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Abstract: Various tools that assess life cycle CO, (LCCO,) emissions are currently being developed
throughout the international community. However, most building LCCO, emissions assessment
tools use a bill of quantities (BOQ), which is calculated after starting a building’s construction. Thus,
it is difficult to assess building LCCO, emissions during the early design phase, even though this
capability would be highly effective in reducing LCCO, emissions. Therefore, the purpose of this
study is to develop a Building Simplified LCCO, emissions Assessment Tool (B-SCAT) for application
in the early design phase of low-carbon buildings in South Korea, in order to facilitate efficient
decision-making. To that end, in the construction stage, the BOQ and building drawings were
analyzed, and a database of quantities and equations describing the finished area were conducted
for each building element. In the operation stage, the “Korea Energy Census Report” and the
“Korea Building Energy Efficiency Rating Certification System” were analyzed, and three kinds
of models to evaluate CO, emissions were proposed. These analyses enabled the development of
the B-SCAT. A case study compared the assessment results performed using the B-SCAT against a
conventional assessment model based on the actual BOQ of the evaluated building. These values
closely approximated the conventional assessment results with error rates of less than 3%.

Keywords: B-SCAT; simplified life cycle assessment; life cycle CO,; low-carbon building design

1. Introduction

Since CO, reduction has been globally established as a paradigm of sustainable development,
governments all over the world are competitively announcing mid- to long-term goals for the reduction
of CO, emissions [1,2]. The USA has set its INDC (Intended Nationally Determined Contributions)
to reduce CO; emissions by 26%-28% (compared with the baseline year 2005) by the year 2025. The
EU has set its INDC to reduce CO; emissions by 40% (compared with the year 1990) by the year 2030.
South Korea has set its INDC to reduce CO, emissions by 37% (compared with Business as Usual) by
the year 2030.

The building industry, which is a large-scale energy consumer accounting for more than 30% of all
CO, emissions, poses a major obstacle in CO, reductions for all countries [3-7]. Accordingly, a realistic
policy to reduce CO, emissions in this industry is required [8-10]. Techniques for assessing life cycle
CO, (LCCOy,) emissions of buildings are gaining attention [11-14], and many countries are performing
diverse studies to assess and reduce building LCCO, emissions befitting their respective national
circumstances [15-19]. Moreover, tools for evaluating LCCO, emissions of buildings starting in the
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early design phase are being developed to reduce these emissions [20-22], given that a building’s CO,
emissions determined during the early design phase continue to affect the building for the entirety of
its life cycle [23,24]. A number of programs to address this have already been implemented throughout
the world, e.g., an impact estimator for buildings developed by the ASBI in Canada, Envest2 developed
by BRE in the UK, and LISA (LCA in Sustainable Architecture) developed in Australia [17,25].

South Korea has also developed diverse building CO, emissions assessment tools such as
SUSB-LCA [26], K-LCA [27], BEGAS [28], and BEGAS 2.0 [29], in order to meet global requirements.
However, research reveals that previous tools have two limitations. First, most current CO, emissions
assessment tools focus on assessing operational CO, emissions based on energy consumption during
the operation stage [30-34]. Second, most of the LCCO, emissions assessment tools directly use the
bill of quantities (BOQ) calculated after the construction of a building begins [35,36]. These constraints
complicate assessments made during the early design phase, when LCCO, emissions can be efficiently
reduced [37,38].

The purpose of this study is to develop a Building Simplified LCCO, emissions Assessment Tool
(B-SCAT) that is applicable in the early design phase for the facilitation of efficient decision-making
of low-carbon buildings in South Korea. To that end, this study consists of the following steps:
(1) proposal of a simplified LCCO, emissions assessment model for buildings; (2) development of
a B-SCAT; and (3) a case study comparing the assessment results of an evaluated building using a
B-SCAT and a conventional assessment model based on the building’s actual BOQ.

2. Proposal for Simplified LCCO, Assessment Model for Buildings

The building LCCO, emissions represent the total CO, emissions in all stages from construction,
operation, to end-of-life [39,40], as described in Equation (1):

LCCO, = CO,%® +CO,%5 + CO,"S, 1)

where LCCO, represents the life cycle CO, emissions (kg-CO,) of the evaluated building; CO,*®
represents the CO, emissions (kg-CO,) in the construction stage; CO,%8 represents the CO,
emissions (kg-CO,) in the operation stage; and CO,F5 represents the CO, emissions (kg-CO) in
the end-of-life stage.

This section proposes a simplified CO; emissions assessment model for each stage (i.e.,
construction, operation, and end-of-life) that can evaluate the CO, emissions of an apartment complex,
office building, and mixed-use building during the early design phase. Figure 1 shows the framework
for simplifying building LCCO, emissions assessment in this study:.

Framework for the simplification of building LCCO, emission assessment

Building purpose ‘ Apartment complex ‘ Office building ‘ Mixed use building

Life cycle stage [ Construction stage ‘ [ Operation stage ‘ End-of-life stage
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Figure 1. Framework of the simplification of building LCCO, emissions assessment.
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2.1. Construction Stage

Construction stage can be subdivided into the material production process and construction
process, as represented in Equation (2):

CO,® = COP +CO, T, )

where CO, is the CO, emissions (kg-CO») in the construction stage; CO,? is the CO, emissions
(kg-COy) of the manufacturing of building materials; and CO,F is the CO, emissions (kg-COy) of
construction process.

2.1.1. Material Production Process

In the material production process, CO; emitted during the manufacturing of building materials
generally producing 30% of building LCCO, emissions [29] are evaluated. The CO, emissions of this
process include those released during the production of structural materials and finishing materials, as
represented in Equation (3):

CO,"™" = CO™M +CO,™, (

W

)

where CO,'™ is the CO, emissions (kg-CO,) in the material production process, mostly produced by
building materials; CO,*M is the CO, emissions (kg-COy) of structural materials; and CO,™ is the
CO; emissions (kg-CO;) of finishing materials.

