suited for S-LCA and analyze the effect of the cut-off criteria on the environmental
impact analysis results. A comprehensive environmental impact analysis of the characteristics of
the six environmental impact categories revealed that the error rate was below 5% when the cut-off
criterion of 97.5% of the cumulative weight percentile was applied, thus verifying its validity as the
optimal cut-off criterion for S-LCA.

Keywords: streamlined life cycle assessment; environmental impacts; cut-off criteria; apartment
buildings

1. Introduction

With the emergence of global environmental issues such as global warming and re-
source depletion as an important part of the international agenda, securing eco-friendly
technologies conducive to reducing the environmental load at the national level is becom-
ing a major determinant of national competitiveness. During the 2015 United Nations
Framework Convention on Climate Change (UNFCCC) in Paris, South Korea participated
in the 21st Conference of the Parties (COP21) and proposed the Intended Nationally Deter-
mined Contributions (INDC). According to the INDC, the country has committed itself to
reducing 37% of the greenhouse gas (GHG) emissions projected for 2030. In the process
of achieving this target, the construction sector has garnered attention as a core area with
a high potential for GHG reduction [1–5]. Specifically, in South Korea, the construction
industry is the second-largest cause of GHG emissions, contributing to 197.2 million tons of
the national total of 850.8 million tons, which is why the reduction target of the construction
industry is significantly higher than those of the other industries (32.7% versus 20.5%) [6,7].

Sustainability 2021, 13, 2898. https://doi.org/10.3390/su13052898 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5105-459X
https://orcid.org/0000-0002-0493-4439
https://orcid.org/0000-0001-7317-1829
https://orcid.org/0000-0001-9141-0360
https://doi.org/10.3390/su13052898
https://doi.org/10.3390/su13052898
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13052898
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/5/2898?type=check_update&version=3


Sustainability 2021, 13, 2898 2 of 19

In an effort to achieve the targeted reduction, the construction sector uses the life cycle
assessment (LCA) method to quantitatively assess and manage the potential environmental
impacts caused by materials and buildings throughout their LCA stages. Countries world-
wide are evaluating the LCA environmental load, for individual construction materials,
using the Environmental Product Declaration (EPD) system adapted to their respective sit-
uations and providing information on the environmental profiles of construction materials.
Regarding buildings, various LCA methodologies and programs have been developed to
enable the quantitative assessment of the environmental load of buildings throughout their
LCA stages. Recently, a green building certification system has been gaining a foothold
under conventional building standards by their LCA results [8–11].

In particular, LCA is reflected in the Leadership in Energy and Environmental Design
(LEED), a green building rating system widely used in the United States, through MR credit
(i.e., Building Life-Cycle Impact Reduction, option 4: Whole building life-cycle assessment).
This system is used to conduct building LCA using external programs such as the Athena
Impact Estimator or One Click LCA and considers at least three relevant environmental
impact categories, including global warming [12–14]. Japan’s Comprehensive Assessment
System for Built Environment Efficiency (CASBEE) also considers the LCA of major build-
ing materials under “L2.2.2 Continuing Use of Existing Structural Frame etc.,” whereby
the major building materials are concrete, blast furnace cement concrete, steel frame, rebar,
and wood, and only the global warming potential is evaluated [15,16]. Britain’s Building
Research Establishment’s Environmental Assessment Method (BREEAM) considers the
LCA credits Mat01 “Life Cycle Impacts” for each building/unit using the BREEAM Green
Guide Calculator database or the external IMPACT program based on 13 environmental
impact categories [17–19]. Korea’s Green Standard for Energy and Environmental Design
(G-SEED) adopted LCA results as a certification item in its 2016 revision of the certification
standards. Currently, a full LCA credit (two points) is awarded when LCA is performed
on 99% of the total input material weight for at least three relevant environmental impact
categories, including GHG emissions, and a streamlined life cycle assessment (S-LCA)
Credit (1 point) when one or more environmental impact categories are assessed for 10
or more major building materials. However, a successful LCA implementation cannot be
ensured by the adherence to regulations alone, meaning a special measure needs to be taken
to improve this situation. Specifically, the estimation of the environmental load emitted by
a building involves the energy consumption required for the operation of the building and
also the environmental impacts of all building materials used for construction [20,21]. A
real-time LCA is thus a significant challenge, given the complicated construction steps and
diverse types of building materials as opposed to general products or systems. When esti-
mating the production stage LCA during the design phase, it is difficult to fix the quantities
and types of building materials to be used for construction because of the frequent changes
in the draft design, limited information, and time and cost constraints. In particular, S-LCA
is likely to become a formal reporting standard unless cut-off criteria for input materials
are specified (e.g., two-point items) because it can otherwise be interpreted that one–two or
five–six items are possible if counted among the 10 major materials [22–24].

To address these challenges, this study examines the characteristics of the environmen-
tal impacts of building materials according to cut-off criteria as part of a research project
supporting building S-LCA within the G-SEED framework. To implement the proposed
method, we chose apartment buildings because they make up more than one-third of all
buildings constructed in Korea every year. Specifically, we performed a quantitative evalua-
tion of environmental impacts for three recently constructed apartment building complexes
using the LCA method. In compliance with the EN 15804 and G-SEED Guidelines for
Building LCA Methods, we performed S-LCA by applying cut-off criteria of 90–99% of the
cumulative weight percentile according to six environmental impact potentials, identified
the cut-off criterion best suited for S-LCA, and analyzed the effects of cut-off criteria on the
S-LCA results.
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2. Literature Review
2.1. Life Cycle Assessment

LCA is a tool to assess the potential environmental impacts of a product or service
throughout its life cycle by performing a scientific and quantitative analysis of inputs
(resources and energy consumed) and outputs (pollutants emitted) in each life cycle stage,
from raw material extraction through production, use, and disposal. LCA comprises
four main stages: (1) goal and scope definition, (2) life cycle inventory analysis (LCI), (3)
life cycle impact assessment (LCIA), and (4) life cycle interpretation. The four stages are
interconnected (see Figure 1) [25].
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The goal of the study and the scope of the system to be studied are defined. The
integral components of this stage are the reasons for carrying out the study, intended
application, functions of the product system, system boundary, functional unit, allocation
procedure, data requirements, and assumptions and limitations. During the LCI stage,
the types of raw materials with environmental impact included in the product system are
derived from calculations based on the collected data on the product system set from the
goal and scope definition stage, and the input and output materials are quantified. LCI
involves a process flowchart, data collection, and data calculation.

In the LCIA stage, the potential environmental impact of the product system is evalu-
ated, with a focus on the materials with a higher impact identified in the LCI stage. LCIA
comprises three processes: (i) classification, in which the collected materials are classified
according to their environmental impact index; (ii) characterization, in which the impact
of each classified item on the environmental impact index is quantified and converted
into standard material; (iii) weighting, in which the relative importance of the impact
categories is determined. The process of normalization, under which the environmental
impact exerted on each environmental category is divided into local or global environ-
mental impact, can be included between (ii) and (iii). During the life cycle interpretation
stage, the evaluation results obtained in the LCI and LCIA stages are analyzed and the
final conclusions are drawn, from which strategies for reducing environmental impacts
can be derived. Additionally, the major determinants of environmental impacts can be
identified, and a reliability evaluation of the research results can be conducted.

2.2. Environmental Impact

ISO 14044 defines environmental impact as a complete or partial change to the environ-
ment, whether adverse or beneficial, arising from environmental aspects. Environmental
impacts generally include global warming potential (GWP), acidification potential (AP), eu-
trophication potential (EP), ozone layer depletion potential (ODP), photochemical oxidant
creation potential (POCP), and abiotic depletion potential (ADP), which can be quantified
using various LCIA methods [26,27].

ISO 21931–1 [28] provides methods for assessing the environmental performance of a
building and proposes GWP, AP, EP, ODP, and POCP as international and interregional
environmental impact potentials. Additionally, considering the growing interest in resource
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efficiency throughout the building industry (e.g., mixed materials and recycled aggregates),
we added ADP and analyzed the six environmental impact categories.

Global warming is an abnormal increase in Earth’s average temperature causing
changes in soil and water ecosystems and gradually raising the sea level, thus posing
environmental problems. The GWP can be quantified for a 100-year timeframe as a metric
of its impact, as proposed in the Intergovernmental Panel on Climate Change (IPCC) guide-
lines. Among a total of 42 impact materials, such as carbon dioxide (CO2), methane (CH4),
and nitrogen oxide (N2O), CO2 is the reference material because it has, by definition, a
GWP value of one [29]. Acidification is an environmental phenomenon caused by acidified
soil and oceans, mainly due to air pollutants. Toxic heavy metals are leached into the
soil and oceans, threatening the survival of living organisms such as fish, plants, and
animals. AP can be quantified using the CML 2002 method proposed by Hauschild and
Wenzel. Among the 36 acidifying substances, including SO2, hydrogen sulfide (H2S), and
hydrogen fluoride (HF), SO2 is considered as the reference [30,31]. Eutrophication is an
environmental phenomenon caused by the excessive nutrient enrichment of coastal waters
by the inflow of inland waters loaded with nutrients, pesticides, and chemicals, causing
pollution problems such as red tides. EP can also be quantified using the CML 2002 method
proposed by Hauschild and Wenzel. Among the 39 eutrophying substances, including
phosphate (PO4

3−), ammonia (NH3), and nitrogen oxides (NOx), PO4
3− is considered as

the reference [32]. Ozone layer depletion is a global phenomenon during which the ozone
layer (15–30 km above the Earth’s surface) in the stratosphere is destroyed and its con-
centration declines, causing health hazards such as skin cancer due to the increased level
of ultraviolet radiation. ODP can be quantified using the method proposed by the World
Metrological Organization (WMO). Among the 23 ozone-depleting substances, including
chlorofluorocarbon 11 (CFC-11), bromide trifluoride methane (Halon-1301), and chloroflu-
orocarbon 114, CFC-11 is considered as the reference substance [32,33]. Photochemical
ozone creation is a reaction that refers to the formation of reactive chemical compounds
such as ozone (O3) by the action of solar light on air pollutants, causing damage to human
health and the ecological balance, such as the inhibition of crop development. POCP can
be quantified using the CML 2002 method proposed by Jenkin et al. Among the 128 ozone-
forming substances, including ethylene (C2H4), non-methane hydrocarbons (NMVOC),
and ethanol (C2H5OH), ethylene is considered as the reference [34,35]. Abiotic depletion, or
the depletion of nonliving (abiotic) resources, is a major cause of environmental pollution and
destroys the balance of the ecosystem due to excessive resource collection and consumption.
ADP can be quantified using the CML 2002 standard suggested by Guinée [36] and considers
89 types of natural resources, including crude oil, natural gas, and uranium (U).

3. Method

This chapter describes the research procedure in three steps, namely goal and scope
definition, LCI, and LCIA, as per the LCA methodology, and the evaluation of the embod-
ied environmental impacts of three recently constructed apartment building complexes
in Korea. In selecting the study objects, only those with reinforced concrete (RC) struc-
tures were considered because, according to the Korean Statistical Information Service of
Statistics Korea, more than 98% of all apartment buildings built within the last 10 years are
RC buildings [37].

The RC structure is divided into a wall column structure, beam column structure,
and flat plate structure [38]. The wall column structure is composed of a floor system,
support column, and load-bearing wall. In the beam column structure, which is composed
of columns, beams, and floors, loads are transferred through the beams and supported
by the columns. The flat plate structure consists of columns and thick concrete slabs
that transfer loads directly to the supporting columns without the aid of beams. Among
these three types, the wall column structure was mostly used for the construction of
apartment buildings in Korea in the earlier years to save cost and time. In recent years,
however, driven by the incentives and legal provisions for long-life buildings allowing
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easy renovation [39], an increasing number of buildings have been built using the more
flexible beam column and flat plate structures [40]. Therefore, in this study, three apartment
buildings each built with wall columns, beam columns, and flat plate structures, were
selected as evaluation targets.

3.1. Goal and Scope Definition

The LCA conducted in this study aimed to analyze the characteristics of the embodied
environmental impacts of apartment buildings based on the cumulative weight percentiles
of six environmental impact potentials in accordance with the cut-off criteria. We analyzed
the three residential apartment building complexes in Table 1. To compile a list of the
building materials used for construction by ton, we selected three apartment building
complexes: Jangnyang (Buk-gu, Pohang; APT-A), Magok (Gangseo-gu, Seoul. APT-B), and
Shinnae (Jungnang-gu, Seoul; APT-C), built using wall column, beam column, and flat
plate structures, respectively. They were built around the same period and slightly differed
in the number of units and unit gross floor area.

Table 1. LCA study objects (three apartment building complexes).

Category APT-A APT-B APT-C

APT-name/Location Jangnyang/Pohang Magok/Seoul Shinnae/Seoul

Gross floor area (m2) 68,132 208,393 190,866

Site area (m2) 31,372 56,336 72,608

Number of units 496 1004 1402

Number of buildings 10 14 16

Structure Wall column
structure

Beam column
structure

Flat plate
structure

Aerial view
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The system boundary was set to include only the production stage of building mate-
rials, drawing on a study that stated the production stage accounts for over 90% of the 
LCA embodied environmental impacts of building materials, and the six environmental 
impact potentials (i.e., GWP, AP, EP, ODP, POCP, and ADP) were considered [41]. Mate-
rials used for temporary structures, such as formwork, shoring, access stairs, falsework, 
and safety structures, were excluded from the analysis because they were all collected 
after use and reused for other construction projects. In fact, in Korea’s EPD, such materials 
are excluded from data collection, lest they should be calculated in more than one LCA 
(see Table 2) [42,43]. The functional unit was set to the unit gross floor area (m2), which 
represents the minimum function of apartment housing. 

Given that the final product unit is an apartment building, the allocation of the LCA 
results under physical or economic aspects was judged as redundant. As outlined in Table 
3, we categorized the data quality requirements, by which the quality of the LCA results 
can be divided into temporal, regional, and technical scopes. To analyze the change in the 
environmental impact assessment for each cut-off criterion, 19 cut-off criteria of 90–99% 
(0.5% interval) were set. However, we assumed that the apartment building, which was 
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The system boundary was set to include only the production stage of building ma-
terials, drawing on a study that stated the production stage accounts for over 90% of the
LCA embodied environmental impacts of building materials, and the six environmental
impact potentials (i.e., GWP, AP, EP, ODP, POCP, and ADP) were considered [41]. Materials
used for temporary structures, such as formwork, shoring, access stairs, falsework, and
safety structures, were excluded from the analysis because they were all collected after
use and reused for other construction projects. In fact, in Korea’s EPD, such materials
are excluded from data collection, lest they should be calculated in more than one LCA
(see Table 2) [42,43]. The functional unit was set to the unit gross floor area (m2), which
represents the minimum function of apartment housing.

Given that the final product unit is an apartment building, the allocation of the LCA
results under physical or economic aspects was judged as redundant. As outlined in Table 3,
we categorized the data quality requirements, by which the quality of the LCA results can
be divided into temporal, regional, and technical scopes. To analyze the change in the
environmental impact assessment for each cut-off criterion, 19 cut-off criteria of 90–99%
(0.5% interval) were set. However, we assumed that the apartment building, which was
the subject of the evaluation, does not change the type and quantity of building materials
in accordance with the bill of quantities (BOQ) prepared at the time of construction and
that the entire amount is used for the building. Additionally, we did not consider the
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environmental impact of the generation and recycling of construction waste due to the
premium rate of building materials.

To analyze the variations in the environmental impact assessment, 19 cut-off criteria
were set in the range of 90–99% with increments of 0.5%. Regarding the apartment buildings
to be evaluated, we assumed that the types and quantities of building materials listed on
the BOQ were completely used for construction without any changes. Additionally, the
environmental impact of construction waste and reuse due to the extra material factor of
building materials was set as non-existent [44].

Table 2. LCI database names of building materials.

Building Material LCI Database Name Source

Ready mix concrete (25-21-12) Ready mix concrete 25-210-12 A

Ready mix concrete (25-21-15) Ready mix concrete 25-210-15 A

Ready mix concrete (25-24-12) Ready mix concrete 25-210-15 A

Ready mix concrete (25-24-15) Ready mix concrete 25-240-15 A

Deformed rebar, High-strength rebar Electric arc furnace steel
reinforcing bar A

Cement brick, Cement block, Concrete brick Concrete brick B

Sand, Crushed sands, Crushed gravels Sand B

Ordinary Portland cement, white cement Cement A

Clear float glass, Normal (annealed) glass Sheet glass A

Tile Tile B

Marble Artificial marble B

Gypsum board, Waterproof gypsum board Gypsum board A

Wallpaper, PVC wallpaper PVC wallpaper B

Styrofoam, Expanded polystyrene Expanded polystyrene plate B

Water-based paint, White water-based paint Paint_Water soluble paint A
A: Korea LCI Database Information Network (LCI DB) [45]; B: Environmental Information of Building Products
of the Ministry of Land, Infrastructure, and Transport [46].

Table 3. Data quality requirements.

Category Quality Requirements

Internal data

Temporal scope At the time of break ground

Regional scope Site data

Technical scope Building materials used for each
evaluation object

External data

Temporal scope Application of the latest database

Regional scope Application of the LCI database for Korea

Technical scope Application of the same or similar
building material database

3.2. Life Cycle Inventory Analysis (LCI)

We collected design documents, including the BOQ for each evaluation object to
identify the types and quantities of building materials necessary for the construction of
the apartment building. In particular, we analyzed the types of building materials on the
BOQ and identified the input quantity, specification, weight, and product name for each
building material (see Table 4).
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Table 4. Input materials by unit weight.