This study categorized the assessment criteria for building elements, which are included in the
structural materials and finishing materials, as shown in Figure 2, to assess the CO, emissions of
the material production process while considering the function of the building. In other words, the
apartment complex was subdivided into a residential building, annexed building, and underground
parking lot; while the office building was subdivided into an office building, annexed building, and
underground parking lot. Finally, the mixed-use building was divided into a residential building,
office building, annexed building, and underground parking lot. In addition, the interior and exterior
finishing materials were analyzed according to the finish schedule, and building elements were divided
into the following categories: wall, wall opening, roof, exclusive space, elevator hall, and staircase.

+ Residential building } »[ SrEne } »
o O
Official building
tomories ) CE—
{Annexed building
fUnderground parking |0tJ >[ Exterior finishing } P{/ Wall + P{ Front, back and sides of high floors }
»| Frontand back of low floors >
 sideof o ors .
P{ Wall opening ;
R
(root
>[ Interior finishing + P{ Exclusive area; P[ Floor 7.‘
P( Interior wall }
e +
P( Elevator hall } P[A(cess floor }
P[ Standard floor }
P[Underground floor ‘?
D{ Staircase } D[Access floor +
F[ Standard floor +
Assessment criteria »{ Underground floor 4

Figure 2. Assessment criteria of building elements.
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(1)  Structural Materials

To calculate the CO, emissions of structural materials, such as ready-mixed concrete, rebar, and
steel frames, the supply quantities of these materials were determined after analyzing 60 types of BOQ
and construction details of recently constructed buildings. Table 1 lists the average supply quantities
of structural materials per unit area by building section.

Table 1. Average supply quantities of structural materials per unit area.

Structural Material
Building Structure Structure

Section Type Form Plane Type Ready-Mixed Rebar Steel Frame
Concrete (m3/m?) (kg/m?) (kg/m?)
Flat-type 0.66 60.00 -
Wall Tower-type 0.59 62.20 -
Mixed-type 0.63 61.10 -
1 Flat-type 0.65 63.52 -
Residential RC Column Tower-type 0.57 75.56 -
N Mixed-type 0.61 69.54 -
building

Flat-type 0.62 82.34 -
Flat slab Tower-type 0.56 77.50 -
Mixed-type 0.58 79.92 -

Flat-type 0.35 37.67 74.98

SRC 2 Column Tower-type 0.32 29.01 74.98

Mixed-type 0.33 33.34 74.98

Office SRC Wall - 0.46 63.00 59.07

building Curtain wall - 0.30 41.58 59.07
Annexed RC Wall - 0.74 87.00 -

building
Underground RC Column - 1.46 157.00 -
parking lot

1 RC: Reinforced concrete; 2 SRC: Steel framed reinforced concrete.

For each assessment item, the supply quantities of structural materials can be determined from
the floor area, number of stories, and supply quantities coefficient, as described in Equations (4)—(6).
In the ready-mixed concrete (refer to Equation (4)), the modification factor was applied in order to
consider the decrease in supply quantity of the vertical members according to use of high-strength
concrete [41]. Table 2 lists the modification factor of the supply quantity for high-strength concrete.

Table 2. Modification factors of the ready-mixed concrete.

Strength (MPa) Reduction Ratio (%) Modification Factor
21 - 1.000
24 - 1.000
27 4.77 0.952
30 9.70 0.903
35 16.84 0.852
40 22.61 0.774
50 30.08 0.699
60 32.11 0.679

The CO, emissions of the structure materials were then assessed using Equation (7) as follows:

SQRMC — FASTP » NS; x QCRMC x «, )
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SQRB = FAPTP x NS; x QCRB, (5)
SQF = FASTP x NS; x QCSF, (6)
and
COPM = »(SQI™MC x CEME) + 3 (SQF® x CE'®) + > (SO x CFF), @)
i i i

where SQ;”MC is the supply quantity (m®) of ready-mixed concrete in vertical zone i; FA;5TP is the
floor area (m?) of a standard floor in vertical zone i; and NS; is the number of stories in vertical zone i.
Furthermore, QC;RMC is the supply quantity coefficient (m3/m?) of ready-mixed concrete in vertical
zone i (refer to Table 1); « is the modification factor of the ready-mixed concrete (refer to Table 2);
SQ;RB is the supply quantity (kg) of rebar in vertical zone i; QC;RP is the supply quantity coefficient
(kg/m?) of rebar in vertical zone i (refer to Table 1); SQ;F is the supply quantity (kg) of steel frame in
vertical zone i; QC;5F is the supply quantity coefficient (kg/m?) of steel frame in vertical zone i (refer
to Table 1); CO,5M is the CO, emissions (kg-COy) of structure materials; CF;RMC s the CO, emissions
factor (kg-CO,/ m?) of ready-mixed concrete j (refer to Table 3); CP]-RB is the CO, emissions factor
(kg-CO, /kg) of rebar j; and CFjSF is the CO, emissions factor (kg-CO, /kg) of steel frame j.

Table 3. CO, emissions factors of concrete.

Mixture Composition (%) CO; Emissions

Strength (MPa) Admixture Material 3
Blast Furnace Slag Fly-Ash Factor (kg-CO,/m")
_ R - 346.0
10 0 328.5
20 0 297.2
Blast furnace slag 30 0 266.0
40 0 230.7
0 10 328.3
. ) 0 20 296.8
Fly-ash 0 30 265.3
0 40 229.8
10 10 297.0
10 20 265.5
10 30 234.0
Blast furnace slag + Fly-ash 20 10 265.7
20 20 234.2
30 10 234.5
_ R - 364.0
10 0 329.7
20 0 294.1
Blast furnace slag 30 0 258.5
40 0 226.7
0 10 329.4
. ) 0 20 293.6
Fly-ash 0 30 257.8
0 40 225.6
10 10 293.9
10 20 258.0
10 30 222.2
Blast furnace slag + Fly-ash 20 10 258.3
20 20 222.5
30 10 222.7

(2)  Finishing Materials

The CO, emissions of the interior and exterior finishing materials for each building function and
section were calculated using only the limited information available during the early design phase [42—44].
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The assessment items were categorized according to building element, as shown in Figure 2. The
models to determine the area of the finishing materials for each building element were developed after
analyzing the 60 types of drawings and finish schedules. These models use the provisional perimeter
formula developed in this study to calculate the element in which a particular finishing material was
used for each building element, encompassing the interior and exterior perimeters of the standard
floor for each major plane type and using the variables of numbers of units and cores, unit area, and
exclusive use area, as well as the basic information entered during the first process of the assessment.
Table 4 presents provisional perimeter formulas of a standard floor.

Table 4. Provisional perimeter formulas of a standard floor.

Flat-T Te -Th

Classification at-Type owerype

Types 2 and 4 Types 3 and 4

Front, back, and side walls on high floors 2J+K+ 2)\/K @1+ 1)\/K

Exterior material Exterior wall Front and back on low floors I +K)WVA I+ 1)VA
Side wall on low floors 24/A VA

Interi ial Interi 1 Residential exclusive area (4] + K)+/a (4] +1)+/a
nterior materia nterior wa Elevator hall /Staircase 4K/a 4\/a

J: Number of units; K: Number of cores; A: Floor area; a: Exclusive area.

The walls, which are considered exterior finishing, were divided into the following categories
according to the typical finishing execution: front, back, and sides of high floors; front and back of
low floors; and sides of low floors. The area of finishing materials can be calculated as the product
of exterior perimeter of the standard floor of the building calculated in Table 4, number of stories,
story height, and wall surface rate as described in Equation (8). For wall openings, such as window
frames and glass, as well as for the exterior walls, the area can be calculated as the product of exterior
perimeter of the building standard floor, number of stories, story height, and window surface rate
(1-the wall surface rate) as described in Equation (9). In addition, for the interior finishing, such as
interior walls of the residential building, elevator hall, and staircases, the area can be calculated as
the product of interior wall perimeter, which is calculated using the formula presented in Table 4,
number of stories, story height, and number of units as described in Equation (10). The areas of floor
and ceiling of the residential unit (exclusive area), access floor, and staircases in the building were
determined as the area of the locations where the materials were applied, calculated from the unit area
and building area determined in the first step of the assessment.

The CO, emissions of the finishing materials can be assessed using the product of the area of
the interior and exterior materials for each building element and the CO; emissions factor for each
material type, as described in Equation (11):

FAPY = EPY'P x NS; x SH; x By, ®)
FAFO — EPSTP x NS, x SH; x v;, ©
FA[" = IPPTP x NS, x SH;, (10)

and

1

CO,™ = 37 (FAPY x CEM) + 37 (BAFO x CE™M) 4 (FA™ x CEM) +

(11)
1\ FM IF FM IC FM

) (FAM x CEPM) £ (FALF < CEPM) £ (FAIC x CFM),
where FA;EW is the area (m?) of the finishing material for the exterior wall in vertical zone i; EP;5TD is
the exterior perimeter (m) of a standard floor in vertical zone i (refer to Table 4); NS; is the number
of stories in vertical zone i; and SH; is story height (m) in vertical zone i. Furthermore, 3; is the wall
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surface rate of the exterior wall in vertical zone i; FA;F© is the area (m?2) of finishing material for the
exterior wall opening in vertical zone 7; ; is the window surface rate (1-the wall surface rate) of the
exterior wall in vertical zone i; FA{™ is the area (m?) of finishing material for the interior wall in
vertical zone i; IP;5TP is the interior perimeter (m) of a standard floor in vertical zone i (refer to Table 4);
CO,™ is the CO, emissions (kg-CO,) of finishing materials; FAER is the area (m?) of finishing material
for the roof; FA;'F is the area (m?2) of finishing material for the floor in vertical zone i; FA€ is the
area (m?) of finishing material for the ceiling in vertical zone i; and CF M
(kg-CO,/ m?) of finishing material j (refer to Table 5).

is the CO, emissions factor

Table 5. CO; emissions factors of finishing materials.

CO; Emissions

Classification Element Finishing Material Units Factor (kg-CO,/Unit)
Water-based paint m? 0.36
Silicone-based paint m? 0.32
Stone coat m? 11.22
Exterior wall Granite with stone molding m? 13.43
Tile m? 7.06
Exterior material PVC window frame m? 5.91
Aluminum window frame m? 7.57
Window frame Curtain wall window frame m? 4.65
Plate glass m? 9.86
Glass Insulating glass m? 2243
Tempered glass m? 13.35

(38) CO, Emissions Factors of Building Materials

This study determined the CO, emissions factors for each type of building material using an
individual integration method and the South Korean carbon emissions factor [45] established by the
South Korean Ministry of the Environment. In particular, even though the CO, emissions factor
depends on concrete strength, the current South Korean carbon emissions factor and South Korean
LCI DB [46] include only some of the types of concrete and their strengths. This study used the CO,
emissions factor determined with the individual integration method for each type of concrete strength
and admixture material obtained from a previous study [47,48]. Furthermore, for consistency in the
assessment of the CO, emissions factor and assessment results, this study used the South Korean
carbon emissions factor as the CO, emissions factors of all building materials, excluding ready-mixed
concrete. Tables 3 and 5 present the CO, emissions factors of concrete and finishing materials.

2.1.2. Construction Process

In the construction process, the CO, emissions can be evaluated in terms of energy consumption
by freight vehicles transporting building materials to the building site, in addition to emissions
produced by construction machinery, field offices, and other facilities involved in the construction of
the building. However, it is difficult to produce a detailed construction schedule in the early design
phase. Moreover, this stage makes up less than 3% of the building LCCO, emissions. Hence, this
study used the average energy consumption by unit area (i.e., diesel consumption: 5.24 £/m?, gasoline
consumption: 0.05 £/m?, electricity consumption: 10.47 kWh/m?) derived by a previous study [42].
Equations (12) and (13) represent the CO, emissions in the construction stage:

CO, = (5.24 x CFEN 4+ 0.05 x CFEN 41047 x CFEN) x GA, (12)

and
CO,™® =1844 x GA, (13)
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where CO,F is the CO, emissions (kg-CO,) in the construction stage; CF4EN is the CO, emissions
factor of diesel (2.58 kg-CO,/¥); CFgEN is the CO, emissions factor of gasoline (2.08 kg-CO,/¥¢);
CF.FN is the CO, emissions factor of electricity (0.46 kg-CO,/kWh); and GA is the gross area (m?)
of a building.