Material Product Specification Unit Unit Weight (ton/unit) Source

Concrete

Reinforced concrete m3 2.40000 A

Unreinforced concrete m3 2.30000 A

Cement mortar m3 2.10000 A

Steel

L-shaped steel: 65∗65∗6 m 0.00591 B

U-shaped steel: 250∗90∗9 m 0.03460 B

Deformed rebar: D10 m 0.00056 B

Deformed rebar: D13 m 0.00100 B

Deformed rebar: D16 m 0.00156 B

Deformed rebar: D22 m 0.00304 B

Cement Cement m3 3.15000 A

Sand

Sand m3 1.75000 A

Crushed sands m3 2.00000 A

Crushed gravels m3 2.00000 A

Gypsum board Gypsum board m3 0.60100 A

Glass Glass m3 2.55000 A

Insulator

Bead-type 1-1 m3 0.03074 C

Bead-type 1-3 m3 0.01778 C

Bead-type 2-2 m3 0.02748 C

Polyurethane foam m3 0.03452 C

Glass wool m3 0.04400 C

Extruded insulation board m3 0.02852 C

Phenolic foam m3 0.03296 C

Stone
Artificial marble m3 1.78750 D

Granite m3 2.65000 D

Concrete brick Concrete brick EA 0.00195 D

Pile PHC pile m 0.21700 E

Wallpaper Silk wallpaper m2 0.00026 F

Tile
Ceramic tile: 400∗400 m2 0.01938 G

Ceramic tile: 300∗300 m2 0.01167 G

Wooden floor Reinforced wooden floor m2 0.00391 H

Paint

Water-based paint m2 0.00024 I

Ready-mixed paint m2 0.00011 I

Urethane pint m2 0.00018 I
A: Standard Construction Cost Estimate; B: Posco International Co.; C: Passive House Institute Korea; D: Jeil Stone
Co., Ltd.; E: Samypo P&C Co.; F: Paper Chunguk Co.; G: Daebo Tile Co.; H: Wood Dotcom Co.; I: Noru Paint Co.

Based on the unit weight conversion table, the input building materials were organized
based on weight. Based on unit weight, data such as the standard part calculation for
construction work, the Korea Passive Building Association, POSCO Corporation, Daebo
Tile, and Noru Paint were used. For ready-made products, unit conversion was performed
based on their weight. Table 4 outlines the input materials by unit weight using the
unit weight conversion table. The unit weight of each input material was set based on
the relevant source documents available from the Standard Construction Cost Estimate,
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Passive House Institute Korea, Posco International Corporation, Daebo Tile, and Noru
Paint, or product specifications [47].

3.3. Life Cycle Impact Assessment (LCIA)

In the LCIA stage, the embodied environmental impacts of the buildings were cal-
culated by multiplying the quantities of input materials in each impact category by their
characterization factors: GWP, ADP, AP, EP, ODP, and POCP, as established in a previous
study [47,48] and expressed as per Equation (1).

The embodied environmental impacts of the building:

= Σ (Quantity of building material × Characterization factor) (1)

Impact substances were identified and correlated to the impact categories through
classification, but there were limitations to quantitatively identifying their impact levels
because each impact substance has different potentials. The fact-based LCIA methodology
in the scientific literature made it possible to clearly identify the influence of each impact
material on the global environment [48,49].

For example, according to IPCC guidelines, the reference substance of global warming
is CO2, and the impact substances include CFC-11, CFC-114, and CFC-12. The classi-
fication results for the ready-mixed concrete 25-240-15 using the national LCI DB were
4.20 × 102 kg-CO2/m3, 2.05 × 10−9 kg-CFC-11/m3, 2.10 × 10−9 kg-CFC-114/m3, and
4.40 × 10−10 kg-CFC-12/m3.

Impact substances were identified and correlated to the impact categories through
classification, but there were limitations to quantitatively identifying their impact levels
because each impact substance has different potentials.

The environmental impacts of construction materials can be quantitatively calcu-
lated through specialization, in which the emission of each impact substance and its
potential by impact category are multiplied and added. For example, the GWPs of CO2,
CFC-11, CFC-114, and CFC-13 are 1.00 × 100 kg-CO2/kg-CO2, 4.00 × 103 kg-CO2/kg-
CFC-11, 9.30 × 103 kg-CO2/kg-CFC-114, and 8.50 × 103 kg-CO2/kg-CFC-13, respectively.
These can be multiplied by the classification results for the ready-mixed concrete (25-
240-15) (4.20 × 102 kg-CO2/m3, 2.05 × 10−9 kg-CFC-11/m3, 2.10 × 10−9 kg-CFC-114/m3,
4.40 × 10−10 kg-CFC-12/m3) and added to calculate the impact of the ready-mixed con-
crete (25-240-15) on global warming (4.29× 102 kg-CO2eq/m3). Here, the characterization
factor database of building materials refers to the database for the environmental impact
factors of building materials incurred during the production stage and established based
on data provided by the Korea LCI Database Information Network (LCI DB) [45] and the
Environmental Information of Building Products of the Ministry of Land, Infrastructure,
and Transport [46] (Table 5).

Table 5. Characterization factors of the LCI DB materials by impact category.

LCI DB Name Unit
GWP ADP AP EP ODP POCP

Sourcekg-
CO2eq/unit kg/unit kg-

SO2eq/unit
kg-

PO43−eq/unit
kg-CFC-
11eq/unit

kg-
Ethyleneeq/unit

Ready mix concrete
25-210-12 m3 4.09 × 102 1.55 × 100 6.81 × 10−1 7.96 × 10−2 4.65 × 10−5 1.02 × 100 A

Ready mix concrete
25-210-15 m3 4.19 × 102 1.56 × 100 6.94 × 10−1 8.08 × 10−2 4.61 × 10−5 1.13 × 100 A

Ready mix concrete
25-240-12 m3 4.14 × 102 1.16 × 100 6.79 × 10−1 8.12 × 10−2 4.34 × 10−5 1.07 × 100 A

Ready mix concrete
25-240-15 m3 4.29 × 102 1.10 × 100 7.06 × 10−1 8.21 × 10−2 4.59 × 10−5 1.15 × 100 A

Electric arc furnace
steel reinforcing bar kg 3.52 × 10−1 2.79 × 10−3 2.31 × 10−3 3.48 × 10−4 1.04 × 10−8 3.41 × 10−4 A

H-shaped steel kg 3.97 × 10−1 1.11 × 10−3 6.34 × 10−4 1.15 × 10−4 2.25 × 10−8 2.91 × 10−4 B
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Table 5. Cont.

LCI DB Name Unit
GWP ADP AP EP ODP POCP

Sourcekg-
CO2eq/unit kg/unit kg-

SO2eq/unit
kg-

PO43−eq/unit
kg-CFC-
11eq/unit

kg-
Ethyleneeq/unit

Sand m3 3.87 × 100 8.72 × 10−3 1.10 × 10−2 1.92 × 10−3 2.20 × 10−7 2.05 × 10−3 B

Water soluble paint kg 1.19 × 100 1.44 × 10−2 7.60 × 10−3 9.96 × 10−4 2.70 × 10−8 3.98 × 10−4 A

Acryl paint kg 9.09 × 10−1 4.26 × 10−2 4.88 × 10−3 5.36 × 10−4 3.56 × 10−8 3.97 × 10−4 A

Sheet glass kg 7.88 × 10−1 6.97 × 10−3 3.67 × 10−3 5.23 × 10−5 3.04 × 10−7 8.95 × 10−4 A

Double glass m2 2.24 × 101 9.13 × 10−2 3.05 × 10−2 2.21 × 10−3 1.81 × 10−7 5.39 × 10−2 B

Reinforced glass m2 1.34 × 101 5.19 × 10−2 2.57 × 10−2 4.05 × 10−3 6.64 × 10−8 1.43 × 10−2 B

Concrete brick kg 1.23 × 10−1 1.46 × 10−4 1.57 × 10−4 2.27 × 10−5 4.71 × 10−9 1.31 × 10−5 B

Tile kg 3.53 × 10−1 1.92 × 10−3 8.45 × 10−4 1.23 × 10−4 3.25 × 10−9 6.30 × 10−4 B

Artificial marble EA 1.34 × 101 1.31 × 10−2 2.57 × 10−2 4.05 × 10−3 6.64 × 10−8 1.43 × 10−2 B

PVC wallpaper m2 1.24 × 100 1.16 × 10−2 3.88 × 10−3 6.65 × 10−4 1.79 × 10−7 1.79 × 10−3 B

Cement kg 1.06 × 100 1.13 × 10−3 1.30 × 10−3 1.86 × 10−4 3.55 × 10−8 3.03 × 10−4 A

Gypsum board kg 1.38 × 10−1 3.87 × 10−4 7.82 × 10−4 1.32 × 10−4 1.42 × 10−8 1.90 × 10−4 A

Expanded
polystyrene plate kg 2.06 × 100 1.74 × 10−1 4.05 × 10−2 2.75 × 10−3 2.89 × 10−8 6.39 × 10−3 B

A: Korea LCI Database Information Network (LCI DB) [45]; B: Environmental Information of on Network (LCI DB) by Impact Category of
Building Products [46].