2.2. Operation Stage

The operation stage considers the CO, emissions due to energy consumed during the service life
of the building. This is a major stage responsible for about 70% of the building’s LCCO, emissions [29].
The emissions from this stage can be assessed using the service life of the building, amount of energy
consumed, and the CO, emissions factor as described in Equation (14).

SL
CO%% =} (1+RR)" " x D (ECy x CEN), (14)
n=1 k

where CO,% is the CO, emissions (kg-CO,) in the operation stage; SL is the service life of the building
(years); RR is the annual reduction rate of operational energy effectiveness; ECy is the annual energy
consumption of the energy source k; and CFFN is the CO, emissions factor of energy source k (refer
to Table 6).

This study proposed three kinds of assessment models (i.e., direct input model, estimation model,
and energy efficiency rating model) based on analysis of the “South Korea Energy Census Report” [49]
and the “South Korea Building Energy Efficiency Rating System” [50] in order to efficiently assess
energy consumption depending on the timing of the assessment and available data. Moreover, the
2006 IPCC Guidelines for National Greenhouse Gas Inventories” [51] has been analyzed to evaluate
CO;, emissions during the operation stage, and the corresponding database of CO, emissions factors
has been created, as shown in Table 6. The measured CO, emissions factors for electricity and
district heating as determined by the Korea Power Exchange and Korea District Heating Corporation
should be applied [52,53]. Gas and kerosene utilize the basic CO, emissions factor of the 2006 IPCC
Guidelines [51].

Table 6. CO, emissions factors of energy sources.

Classification CO, Emissions Factor Unit Source
Kerosene 2441 kg-CO, /¢
Medium qc‘)‘i‘i‘hty heavy 3.003 kg-CO, /¢ 2006 IPCC Guidelines for
Diese 250 oy National Creenhouse

Gasoline 2.080 kg-CO, /¢ y

Propane 2.889 kg-CO,/kg

Gas 2.200 kg-CO,/ Nm?3
Electricity 0.495 kg-CO, /kWh Korea Power Exchange
District heating 0.051 kg-CO,/MJ Korea District Heating

Corporation

2.2.1. Direct Input Model

The direct input model uses the annual amount of energy from various sources consumed by
a building (refer to Equation (14)). This method is used when annual energy consumption data are
available, e.g., if the energy consumption can be predicted based on computer simulations during the
early design phase.
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2.2.2. Estimation Model

The estimation model predicts the energy consumption pattern of a building using an analysis of
previously accumulated survey data. The calculated result is typically in the form of annual energy
consumption and depends on the utility and gross area of the building. To ensure the reliability of the
estimation model, this study investigated and analyzed the average energy consumption based on
the heating system used by the apartment building and the average energy consumption of the office
building determined from the Energy Census Report (2014) [49], which is published every three years
by the Korea Ministry of Trade, Industry, and Energy. The mixed-use building, which was not specified
in the Energy Census Report, was categorized as part apartment and part office building and, therefore,
utilized the average energy consumption values of both an apartment and office building. Table 7
lists the average energy consumption for the apartment building analyzed in this study. Equation (15)
represents the estimation model for evaluating the CO, emissions during the operation stage.

SL
CO,% = DT (1 +RR)™ " x GA x Y (ECEM x CFN), (15)
n=1 k

where CO,%5 is the CO, emissions (kg-CO,) in the operation stage; SL is the service life of the building
(years); RR is the annual reduction rate of operational energy effectiveness; GA is the gross area (m?)
of the building; EC, M is the annual energy consumption per unit area based on the estimation model
(refer to Table 7); and CFEN is the CO, emissions factor of energy source k (refer to Table 6).

2.2.3. Energy Efficiency Rating Model

The energy efficiency rating model is the one used by the South Korea Building Energy Efficiency
Rating Certification System for the construction of an apartment building or commercial building.
The annual CO, emissions per exclusive area due to air-conditioning, heating, hot water, lighting,
and ventilation were inputted into the model based upon the Building Energy Efficiency Rating
Certification System [50]. Equation (16) represents the energy efficiency rating model for evaluating
the CO, emissions during the operation stage:

SL
CO,%% = }' (1+RR)"" x EA x ) CEfFRM, (16)
n=1 1

where CO,%5 represents the CO, emissions (kg-CO,) in the operation stage; SL is the service life of
the building (years); RR is the annual reduction rate of operational energy effectiveness; EA is the
exclusive area (m?) of the building; and CE,FERM s the annual CO, emissions of energy consumption
part 1, according to the energy efficiency rating model.
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Table 7. Average energy consumption values of the apartment building components.

Classification Medium City City .
Heati (if/ems?u;) Quality Heavy (kP/r OPaI/‘e 2) Gas Cooking Gas Heating k‘l'i\;l?/:mm;y 2 (I\I;Ilealt/ Ener/gyz) (MHolt/ Watjr 2)
s;:t:f Heat Source year/m Oil (¢/year/m?) g yearm (Nm®/year/m?)  (Nm®/year/m?) ~ (Whiyear/m?) catlyearim callyearmy
Petroleum 6.801 - 1.189 0.008 - 30.785 - -
Individual LPG - - 5.529 - - 31.355 - -
heating Electricity 0.045 - 1.346 0.021 - 37.099 - -
City Gas - - 0.013 1.141 7.934 35.287 - -
Ordinary - 2.567 0.181 1.039 5.793 33.458 - 0.587
Central heating Petroleum - 10.492 0.649 0.567 - 29.277 - 0.484
City Gas - - 0.030 1.191 7.670 34.813 - 0.621

District heating Ordinary - - 0.054 1.376 - 37.990 94.360 0.750
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2.3. End-of-Life Stage

The CO, emissions of the end-of-life stage include those released during the building’s demolition
process, transportation of the waste building materials, and the landfill gas produced by the waste
building materials, as described in Equation (17). The demolition process includes an evaluation of
the CO; emissions from the equipment used to demolish the building. Waste transport emissions
include CO; emitted during the transport of the generated waste to the landfill. Once in landfill, an
evaluation is performed on the CO, emissions generated by the waste building materials as landfill
gas. However, it is difficult to obtain detailed disposal information in the early design phase. Hence, in
this study, the oil consumption for each combination of demolition equipment and landfill equipment
was organized into a database and adapted using CO, emissions assessment methods based on an
analysis of the results of previous studies [20,54,55]. Table 8 lists the equipment mileage used during
the demolition and landfill processes, and Equations (18)—(20) represent CO, emissions in each process
of the end-of-life stage:

CO,® = CO,PP + CO, ™ + CO,Y, (17)
CO,PP = QW x EMPF x CEEN, (18)
CO,™ = QW x DT x CE'R, (19)
and
CO,™ = QW x EMLF x CEEN, (20)

where CO,F represents the CO, emissions (kg-CO,) in the end-of-life stage; CO,P? is the CO,
emissions (kg-CO,) in the demolition process based on demolition equipment; CO,™" is the CO,
emissions (kg-CO,) in the transportation process based on transportation vehicles; CO,F is the CO,
emissions (kg-CO,) in the disposal process based on disposal equipment; QW is the quantities of
wasted building materials (ton); EMy,PY is the mileage (¢/ton) of demolition equipment m (refer to
Table 8); CF4EN is the CO, emissions factor of diesel (2.58 kg-CO,/¥); DT is the distance (km) that
waste building materials are transported to the landfill site; CF'R is the CO, emissions factor of a truck
(0.249 kg-CO, /ton- km); and EMp ™ is the mileage (¢/ton) of landfill equipment m (refer to Table 8).

Table 8. Mileage of demolition and landfill equipment.

Usage Equipment Combination and Dimensions Mileage (¢/ton)
Backhoe (1.0 m®) + Giant Breaker (0.7 m3) 3.642
Demolition Pavement Breakers (25-kg grade) 2 units + Air Compressor (3.5 m?3/min) 2.385
emotto Backhoe (1.0 m3) + Hydraulic Breaker (1.0 m®) + Giant Breaker (0.7 m?) 4.286
Backhoe (0.4 m®) + Breaker (0.4 m?) 4.760
Landfill Dozer (D8N, 15 PL, 6 PL) + Compactor (32 tons) 0.150

3. Development of a B-SCAT

This section describes the development of a B-SCAT for supporting low-carbon building design
and efficient decision-making processes in the early design phase of a building. This tool divides
the assessment procedure into basic information, construction, operation, and end-of-life steps. In
particular, it facilitates assessment by making simple selections of supply materials for each building
area in the construction stage. This process enables diverse alternative assessments to be made within
a limited timeframe. Default values calculated from the database were provided for the construction
process, operation stage, and end-of-life stage in order to reduce the time and labor required for
the assessment.
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3.1. Step 1: Basic Information

The basic information includes the architectural scheme data of the evaluated building. Items,
such as site location and zone, are entered; the function and structural form of the evaluated building
are selected; and the gross area, building-to-land ratio, and floor area ratio within the complex profile
are calculated. In addition, the details of the evaluated building are set, establishing details, such as
standard floor area, exclusive area, number of units, number of stories, structural type, plane type, and
wall surface rate. Figure 3 illustrates the interface of the basic information in the B-SCAT.

B_SCAT STEP I

Basic Information BaSiC |nf0rmati0n

Construction stage e .
Building Outline

Operation stage

Project name Apartment complex M Site area 49,698.21 |m?
End-of-life stage Site location Seoul, South Korea Building area 16,320.20 | m?
Zoning district Quasi-residential zone Landscape area 22,203.20 \m?
Assessment result Building purpose Apartment complex v Above ground 136,037.57 \m?
Residential | Reinforced concrete v Grossarea Underground 72,355.21 |m?
Structure =
Commercial s v Total 208,392.78 |m?
Number of buildings 13 Building-to-land ratio 28.97 | %
Service life 40/ yr Floor area ratio 239.14|%

Area in each Residential Unit

Sharing area

o Type Number of units  Exclusive area Public area Supply area . " Machine / Contract area
Subsidiary facility Total

Parking lot
o EA-59 191 59.79 18.58 78.37 1.04 37.47 38.51 116.88
o EA-84 325 84.79 24.48 99.27 1.47 53.15 54.62 163.89
o EA-114 488 114.84 32.44 147.28 2.00 71.97 73.97 221.23
Total 1,004 95,002.65 27,635.84 122,638,49 1,650.,98 59,549.41 61,200.39 183,838.88
Add Del
Area in each Attached Facility
Type Attached Facilities Living Space Machine Room Parking Lot Floor Area
Basement 1,623.37 0.00 987.32 632.63 1,974.92
1st floor 363.92 0.00 0.00 246.98 683.58
More than 2 floor 312.79 0.00 0.00 0.00 377.73
Total 2,300.08 0.00 987.32 796.52 3,036.23

Figure 3. Interface of the basic information.

3.2. Step 2: Construction Stage

During the construction stage, the CO, emissions resulting from the production of building
materials are assessed, and the input interface is established depending on the function of the building.
To assess the CO, emissions for an apartment complex, data on the residential building, annexed
building, underground parking lot, and landscaping were entered. To assess the emissions for an office
building, data on the office building, annexed building, underground parking lot, and landscaping
were entered. To assess the emissions for a mixed-use building, data on the residential building, office
building, annexed building, underground parking lot, and landscaping were entered. In addition, the
CO;, emissions were assessed by selecting the type of materials supplied as structural and finishing
materials for each assessment item. Figure 4 illustrates the interface of the construction stage.
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B-SCAT STEP

Basic Information | Construction stage

Construction stage = = 7 T
Residential bldg. = Annexed bldg. Parking lot Landscaping Building name 701 v