4. Results
4.1. Weight and LCA Result on Baseline Apartment Buildings

G-SEED in Korea recognizes that full LCA was performed when assessing the entire
building process for cut-off criteria of 99% of the cumulative weight percentile. In this
study, weight and environmental impact characteristics were analyzed based on cut-off
criteria of 99% of the cumulative weight percentiles (see Figures 2–4).
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To compare analysis results, the emission amount was calculated by dividing into
target unit gross floor area. Upon comparing the embodied environmental impact assess-
ment results of the building structures, the GWP and POCP were high, in contrast, for wall
and beam column structure, these results were in decreasing order which was due to an
increase in the use of ready-mixed concrete and concrete, which greatly affected GWP and
POCP, despite increasing the use of rebar, which is sensitive to AP, EP, ODP, as the building
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structure evolved from wall column structure to beam column structure. Of the analyzed
apartment building complexes, APT-A and APT-B showed the greatest difference, whereby
the ready-mixed concrete input decreased by 9.1% and rebar input increased by 25.4% for
APT-B compared to APT-A.
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Meanwhile, comparing the results of the embodied environmental impact assessments
of the building structures, the GWP, ADP, AP, EP, ODP, and POCP were in increasing order
of wall column structure and flat plate structure. Of the analyzed apartment building
complexes, APT-A and APT-C showed a difference, whereby the ready-mixed concrete
input decreased by 1.2% and rebar input increased by 34.6% for APT-C compared to
APT-A(see Table 6).

Table 6. Weight and LCA Result on apartment buildings.

Division
Mass GWP ADP AP EP ODP POCP

kg/m2 kg-CO2eq/m2 kg-C2H4eq/m2 kg/m2 kg-SO2eq/m2 kg-PO43−eq/m2 kg-CFCeq/m2

APT-A 2.49 × 103 4.91 × 102 1.51 × 100 1.01 × 100 1.28 × 10−1 4.16 × 10−5 1.15 × 100

APT-B 2.33 × 103 4.74 × 102 1.52 × 100 1.03 × 100 1.34 × 10−1 4.33 × 10−5 1.09 × 100

APT-C 2.68 × 103 5.10 × 102 2.06 × 100 1.15 × 100 1.50 × 10−1 4.82 × 10−5 1.19 × 100
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4.2. Materials Falling under the Cut-Off Criteria

Table 7 lists the names, weights, weight percentiles, and cumulative weight percentiles
of the input materials that fall under the cut-off criteria of 90–99% of the weights converted
to tons. Ready-mixed concrete accounts for up to 80% of the cumulative weight contribution
in all three complexes. When the cut-off criterion of 90% was applied, ready-mixed concrete,
steel bar, and cement block were mainly included, being used in all three complexes;
gypsum board was also included in APT-C (Shinnae).

At the cut-off criterion of 93%, ready-mixed concrete, steel bar, and cement block
were mainly included, as it was for cut-off criterion of 90%. At the cut-off criterion of
96%, ready-mixed concrete, sand, steel bar, and glass were mainly included. At the cut-off
criterion of 97.5% ready-mixed concrete, sand, steel bar, glass, and gypsum board were
mainly included, as it was for the cut-off criterion of 96%. At the cut-off criterion of 99%,
materials necessary for frame construction such as sand, ready-mixed concrete, cement,
and rebar were included.

Except for glass, gypsum board, and floor tiles, most of the input materials were
used for frame construction, verifying that over 90% of the total material weight for the
construction of an apartment building is represented by materials for frame construction.
Large-volume light-weight materials (e.g., insulator, wallpaper, and paint) and heavy-
weight small-volume materials (e.g., tile, stone, and artificial stone) were not included in
the 99% cut-off criterion.

4.3. Results of Environmental Impact Analysis According to the Cut-Off Criteria

Table A1 outlines the results of the environmental impact assessment (unit area/m2)
of each apartment building complex, calculated by applying the characterization factor of
each input material using the cut-off criteria of 99% to 90%. Since we only consider the
environmental impact assessment results, it is difficult to discern the differences caused by
different cut-off criteria. Therefore, the percentiles of GWP, ADP, AP, EP, ODP, and POCP
were calculated by applying the cut-off criteria of 90–99% (0.5% interval) with 99% as the
reference value, as outlined in Table A2. The results presented in Table A2 are visualized
by diagrams in Figure 5.
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Table 7. Materials falling under the cut-off criteria for the apartment building complexes.

Cut-
Off

Criteria

APT-A
Jangnyang APT, Pohang

APT-B:
Magok APT, Seoul

APT-C:
Shinnae APT, Seoul

Material
Name

Weight
(ton)

Weight
Percentile

Cumulative
Weight

Percentile
Material Name Weight

(ton)
Weight

Percentile

Cumulative
Weight

Percentile
Material Name Weight

(ton)
Weight

Percentile

Cumulative
Weight

Percentile

90.0%

RMC
25-24-15 104,608.60 61.07% 61.07% RMC

25-24-15 276,421.02 56.27% 56.27% RMC
25-24-15 186,130.00 35.98% 35.98%

RMC
25-24-8 35,696.00 20.84% 81.91% RMC

25-30-15 47,427.57 9.66% 65.93% RMC
25-35-15 122,076.73 23.60% 59.58%

Concrete
brick T1 7436.84 4.34% 86.25% RMC

25-35-15 47,410.00 9.65% 75.58% RMC
25-30-15 81,236.66 15.70% 75.28%

RMC
25-18-8 5085.30 2.97% 89.22% UR RMC 32,064.22 6.53% 82.11% Unreinforced RMC 19,850.97 3.84% 29.12%

Rebar 5013.01 2.93% 92.15% HS rebar HD25 13,610.96 2.78% 84.88% Sand—Natural sand 16,341.66 3.16% 82.28%

RMC 25-40-15 8142.56 1.66% 86.54% Cement block T1 16,237.62 3.14% 85.42%

Cement block T1 6801.17 1.38% 87.92% HS rebar HD10 14,261.51 2.76% 88.17%

HS rebar HD10 5711.38 1.16% 89.09% Gypsum board 9.5T 6425.50 1.24% 89.42%

RMC
25-16-12 5573.59 1.13% 90.22% HS rebar HD16 5570.03 1.08% 90.49%

93.0%

UR concrete
8-12 3213.10 1.88% 94.02% Cement brick T2 4467.19 0.10% 91.13% RMC 25-16-12 5104.82 0.99% 91.48%

Sand—Natural sand 3732.26 0.76% 91.89% HS rebar HD13 4024.79 0.78% 92.26%

Sand—Crushed sand 3296.12 0.67% 92.56% Sand—Natural sand 3418.35 0.66% 92.92%

HS rebar HD13 2805.67 0.57% 93.13% Sand—Crushed sand 3018.90 0.58% 93.50%

96.0%

RMC
25-18-15 2244.80 1.31% 95.33% RMC

25-18-15 2796.59 0.57% 93.70% HS rebar HD22 2988.91 0.58% 94.08%

SB SD500
H-10 1976.79 1.15% 96.49% Low-E DG 24T 2654.17 0.54% 94.24% Low-E DG 24T 2985.48 0.58% 94.66%

HS rebar HD16 2569.52 0.52% 94.76% Gypsum board 9.5T 2662.76 0.51% 95.17%

HS rebar HD22 2394.46 0.51% 95.28% RMC
25-18-15 2561.38 0.50% 95.67%

Sand—Cru-shed gravel 2351.43 0.49% 95.76% HS rebar HD25 2246.51 0.43% 96.10%

Sand—Natural sand 2195.48 0.48% 96.24%
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Table 7. Cont.