Operation stage

Structure materials
End-of-life stage

Ready-mixed concrete

Assessment result Composition

CO, emission factor CO, emissions
Type Strength Ratio (% 2 o
i J Admixture atio (6) Floor (kg-CO,/m’) (kg-CO,/m?)
Blast furnace slag Fly ash
Concrete [21 MPa ‘Non mixing 0 0
Eco Concrete 24MPa Blast furnace slag + Fly ash 10 10 1 -6 IF 364
27MPa Blast furnace slag 20 20
30MPa v‘Fly ash Y 30 Y 30 S/
0 Concrete 21MPa Non mixing 0 0 7~16F 346 173.69
0O Concrete 27MPa Non mixing 0 0 1~6F 364 68.45
Add Del
Rebar
TYoe Composition CO, emission factor CO, emissions
Detail Floor (kg-CO,/kg) (kg-CO,/m?)
Rebar SD 30A |
g = o 0.76
High tensile rebar SD 308 ! 18 IF
O Rebar SD 30A 1~16F 0.76 47.87
Add Del
Exterior finishing materials
Exterior wall
Type Composition CO, emission factor CO, emissions
Detail Floor (kg-CO,/m?) (kg-CO,/m?)
. Water-based paint
High fl . .
9 floors Silicone-based paint 4 [ F 036 7.57
(Front, back, sides)
Stone coat v
Front Silicone-based paint
ba(k‘ Stone coat 1~ 3 |F 13.43 0.79
Granite with stone molding v
Low floor
Silicone-based paint
Sides  |Stone coat 1~ 3 |F 13.43 0.79
Granite with stone molding Y
Window frame
Type Composition CO, emission factor CO, emissions
Detail Floor (kg-CO,/m?) (kg-CO,/m?)
PVC window frame
Window frame Aluminum window frame 1~ 16 F 7.57
Certain wall window frame v
0O Window frame Aluminum window frame 1~16F 7.57 7.42

Figure 4. Interface of the construction stage.

3.3. Step 3: Operation Stage

The assessment method of the operation stage is divided into three types. In the direct input
model, the annual energy consumption of the evaluated building is entered and assessed directly.
The estimation model assesses the CO, emissions based on annual energy consumption per unit area,
which depends on the building function and heating system. This model utilizes the database included
in the tool and can be useful when energy consumption data is unavailable for the building of interest.
The energy efficiency rating model assesses the CO, emissions by directly inputting the assessment
results of the CO, emissions of a building, utilizing the Energy Efficiency Rating Certification System of
the evaluated building or the energy simulation program provided by the Korea Energy Management
Corporation. Figure 5 illustrates the interface of the operation stage.

3.4. Step 4: End-of-Life Stage

The end-of-life stage involves an assessment of the CO, emissions produced at the end of a
building’s life cycle, when structures are demolished and waste building material is generated and
processed. The assessment includes analysis of the equipment used in the building demolition and
waste landfill process. Figure 6 illustrates the interface of the end-of-life stage.
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B-SCAT STEP

Basic Information Operation stage

Construction stage O Direct input model ® Estimation model O Energy efficiency rating model

Operation stage

Heating system District heating v
End-of-life stage
o Energy source Unit Energy consumption (Unit/m2) CO, emission factor (kg-CO,/Unit) CO; emissions (kg-CO,/m?)
Assessment;result O Propane kg 0.054 2.890 6.24
O Citygas Nm?3 1.376 2.200 121,09
O  Electricity kWh 37.990 0.495 752.20
O Heatenergy Mcal 94.360 0.213 805.78
O Hotwater Mcal 0.750 0.213 6.40
Total 1.691.72

Figure 5. Interface of the operation stage.

B-SCAT STEP

Basic Information End'of'life Stage

Construction stage - .
< Amount of wasted building materials

Operation Stage Amount of wasted materials Wasted concrete Wasted metal The others Total
. (T
End-of-life stage (Ton) 444,480.60 17,313.74 47,967.57 509,761.91

Assessment result Deconstruction process

Ean i Mileage Energy consumption CO,; emission factor CO, emissions
auip (2/ton) (2/m?) (kg-CO,/2) (kg-CO,/m2)
Backhoe (1.0 m3) + Giant breaker (0.7 m2)
Pavement Breakers (25-kg grade) 2 units + Air Compressor (3.5 m3/
4, 4 16.88
Backhoe (1.0 m?)+Hydraulic Breaker (1.0 m?) + Giant Breaker (0.7 m 3.642 65 258 i
Backhoe (0.4 m®) + Breaker (0.4 m?) S
Transportation process
Transportation vehicle Distance to landfill site Amount of wasted CO,; emission factor CO, emissions
P (km) materials (ton) (kg-CO,/ton « km) (kg-CO,/m2)
20 ton dump truck 30 509,761.91 0.25 13.42
Landfill process
Equipment Mileage Energy consumption CO, emission factor CO, emissions
aue (2/ton) (2/m?) (kg=CO/2) (kg-CO»/m2)
Dozer (D8N, 15 PL, 6 PL) + Compactor (32 ton) ‘ 0150 027 S s8 070

Figure 6. Interface of the end-of-life stage.

3.5. Step 5: Assessment Results

The assessment results, as shown in Figure 7, are displayed on one screen that includes all of the
details of the assessment of the LCCO, emissions. The upper region of the comprehensive assessment
view displays the profile of the building of interest, the assessment method used for each stage, the
details of the database used, and the basis for the calculations. The lower region presents a comparative
analysis of the CO, emissions assessment results in each stage according to the standard building type
selected during the assessment.

4. Case Study

To review the applicability of the B-SCAT, an assessment was conducted using the basic data for
a building that was recently completed. For comparison with the assessment results, the finishing
materials used during the production process of construction stage were selected based on the same
basic drawings and specifications drafted during the early design phase used for those results.

4.1. Evaluated Building

The project’s evaluated building comprised Apartment Complex M, which contains 13 residential
buildings. Table 9 presents the architectural scheme of the analyzed building.



Sustainability 2016, 8, 567 15 of 22
B-SCAT STEP
Basic Information Assessment result
Construction stage
Building Outline
Operation stage n -
Project name Apartment complex M Site area 49,698.21 m?
End-of-life stage Site location Seoul, South Korea Building area 16,320.20 m?
Zoning district Quasi-residential zone Landscape area 22,203.20 m?
Assessment result Building purpose Apartment complex Above ground 136,037.57 m?
Residential Reinforced concrete Gross area Underground 72,355.21 m?
Structure
Commercial Total 208,392.78 m?
Number of buildings 13 Building-to-land ratio 2897 %
Service life 40 yr Floor area ratio 239.14 %
Assessment models
- Construction stage Operation stage End-of-life stage N
Materials selection & estimation model Estimation model (Local heating) Equipment selection model
CO, emissions
m Standard = Evaluated mConst. ®Oper. =End-of-life
2,000 2,500 L X
- = CO, emissions reduction
£
S 1500 & 000 Standard building contrast 0.46%
) 9 Reduction amount : 7.95 kg-CO,/m?
E) © 1,500
= 1,000 <
g 3 1,000
£ € . )
S 500 % 500 Assessment information
o o
u . . - Assessmentdate : 2016-04-27
0 . . . o Evaluator : Seulah Kwak
Construction  Operation stage End-of-life stage Standard Evaluated Affiliation : Hanyang Univ.
stage Position : Researcher
. L Contact : 82-10-6350-5426
CO, emissions LCCO, emissions
Figure 7. Interface of the assessment result.
Table 9. Architectural scheme of the analyzed building.
Project Name Apartment Complex M
Zoning district Quasi-residential area Site area 49,698.21 m?
Structure Reinforced concrete structure Building area 16,320.20 m?
Number of buildings 13 Landscape area 22,203.20 m?2
Unit type Types 2,4, and 6 Above ground 136,037.57 m?
Gross area
Plane type Flat type, Tower type Underground 72,355.21 m?
Service life 40 years Total 208,392.78 m?2
Heating system Local heating Building-to-land ratio 28.97 %
Construction period 25 months Floor area ratio 239.14 %

4.2. Assessment Conditions

As shown in Table 10, the assessment conditions were selected according to the input items
for each assessment stage, which were based on the plan, drawings, and specifications of the

apartment complex.

Table 10. Assessment conditions.

Classification

Conventional

B-SCAT Assessment Model

Construction stage

Basic drawing and

specification BOQ

Default value (=18.44 kg-CO,/m?)

Operation stage

Estimation model (local heating) (Reduction rate of
operational energy effectiveness: 0%, 1%, 1.5%)

Demolition process

Backhoe (1.0 m3) + giant breaker (0.7 m3)

End-of-life stage Transportation process

20-ton dump truck (distance: 30 km)

Landfill process

Dozer (D8N, 15 PL, 6 PL) + compactor (32 tons)
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B-SCAT, and the construction and design provisions of the evaluated building, were analyzed
according to the input items of the residential and annexed buildings. The plane type and structural
form of the residential building were determined to be the flat-type and tower-type, reinforced
concrete structure, and wall type, respectively, and the wall surface ratio was set at 55%. In addition,
the superintendent office, holding facilities, and sports center were identified as annexes in the analysis,
and their wall surface ratio was also set to 60%. In the construction stage, the materials used for each
assessment item in each building element were analyzed based on an analysis of the plan of the
apartment complex and the table of interior and exterior finishing materials. In particular, the use
of 27 MPa ordinary concrete was assumed for the first to the sixth floors of the residential buildings,
in the interest of structural stability, while the use of 21 MPa concrete was assumed for the seventh
floors and higher, to achieve economic efficiency. In addition, the exterior walls were assumed to
use granite and stone moldings for the first three floors and water-based paint for the fourth floors
and higher. Aluminum window frames and insulating glass were assumed for all 13 buildings of the
apartment complex. The annexed buildings, low-rise buildings with 1 to 3 stories, which comprised
the superintendent office, holding facilities, and sports center, were assumed to use 21 MPa concrete.
Given the function of those buildings, it was assumed the exterior walls were marble and granite, and
the interior walls had terrazzo and water-based paint. In the operation stage, given the absence of
results from a simulation of the energy consumption of the apartment complex or from the preliminary
Energy Efficiency Rating Certification System, the estimation model was used for analysis. The local
heating system, which is the actual heating system of the evaluated building, was selected to calculate
CO; emissions. The service life of the evaluated building was set to 40 years, according to the building
durability period of the South Korean Corporate Tax Act [56]. The reduction rate of operational energy
effectiveness was assumed as 0%, 1%, and 1.5% in the end-of-life stage, the equipment selected for
demolition included a backhoe (1.0 m?) and a giant breaker (0.7 m?). Also included was the 30 km
distance between the building site and the landfill processing site. A bulldozer (D8N, 15 PL, 6 PL) and
compactor (32 tons) were selected as the equipment used in the landfill process.

4.3. Assessment Results

Figure 8 presents the results of the LCCO, emissions assessment of the apartment complex. The
CO, emissions produced during the construction stage were assessed as 502.76 kg-CO,/m? using
the tool developed in this study and 515.71 kg-CO, /m? based on the actual BOQ, yielding an error
rate of 2.51%. The CO, emissions of the operation stage, which applied 0% of the reduction rate
of operational energy effectiveness, were assessed as 1691.72 kg-CO, /m?. In addition, the LCCO,
emissions were assessed as 2225.48 kg-CO,/m? and 2238.43 kg-CO,/m?, respectively, yielding an
error rate of approximately 0.58%.

2,000
uCAM B-SCAT 1,691.72 1,691.72

1,000

51571 502.76

500
. 31.00 31.00
0

Construction stage Operation stage End-of-life stage

CO, emission (kg-CO,/m2)

Figure 8. Assessment results.

4.4. Comparative Analysis of Assessment Results of Construction Stage

From the assessment results from the previously conducted building LCCO, emissions assessment
tool and from the drawings and specifications, this study conducted a comparative analysis of the
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assessment results of the production stage after subdividing the results into residential buildings,
annexed buildings, and underground parking lots.