Cut-
Off

Criteria

APT-A
Jangnyang APT, Pohang

APT-B:
Magok APT, Seoul

APT-C:
Shinnae APT, Seoul

Material
Name

Weight
(ton)

Weight
Percentile

Cumulative
Weight

Percentile
Material Name Weight

(ton)
Weight

Percentile

Cumulative
Weight

Percentile
Material Name Weight

(ton)
Weight

Percentile

Cumulative
Weight

Percentile

99.0%

Concrete 558.44 0.33% 96.81% HS rebar HD19 2175.98 0.44% 96.69% Sand—Cru-shed
gravel 2153.66 0.42% 96.52%

SB SD500
H-13 542.91 0.32% 97.13% HS rebar HD38 2137.98 0.44% 97.12% HS rebar HD38 1958.17 0.38% 96.90%

Low-E DG
22T 530.09 0.31% 97.44% OPC-masonry work 1485.22 0.30% 97.42% OPC-masonry work 1360.31 0.26% 97.16%

Low-E DG
24T 421.03 0.25% 97.69% OPC-proofing work 1302.27 0.27% 97.69% OPC-proofing work 1139.29 0.22% 97.38%

SB SD600,
H-16 367.21 0.21% 97.90% Cement

mortar T1 1054.75 0.21% 97.90% Waterproof GB 9.5T 1115.87 0.22% 97.59%

Cement
mortar T1 336.67 0.20% 98.10% Mixed Sand 1006.05 0.20% 98.11% Cement

mortar T1 966.05 0.19% 97.78%

SB SD500
H-13 295.05 0.17% 98.27% HS rebar HD41 781.57 0.16% 98.27% Mixed Sand 921.44 0.18% 97.96%

Concrete
brick T2 293.15 0.17% 98.44% Gypsum board 9.5T 701.55 0.14% 98.41% Cement brick T2 892.55 0.17% 98.13%

SB SD600
H-13 227.68 0.13% 98.57% OPC-false work 696.67 0.14% 98.55% Low-E DG 24T 874.46 0.17% 98.30%

Bathroom
floor tile 205.92 0.12% 98.69% OPC-general work 681.83 0.14% 98.69% RMC 25-40-15 723.91 0.14% 98.44%

Cement
mortar T2 164.43 0.10% 98.79% Low-E DG 24T 576.23 0.12% 98.81% HS rebar HD41 715.83 0.14% 98.58%

RMC
25-24-12 158.70 0.09% 98.88% Cement

mortar T2 467.69 0.10% 98.90% OPC-false work 624.48 0.12% 98.70%

Gypsum
board 12.5T 149.89 0.09% 98.97% Cement

mortar T3 310.56 0.06% 98.97% OPC-general work 602.08 0.12% 98.82%

Cement
mortar T3 134.59 0.08% 99.05% OPC-shoring work 291.95 0.06% 99.02% Bathroom floor tile 570.40 0.11% 98.93%

Cement
mortar T2 428.36 0.08% 99.01%

RMC: ready-mixed concrete, DG: double glass, GB: gypsum board, HS: high-strength, OPC: ordinary Portland cement, SB: steel bar, UR: unreinforced.
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Figure 5 shows the LCIA results for an apartment building complex obtained in
this study, indicating that apartment houses (APT-A, APT-B, and APT-C) with different
structures exhibited similar embodied environmental impacts. This result is derived
because the types and input of building materials used in the Korean apartment houses are
similar according to the building structure type.

Ready-mixed concrete, which has a high characterization factor and input weight
percentile at all cut-off criteria, accounted for over 50% of all environmental impacts in the
three apartment building complexes, with ready-mixed concrete and rebar used for frame
construction and accounting for 80–95%.

To identify the differences according to the cut-off criteria for each environmental
impact category, we analyzed the changes in environmental impact assessment results
according to the cut-off criteria by obtaining the mean percentiles of environmental impact
categories for the cut-off criteria of 90–99%, with 99% as the reference value, based on
Table A2.

As illustrated in Figure 6, for the cut-off criterion of 97.5%, a general high validity of
approximately 95% was shown (GWP = 96.30%, ADP = 97.46%, AP = 96.51%, EP = 96.11%,
ODP = 98.66%, and POCP = 99.03%). At the cut-off criterion of 90%, the validities of
the six categories were significantly lower (GWP = 86.63%, ADP = 84.43%, AP = 81.10%,
EP = 79.05%, ODP = 94.07%, POCP = 93.58%). Meanwhile, at the cut-off criterion of 93%,
ODP and POCP showed high validities of 95.55% and 94.93%, respectively, compared to
the 99% cut-off. However, the validities of the remaining four categories were significantly
lower (GWP = 88.54%, ADP = 87.38%, AP = 84.41%, and EP = 82.73%). The mean percentiles
of ADP, AP, and EP decreased sharply from the cut-off of 97% to that of 93%.
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Figure 6. Mean percentiles of the environmental impact assessment results according to the cut-off criteria.

From these results, it can be inferred that while the environmental impact assessment
results of ODP and POCP have a higher validity of over 95%, even when the 93% cut-
off is applied, the environmental impact assessment results of ADP, AP, and EP sharply
decreased at a cut-off of 93% compared to 97.5%, such that their validities cannot be verified.
The comprehensive analysis of the characteristics of six environmental impact categories
revealed that the error rate of environmental impact analysis results was below 5% when
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the cut-off criterion of 97.5% of the cumulative weight percentile was applied, thereby
verifying its validity as the optimal cut-off criterion for S-LCA.

The importance of embodied environmental impact assessments of building materials
is being increasingly emphasized in line with the trend toward green building construction.
To reduce the embodied environmental impacts of a building, it is necessary to develop
technologies to assess these impacts since the building design stage. The application of
such technology should be preceded by a cut-off criteria study that supports the assessment
technology. The results of this study are significant because they can be applied to various
structural types of apartment buildings in Korea and they can also identify the optimal cut-
off criterion applicable to an S-LCA of apartment buildings in Korea by comprehensively
reflecting six environmental impact categories.

In particular, the results can be extended to the technology development research for
assessing the embodied environmental impacts of apartment buildings in Korea through-
out their life cycle, i.e., from design to evaluation. However, for this research stream to
advance, it is necessary to develop methods for unifying the metrics of cut-off criteria
analyses depending on the type of building use and for assessing the embodied environ-
mental impacts. One of the limitations of this study is the lack of generalizability because
the sample consists of only apartment buildings. This will be addressed by extending
the cut-off analysis to different building types, such as office buildings and schools. An-
other limitation is the application of the same weight of one to all the six environmental
impact potentials and deriving all cut-off criteria within an error rate of 5% relative to
the 99% cumulative weight percentile of environmental impact potentials. As such, the
application of a single cut-off criterion by assigning weights reflecting the state policy
or regional environmental emphasis would enable a more intuitive assessment of the
embodied environmental impacts.

5. Conclusions

This study analyzed the characteristics of six major environmental impact categories
according to cut-off criteria, as part of a project aimed at supporting the S-LCA of apartment
buildings in Korea. The results can be summarized as follows:

1. The structural types of apartment building complexes were categorized as wall
column structure, beam column structure, and flat plate structure, and the embodied
environmental impacts of building materials were assessed for these three types
of buildings. We found that the input weight of rebar increased as the building
type evolved from wall column to beam column and flat plate structure, whereas it
decreased in ready-mixed concrete and concrete products.

2. An analysis of the cut-off criteria-dependent environmental impact potentials for wall
column, beam column, and flat plate structures revealed that over 90% of the material
weight consisted of structural materials, such as ready-mixed concrete, rebar, and
sand, and most interior and exterior finishing materials could not be included.

3. The environmental impacts of six environmental impact categories (GWP, AP, EP,
ODP, POCP, and ADP) per unit area were calculated based on the analysis data of
input materials according to the cumulative weight percentile and the cut-off criteria.

4. Based on the unit-area environmental load data, we calculated the percentiles of the
cut-off criteria of 99% and 90% relative to the cut-off criterion of 99%, as well as the
percentiles of the cut-off criteria-dependent environmental impact categories, and
thus, we analyzed the trends of environmental impact categories according to the
cut-off criteria.

5. The comprehensive analysis of the characteristics of six environmental impact cate-
gories revealed that the error rate of the environmental impact analysis results was
below 5% when the cut-off criterion of 97.5% of the cumulative weight percentile was
applied, thus verifying its validity as the optimal cut-off criterion for S-LCA.

6. The validities of GWP, ADP, AD, and EP assessment results sharply decreased to
approximately 86.28%, 82.24%, 78.46%, and 75.57%, respectively, when the cut-off
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criterion of 93% was applied instead of the 97.5%. In other words, the 93% cut-off
criterion was found insufficient.

7. In contrast, ODP and POCP maintained high validities (95.55% and 94.93%, respec-
tively) at the cut-off criterion of 93%, allowing for an environmental impact assessment
within an error rate of 5%.
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Appendix A

Table A1. Environment impact assessment results according to the cut-off criteria.

Cut-Off
Criteria

GWP ADP AP EP ODP POCP

kg-CO2eq/m2 kg/m2 kg-SO2eq/m2 kg-PO43−eq/m2 kg-CFCeq/m2 kg-C2H4eq/m2

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

99.0%
(reference)

4.89
×

102

4.74
×

102

5.10
×

102

1.51
×

100

1.50
×

100

2.06
×

100

1.01
×

100

1.03
×

100

1.15
×

100

1.28
×

10−1

1.34
×

10−1

1.50
×

10−1

4.15
×

10−5

4.33
×

10−5

4.82
×

10−5

1.15
×

100

1.09
×

100

1.09
×

100

98.5%
4.85
×

102

4.64
×

102

5.00
×

102

1.50
×

100

1.49
×

100

2.05
×

100

1.00
×

100

1.02
×

100

1.13
×

100

1.27
×

10−1

1.32
×

10−1

1.48
×

10−1

4.14
×

10−5

4.30
×

10−5

4.79
×

10−5

1.14
×

100

1.08
×

100

1.08
×

100

98.0%
4.82
×

102

4.59
×

102

4.96
×

102

1.48
×

100

1.47
×

100

2.03
×

100

9.81
×

10−1

1.01
×

100

1.12
×

100

1.24
×

10−1

1.30
×

10−1

1.46
×

10−1

4.13
×

10−5

4.28
×

10−5

4.78
×

10−5

1.14
×

100

1.08
×

100

1.07
×

100

97.5%
4.75
×

102

4.54
×

102

4.90
×

102

1.46
×

100

1.46
×

100

2.02
×

100

9.62
×

10−1

9.99
×

10−1

1.11
×

100

1.22
×

10−1

1.29
×

10−1

1.45
×

10−1

4.11
×

10−5

4.26
×

10−5

4.76
×

10−5

1.14
×

100

1.08
×

100

1.07
×

100

97.0%
4.69
×

102

4.40
×

102

4.83
×

102

1.43
×

100

1.45
×

100

2.01
×

100

9.55
×

10−1

9.82
×

10−1

1.10
×

100

1.21
×

10−1

1.26
×

10−1

1.43
×

10−1

4.11
×

10−5

4.21
×

10−5

4.73
×

10−5

1.12
×

100

1.07
×

100

1.07
×

100

96.5%
4.66
×

102

4.36
×

102

4.72
×

102

1.41
×

100

1.42
×

100

1.98
×

100

9.36
×

10−1

9.58
×

10−1

1.07
×

100

1.18
×

10−1

1.23
×

10−1

1.38
×

10−1

4.10
×

10−5

4.20
×

10−5

4.69
×

10−5

1.12
×

100

1.07
×

100

1.06
×

100

96.0%
4.58
×

102

4.32
×

102

4.72
×

102

1.40
×

100

1.39
×

100

1.98
×

100

9.26
×

10−1

9.34
×

10−1

1.07
×

100

1.17
×

10−1

1.19
×

10−1

1.38
×

10−1

4.07
×

10−5

4.19
×

10−5

4.69
×

10−5

1.12
×

100

1.06
×

100

1.06
×

100

95.5%
4.58
×

102

4.32
×

102

4.68
×

102

1.40
×

100

1.39
×

100

1.94
×

100

9.26
×

10−1

9.34
×

10−1

1.04
×

100

1.17
×

10−1

1.19
×

10−1

1.34
×

10−1

4.07
×

10−5

4.19
×

10−5

4.68
×

10−5

1.12
×

100

1.06
×

100

1.06
×

100

95.0%
4.48
×

102

4.32
×

102

4.65
×

102

1.32
×

100

1.39
×

100

1.93
×

100

8.59
×

10−1

9.34
×

10−1

1.04
×

100

1.07
×

10−1

1.19
×

10−1

1.34
×

10−1

4.04
×

10−5

4.19
×

10−5

4.66
×

10−5

1.11
×

100

1.06
×

100

1.05
×

100

94.5%
4.48
×

102

4.28
×

102

4.64
×

102

1.32
×

100

1.36
×

100

1.93
×

100

8.59
×

10−1

9.06
×

10−1

1.03
×

100

1.07
×

10−1

1.15
×

10−1

1.32
×

10−1

4.04
×

10−5

4.18
×

10−5

4.64
×

10−5

1.11
×

100

1.06
×

100

1.05
×

100

94.0%
4.42
×

102

4.24
×

102

4.52
×

102

1.30
×

100

1.32
×

100

1.88
×

100

8.49
×

10−1

8.78
×

10−1

1.01
×

100

1.05
×

10−1

1.10
×

10−1

1.31
×

10−1

3.97
×

10−5

4.16
×

10−5

4.63
×

10−5

1.10
×

100

1.06
×

100

1.02
×

100

93.5%
4.42
×

102

4.19
×

102

4.46
×

102

1.30
×

100

1.30
×

100

1.84
×

100

8.49
×

10−1

8.71
×

10−1

9.73
×

10−1

1.05
×

10−1

1.10
×

10−1

1.25
×

10−1

3.97
×

10−5

4.16
×

10−5

4.61
×

10−5

1.10
×

100

1.04
×

100

1.02
×

100
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Table A1. Cont.

Cut-Off
Criteria

GWP ADP AP EP ODP POCP

kg-CO2eq/m2 kg/m2 kg-SO2eq/m2 kg-PO43−eq/m2 kg-CFCeq/m2 kg-C2H4eq/m2

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

93.0%
4.42
×

102

4.16
×

102

4.46E
×

102

1.30
×

100

1.30
×

100

1.84
×

100

8.49
×

10−1

8.67
×

10−1

9.73
×

10−1

1.05
×

10−1

1.09
×

10−1

1.25
×

10−1

3.97
×

10−5

4.13
×

10−5

4.61
×

10−5

1.10
×

100

1.04
×

100

1.02
×

100

92.5%
4.42
×

102

4.12
×

102

4.46
×

102

1.30
×

100

1.26
×

100

1.84
×

100

8.49
×

10−1

8.36
×

10−1

9.73
×

10−1

1.05
×

10−1

1.05
×

10−1

1.25
×

10−1

3.97
×

10−5

4.12
×

10−5

4.61
×

10−5

1.10
×

100

1.03
×

100

1.02
×

100

92.0%
4.33
×

102

4.12
×

102

4.46
×

102

1.27
×

100

1.26
×

100

1.84
×

100

8.35
×

10−1

8.36
×

10−1

9.73
×

10−1

1.04
×

10−1

1.05
×

10−1

1.25
×

10−1

3.88
×

10−5

4.12
×

10−5

4.61
×

10−5

1.07
×

100

1.03
×

100

1.02
×

100

91.5%
4.33
×

102

4.12
×

102

4.46
×

102

1.27
×

100

1.26
×

100

1.84
×

100

8.35
×

10−1

8.36
×

10−1

9.73
×

10−1

1.04
×

10−1

1.05
×

10−1

1.25
×

10−1

3.88
×

10−5

4.12
×

10−5

4.61
×

10−5

1.07
×

100

1.03
×

100

1.02
×

100

91.0%
4.33
×

102

4.12
×

102

4.39
×

102

1.27
×

100

1.26
×

100

1.78
×

100

8.35
×

10−1

8.36
×

10−1

9.24
×

10−1

1.04
×

10−1

1.05
×

10−1

1.18
×

10−1

3.88
×

10−5

4.12
×

10−5

4.59
×

10−5

1.07
×

100

1.03
×

100

1.01
×

100

90.5%
4.33
×

102

4.12
×

102

4.39
×

102

1.27
×

100

1.26
×

100

1.78
×

100

8.35
×

10−1

8.36
×

10−1

9.24
×

10−1

1.04
×

10−1

1.05
×

10−1

1.18
×

10−1

3.88
×

10−5

4.12
×

10−5

4.59
×

10−5

1.07
×

100

1.03
×

100

1.01
×

100

90.0%
4.33
×

102

4.09
×

102

4.34
×

102

1.27
×

100

1.25
×

100

1.76
×

100

8.35
×

10−1

8.32
×

10−1

9.16
×

10−1

1.04
×

10−1

1.04
×

10−1

1.17
×

10−1

3.88
×

10−5

4.11
×

10−5

4.53
×

10−5

1.07
×

100

1.03
×

100

9.99
×

10−1
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Cut-Off 
Criteria 

GWP ADP AP EP ODP POCP 

kg-CO2eq/m2 kg/m2 kg-SO2eq/m2 kg-PO43−eq/m2 kg-CFCeq/m2 kg-C2H4eq/m2 

APT-
A 

APT-
B 

APT- 
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

99.0% 
(reference) 