4.4.1. Residential Buildings

As shown in Figure 9, this study conducted a comparative analysis of the CO, emissions per
unit area of the supply materials for each residential building region calculated using this tool. The
assessment items (Buildings 701, 702, 703, and 704) and the average CO, emissions per unit area of the
residential buildings were calculated using the BOQ. Consequently, the results calculated with the tool
for Buildings 701, 702, 703, and 704 were 443.74 kg-CO,/m?, 437.13 kg-CO, /m?, 438.42 kg-CO, /m?,
and 445.16 kg-CO, /m?, respectively. Compared with the value of 449.23 kg-CO,/m? assessed from
the BOQ, these values yielded error rates of 1.22%, 2.69%, 2.41%, and 0.91%, respectively. In addition,

the average assessment result of the tool was 441.59 kg-CO, /m?, which closely approximated the BOQ
assessment results with an error rate of 1.70%.

700

20

mCAM ©B-SCAT
600 is
£ 500
S 49.23 0 -
Q — T
£ 400 <
= 5 ®
C -
o o
‘% 300 L ——e_| T /0 o
£ 269 2ar IO 540 o297 |46 e 212 (&
9, 200 122 0.91 || 17 1901 085 | (s 0.1
S ! !

100 -

0

CAM 701 702 703 704 705 706 707 708 709 710 711 712 714

Figure 9. Assessment results for each residential building.

4.4.2. Annexed Building

For the annexed buildings, as shown in Figure 10, a comparative analysis was conducted on the
CO; emissions per unit area of supply materials for each building part in the superintendent office
(SO), holding facilities (HF), and sports center (SC). The annexed buildings” average CO, emissions
per unit area were calculated from the BOQ. Consequently, the results assessed using this tool for
the SO, the HE, and the SC were 427.46 kg-CO,/ m?2, 445.65 kg-COy/ m?2, and 432.54 kg-CO,/ m?2,
respectively; these are valid results compared with the value of 442.52 kg-CO,/m? obtained from the

BOQ. In addition, the error rates were 3.40%, 0.71%, and 2.26%, respectively, and the average error rate
was 1.65%.

700 20
mCAM ©B-SCAT

600 15
£
& 200 | 44252 0 -
9 X
2 400 o
c 5 ©
2 300 5
"
2 3.40 N //. =
IS ~No 2:26 0 w
@ 200
8 -0.71

100 >

0 -10
CAM SO HF SC

Figure 10. Assessment results for each annexed building.
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4.4.3. Underground Parking Lot

As shown in Figure 11, a comparative analysis was conducted on the CO, emissions per unit
area of supply materials for each building part of the underground parking lot (PL). The average CO,
emissions per unit area of the underground parking lot was calculated from the BOQ. Consequently,
the results assessed using this tool for the PL was 676.52 kg-CO,/m?, respectively; this is a valid result

compared with the value of 654.27 kg-CO,/m? obtained from the BOQ. In addition, the error rate was
3.40%, respectively.

800 20
mCAM ©OB-SCAT

654.27

(o2}
o
o

vl
o
o

400

w
o
o

(V2]
Error rate (%)

CO, emission (kg-CO,/m2)
g

o
o

CAM PL

Figure 11. Assessment results for each underground parking lot.

4.5. Comparative Analysis of Assessment Results of Operation Stage

As shown in Figure 12, this study conducted a comparative analysis of the CO, emissions
per unit area of operation stage by the reduction rate of operational energy effectiveness. The
assessment results applied 0%, 1%, and 1.5% of the reduction rate of operational energy effectiveness
were 1691.72 kg-CO, /m?, 2493.80 kg-CO,/m?, and 3023.46 kg-CO, /m?, respectively. Through this
evaluation result, it confirmed that the evaluation result of the operational stage changed according
to whether or not the annual reduction rate of operational energy effectiveness and size of this value
was applied. That is, even if 1% of the annual reduction rate of operational energy effectiveness
was applied, 47% of energy consumption increased, and 79% of energy consumption increased in
1.5% application during the service life of the building (40 years). Therefore, in order to achieve the
low-carbon building, the selection of energy equipment, which have low reduction rates of operational
energy effectiveness, is very important.

3,500

3,023.46
3,000

2,493.80
2,500

2,000 1,691.72
1,500

1,000

CO, emission (kg-CO,/m?2)

500

0
0.0 1.0 1.5
Annual reduction rate of operational energy effectiveness (%)

Figure 12. Assessment results by the annual reduction rate of operational energy effectiveness.
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5. Conclusions

The purpose of this study was to develop a B-SCAT that is applicable in the early design phase

for low-carbon building design. The conclusions of this study are as follows:

M

@)

®)

4)

©)

After separating the life cycle of a building into various stages, including construction, operation,
and end-of-life, a simplified LCCO, emissions assessment model and B-SCAT were developed
for application to the early design phase of buildings.

In the construction stage, the supply quantities coefficient of structural materials for each building
function and section were analyzed, and the equations were constructed based on an analysis of
the types and areas of the finishing materials used for each building element.

In the operation stage, the model of assessment was identified using models for direct
input, estimation, and energy efficiency rating in order to provide a proactive assessment
according to the time of the assessment and the available data. An assessment method was
subsequently proposed.

The average of the CO, emissions assessment results for residential buildings tested during the
case study of the B-SCAT was 441.59 kg-CO,/m? per unit area; this is close to the assessment
result of 449.23 kg-CO, /m? based on the BOQ, yielding an error rate of 1.70%.

According to the analysis of the annexed buildings and underground parking lots using the B-SCAT,
the average CO, emissions were determined to be 435.22 kg-CO,/m? and 676.52 kg-CO, /m?
per unit area, respectively, which closely approximates the results of 442.52 kg-CO,/m? and
654.27 kg-CO, /m?, respectively, based on the BOQ, with error rates of 1.65% and 3.40% respectively.

The B-SCAT developed by this study for use in the early design phase is expected to predict the

environmental performance of future construction projects and alternative assessments, leading to
low-carbon building designs.

Currently, according to application of the mainly-constructed database in Korea, it is considered

to broaden the range of the B-SCAT database in order that other countries utilize B-SCAT. Especially, it
is considered to be possible to apply identical building life cycle CO, emission assessment methods in
the early stage of a project, which is suggested in this paper, to other countries.
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