4.89 × 
102 

4.74 × 
102 

5.10 × 
102 

1.51 × 
100 

1.50 × 
100 

2.06 × 
100 

1.01 × 
100 

1.03 × 
100 

1.15 × 
100 

1.28 × 
10−1 

1.34 × 
10−1 

1.50 × 
10−1 

4.15 × 
10−5 

4.33 × 
10−5 

4.82 × 
10−5 

1.15 × 
100 

1.09 × 
100 

1.09 × 
100 

98.5% 
4.85 × 

102 
4.64 × 

102 
5.00 × 

102 
1.50 × 

100 
1.49 × 

100 
2.05 × 

100 
1.00 × 

100 
1.02 × 

100 
1.13 × 

100 
1.27 × 
10−1 

1.32 × 
10−1 

1.48 × 
10−1 

4.14 × 
10−5 

4.30 × 
10−5 

4.79 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.08 × 
100 

98.0% 
4.82 × 

102 
4.59 × 

102 
4.96 × 

102 
1.48 × 

100 
1.47 × 

100 
2.03 × 

100 
9.81 × 
10−1 

1.01 × 
100 

1.12 × 
100 

1.24 × 
10−1 

1.30 × 
10−1 

1.46 × 
10−1 

4.13 × 
10−5 

4.28 × 
10−5 

4.78 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.07 × 
100 

97.5% 
4.75 × 

102 
4.54 × 

102 
4.90 × 

102 
1.46 × 

100 
1.46 × 

100 
2.02 × 

100 
9.62 × 
10−1 

9.99 × 
10−1 

1.11 × 
100 

1.22 × 
10−1 

1.29 × 
10−1 

1.45 × 
10−1 

4.11 × 
10−5 

4.26 × 
10−5 

4.76 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.07 × 
100 

97.0% 
4.69 × 

102 
4.40 × 

102 
4.83 × 

102 
1.43 × 

100 
1.45 × 

100 
2.01 × 

100 
9.55 × 
10−1 

9.82 × 
10−1 

1.10 × 
100 

1.21 × 
10−1 

1.26 × 
10−1 

1.43 × 
10−1 

4.11 × 
10−5 

4.21 × 
10−5 

4.73 × 
10−5 

1.12 × 
100 

1.07 × 
100 

1.07 × 
100 

96.5% 
4.66 × 

102 
4.36 × 

102 
4.72 × 

102 
1.41 × 

100 
1.42 × 

100 
1.98 × 

100 
9.36 × 
10−1 

9.58 × 
10−1 

1.07 × 
100 

1.18 × 
10−1 

1.23 × 
10−1 

1.38 × 
10−1 

4.10 × 
10−5 

4.20 × 
10−5 

4.69 × 
10−5 

1.12 × 
100 

1.07 × 
100 

1.06 × 
100 

96.0% 
4.58 × 

102 
4.32 × 

102 
4.72 × 

102 
1.40 × 

100 
1.39 × 

100 
1.98 × 

100 
9.26 × 
10−1 

9.34 × 
10−1 

1.07 × 
100 

1.17 × 
10−1 

1.19 × 
10−1 

1.38 × 
10−1 

4.07 × 
10−5 

4.19 × 
10−5 

4.69 × 
10−5 

1.12 × 
100 

1.06 × 
100 

1.06 × 
100 

95.5% 
4.58 × 

102 
4.32 × 

102 
4.68 × 

102 
1.40 × 

100 
1.39 × 

100 
1.94 × 

100 
9.26 × 
10−1 

9.34 × 
10−1 

1.04 × 
100 

1.17 × 
10−1 

1.19 × 
10−1 

1.34 × 
10−1 

4.07 × 
10−5 

4.19 × 
10−5 

4.68 × 
10−5 

1.12 × 
100 

1.06 × 
100 

1.06 × 
100 

95.0% 
4.48 × 

102 
4.32 × 

102 
4.65 × 

102 
1.32 × 

100 
1.39 × 

100 
1.93 × 

100 
8.59 × 
10−1 

9.34 × 
10−1 

1.04 × 
100 

1.07 × 
10−1 

1.19 × 
10−1 

1.34 × 
10−1 

4.04 × 
10−5 

4.19 × 
10−5 

4.66 × 
10−5 

1.11 × 
100 

1.06 × 
100 

1.05 × 
100 

94.5% 
4.48 × 

102 
4.28 × 

102 
4.64 × 

102 
1.32 × 

100 
1.36 × 

100 
1.93 × 

100 
8.59 × 
10−1 

9.06 × 
10−1 

1.03 × 
100 

1.07 × 
10−1 

1.15 × 
10−1 

1.32 × 
10−1 

4.04 × 
10−5 

4.18 × 
10−5 

4.64 × 
10−5 

1.11 × 
100 

1.06 × 
100 

1.05 × 
100 

94.0% 
4.42 × 

102 
4.24 × 

102 
4.52 × 

102 
1.30 × 

100 
1.32 × 

100 
1.88 × 

100 
8.49 × 
10−1 

8.78 × 
10−1 

1.01 × 
100 

1.05 × 
10−1 

1.10 × 
10−1 

1.31 × 
10−1 

3.97 × 
10−5 

4.16 × 
10−5 

4.63 × 
10−5 

1.10 × 
100 

1.06 × 
100 

1.02 × 
100 

93.5% 
4.42 × 

102 
4.19 × 

102 
4.46 × 

102 
1.30 × 

100 
1.30 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.71 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.10 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.16 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.04 × 
100 

1.02 × 
100 

93.0% 
4.42 × 

102 
4.16 × 

102 
4.46E × 

102 
1.30 × 

100 
1.30 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.67 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.09 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.13 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.04 × 
100 

1.02 × 
100 

92.5% 
4.42 × 

102 
4.12 × 

102 
4.46 × 

102 
1.30 × 

100 
1.26 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.03 × 
100 

1.02 × 
100 

92.0% 
4.33 × 

102 
4.12 × 

102 
4.46 × 

102 
1.27 × 

100 
1.26 × 

100 
1.84 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.02 × 
100 

91.5% 
4.33 × 

102 
4.12 × 

102 
4.46 × 

102 
1.27 × 

100 
1.26 × 

100 
1.84 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.02 × 
100 

91.0% 
4.33 × 

102 
4.12 × 

102 
4.39 × 

102 
1.27 × 

100 
1.26 × 

100 
1.78 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.24 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.18 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.59 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.01 × 
100 

90.5% 
4.33 × 

102 
4.12 × 

102 
4.39 × 

102 
1.27 × 

100 
1.26 × 

100 
1.78 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.24 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.18 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.59 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.01 × 
100 

90.0% 
4.33 × 

102 
4.09 × 

102 
4.34 × 

102 
1.27 × 

100 
1.25 × 

100 
1.76 × 

100 
8.35 × 
10−1 

8.32 × 
10−1 

9.16 × 
10−1 

1.04 × 
10−1 

1.04 × 
10−1 

1.17 × 
10−1 

3.88 × 
10−5 

4.11 × 
10−5 

4.53 × 
10−5 

1.07 × 
100 

1.03 × 
100 

9.99 × 
10−1 

Gray sections are visualized by diagrams in Figure 5 & 6.  Gray sections are visualized by diagrams in Figures 5 and 6.

Table A2. Percentiles of the environment impact assessment results according to the cut-off criteria.(Unit:%)

Cut-Off
Criteria

GWP ADP AP EP ODP POCP

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

APT-
A

APT-
B

APT-
C

99.0%
(reference) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

98.5% 99.2 97.9 98.0 99.4 99.1 99.2 99.4 98.8 98.8 99.3 98.8 98.7 99.7 99.3 99.3 99.7 99.5 99.6

98.0% 98.6 96.8 97.3 97.9 98.0 98.3 97.6 97.3 97.7 97.2 97.0 97.6 99.5 98.8 99.1 99.5 99.3 98.9

97.5% 97.1 95.7 96.1 96.6 97.7 98.0 95.7 96.6 97.1 95.0 96.3 96.9 98.9 98.4 98.7 99.2 99.1 98.8

97.0% 96.0 92.7 94.7 95.0 96.7 97.5 94.9 95.0 96.0 94.6 94.4 95.6 98.8 97.3 98.0 98.0 98.8 98.5

96.5% 95.4 91.9 92.5 93.6 94.8 95.8 93.1 92.7 93.1 92.4 91.7 92.4 98.6 97.1 97.3 97.8 98.4 98.0

96.0% 93.6 91.1 92.5 93.0 92.8 95.7 92.1 90.3 93.1 91.2 89.0 92.4 97.9 96.8 97.3 97.5 98.1 98.0

95.5% 93.6 91.1 91.7 93.0 92.8 94.2 92.1 90.3 90.8 91.2 89.0 89.6 97.9 96.8 97.0 97.5 98.1 97.6

95.0% 91.6 91.1 91.2 87.6 92.8 93.7 85.4 90.3 90.4 83.3 89.0 89.3 97.2 96.8 96.5 96.7 98.1 97.0

94.5% 91.6 90.2 90.9 87.6 90.6 93.5 85.4 87.6 89.5 83.3 85.9 88.1 97.2 96.5 96.1 96.7 97.7 96.8

94.0% 90.4 89.3 88.6 86.1 88.3 91.1 84.4 84.9 88.1 82.4 82.7 87.3 95.6 96.2 95.9 95.4 97.3 94.2

93.5% 90.4 88.3 87.5 86.1 87.0 89.0 84.4 84.3 84.9 82.4 82.3 83.7 95.6 96.1 95.5 95.4 96.3 93.7

93.0% 90.4 87.8 87.5 86.1 86.4 89.0 84.4 83.9 84.9 82.4 82.0 83.7 95.6 95.5 95.5 95.4 95.7 93.7

92.5% 90.4 86.8 87.5 86.1 83.9 89.0 84.4 80.9 84.9 82.4 78.5 83.7 95.6 95.2 95.5 95.4 95.2 93.7

92.0% 88.6 86.8 87.5 84.0 83.9 89.0 83.0 80.9 84.9 81.2 78.5 83.7 93.3 95.2 95.5 93.6 95.2 93.7

91.5% 88.6 86.8 87.5 84.0 83.9 89.0 83.0 80.8 84.9 81.2 78.4 83.7 93.3 95.2 95.5 93.6 95.2 93.7

91.0% 88.6 86.8 86.0 84.0 83.8 86.2 83.0 80.8 80.6 81.2 78.4 78.8 93.3 95.2 95.1 93.6 95.2 93.0

90.5% 88.6 86.8 86.0 84.0 83.8 86.2 83.0 80.8 80.6 81.2 78.4 78.8 93.3 95.2 95.1 93.6 95.2 93.0

90.0% 88.6 86.2 85.1 84.0 83.6 85.3 83.0 80.5 79.9 81.2 78.1 78.1 93.3 94.9 94.0 93.6 95.2 91.9
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Table A1. Environment impact assessment results according to the cut-off criteria. 

Cut-Off 
Criteria 

GWP ADP AP EP ODP POCP 

kg-CO2eq/m2 kg/m2 kg-SO2eq/m2 kg-PO43−eq/m2 kg-CFCeq/m2 kg-C2H4eq/m2 

APT-
A 

APT-
B 

APT- 
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

APT-
A 

APT-
B 

APT-
C 

99.0% 
(reference) 

4.89 × 
102 

4.74 × 
102 

5.10 × 
102 

1.51 × 
100 

1.50 × 
100 

2.06 × 
100 

1.01 × 
100 

1.03 × 
100 

1.15 × 
100 

1.28 × 
10−1 

1.34 × 
10−1 

1.50 × 
10−1 

4.15 × 
10−5 

4.33 × 
10−5 

4.82 × 
10−5 

1.15 × 
100 

1.09 × 
100 

1.09 × 
100 

98.5% 
4.85 × 

102 
4.64 × 

102 
5.00 × 

102 
1.50 × 

100 
1.49 × 

100 
2.05 × 

100 
1.00 × 

100 
1.02 × 

100 
1.13 × 

100 
1.27 × 
10−1 

1.32 × 
10−1 

1.48 × 
10−1 

4.14 × 
10−5 

4.30 × 
10−5 

4.79 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.08 × 
100 

98.0% 
4.82 × 

102 
4.59 × 

102 
4.96 × 

102 
1.48 × 

100 
1.47 × 

100 
2.03 × 

100 
9.81 × 
10−1 

1.01 × 
100 

1.12 × 
100 

1.24 × 
10−1 

1.30 × 
10−1 

1.46 × 
10−1 

4.13 × 
10−5 

4.28 × 
10−5 

4.78 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.07 × 
100 

97.5% 
4.75 × 

102 
4.54 × 

102 
4.90 × 

102 
1.46 × 

100 
1.46 × 

100 
2.02 × 

100 
9.62 × 
10−1 

9.99 × 
10−1 

1.11 × 
100 

1.22 × 
10−1 

1.29 × 
10−1 

1.45 × 
10−1 

4.11 × 
10−5 

4.26 × 
10−5 

4.76 × 
10−5 

1.14 × 
100 

1.08 × 
100 

1.07 × 
100 

97.0% 
4.69 × 

102 
4.40 × 

102 
4.83 × 

102 
1.43 × 

100 
1.45 × 

100 
2.01 × 

100 
9.55 × 
10−1 

9.82 × 
10−1 

1.10 × 
100 

1.21 × 
10−1 

1.26 × 
10−1 

1.43 × 
10−1 

4.11 × 
10−5 

4.21 × 
10−5 

4.73 × 
10−5 

1.12 × 
100 

1.07 × 
100 

1.07 × 
100 

96.5% 
4.66 × 

102 
4.36 × 

102 
4.72 × 

102 
1.41 × 

100 
1.42 × 

100 
1.98 × 

100 
9.36 × 
10−1 

9.58 × 
10−1 

1.07 × 
100 

1.18 × 
10−1 

1.23 × 
10−1 

1.38 × 
10−1 

4.10 × 
10−5 

4.20 × 
10−5 

4.69 × 
10−5 

1.12 × 
100 

1.07 × 
100 

1.06 × 
100 

96.0% 
4.58 × 

102 
4.32 × 

102 
4.72 × 

102 
1.40 × 

100 
1.39 × 

100 
1.98 × 

100 
9.26 × 
10−1 

9.34 × 
10−1 

1.07 × 
100 

1.17 × 
10−1 

1.19 × 
10−1 

1.38 × 
10−1 

4.07 × 
10−5 

4.19 × 
10−5 

4.69 × 
10−5 

1.12 × 
100 

1.06 × 
100 

1.06 × 
100 

95.5% 
4.58 × 

102 
4.32 × 

102 
4.68 × 

102 
1.40 × 

100 
1.39 × 

100 
1.94 × 

100 
9.26 × 
10−1 

9.34 × 
10−1 

1.04 × 
100 

1.17 × 
10−1 

1.19 × 
10−1 

1.34 × 
10−1 

4.07 × 
10−5 

4.19 × 
10−5 

4.68 × 
10−5 

1.12 × 
100 

1.06 × 
100 

1.06 × 
100 

95.0% 
4.48 × 

102 
4.32 × 

102 
4.65 × 

102 
1.32 × 

100 
1.39 × 

100 
1.93 × 

100 
8.59 × 
10−1 

9.34 × 
10−1 

1.04 × 
100 

1.07 × 
10−1 

1.19 × 
10−1 

1.34 × 
10−1 

4.04 × 
10−5 

4.19 × 
10−5 

4.66 × 
10−5 

1.11 × 
100 

1.06 × 
100 

1.05 × 
100 

94.5% 
4.48 × 

102 
4.28 × 

102 
4.64 × 

102 
1.32 × 

100 
1.36 × 

100 
1.93 × 

100 
8.59 × 
10−1 

9.06 × 
10−1 

1.03 × 
100 

1.07 × 
10−1 

1.15 × 
10−1 

1.32 × 
10−1 

4.04 × 
10−5 

4.18 × 
10−5 

4.64 × 
10−5 

1.11 × 
100 

1.06 × 
100 

1.05 × 
100 

94.0% 
4.42 × 

102 
4.24 × 

102 
4.52 × 

102 
1.30 × 

100 
1.32 × 

100 
1.88 × 

100 
8.49 × 
10−1 

8.78 × 
10−1 

1.01 × 
100 

1.05 × 
10−1 

1.10 × 
10−1 

1.31 × 
10−1 

3.97 × 
10−5 

4.16 × 
10−5 

4.63 × 
10−5 

1.10 × 
100 

1.06 × 
100 

1.02 × 
100 

93.5% 
4.42 × 

102 
4.19 × 

102 
4.46 × 

102 
1.30 × 

100 
1.30 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.71 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.10 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.16 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.04 × 
100 

1.02 × 
100 

93.0% 
4.42 × 

102 
4.16 × 

102 
4.46E × 

102 
1.30 × 

100 
1.30 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.67 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.09 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.13 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.04 × 
100 

1.02 × 
100 

92.5% 
4.42 × 

102 
4.12 × 

102 
4.46 × 

102 
1.30 × 

100 
1.26 × 

100 
1.84 × 

100 
8.49 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.05 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.97 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.10 × 
100 

1.03 × 
100 

1.02 × 
100 

92.0% 
4.33 × 

102 
4.12 × 

102 
4.46 × 

102 
1.27 × 

100 
1.26 × 

100 
1.84 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.02 × 
100 

91.5% 
4.33 × 

102 
4.12 × 

102 
4.46 × 

102 
1.27 × 

100 
1.26 × 

100 
1.84 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.73 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.25 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.61 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.02 × 
100 

91.0% 
4.33 × 

102 
4.12 × 

102 
4.39 × 

102 
1.27 × 

100 
1.26 × 

100 
1.78 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.24 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.18 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.59 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.01 × 
100 

90.5% 
4.33 × 

102 
4.12 × 

102 
4.39 × 

102 
1.27 × 

100 
1.26 × 

100 
1.78 × 

100 
8.35 × 
10−1 

8.36 × 
10−1 

9.24 × 
10−1 

1.04 × 
10−1 

1.05 × 
10−1 

1.18 × 
10−1 

3.88 × 
10−5 

4.12 × 
10−5 

4.59 × 
10−5 

1.07 × 
100 

1.03 × 
100 

1.01 × 
100 

90.0% 
4.33 × 

102 
4.09 × 

102 
4.34 × 

102 
1.27 × 

100 
1.25 × 

100 
1.76 × 

100 
8.35 × 
10−1 

8.32 × 
10−1 

9.16 × 
10−1 

1.04 × 
10−1 

1.04 × 
10−1 

1.17 × 
10−1 

3.88 × 
10−5 

4.11 × 
10−5 

4.53 × 
10−5 

1.07 × 
100 

1.03 × 
100 

9.99 × 
10−1 

Gray sections are visualized by diagrams in Figure 5 & 6.  Gray sections are visualized by diagrams in Figures 5 and 6.
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