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Abstract: The block type and structural systems in buildings affect the amount of building materials
required as well as the CO2 emissions that occur throughout the building life cycle (LCCO2).
The purpose of this study was to assess the life cycle CO2 emissions when an apartment housing
with ‘flat-type’ blocks (the reference case) was replaced with more sustainable ‘T-type’ blocks with
fewer CO2 emissions (the alternative case) maintaining the same total floor area. The quantity of
building materials used and building energy simulations were analyzed for each block type using
building information modeling techniques, and improvements in LCCO2 emission were calculated by
considering high-strength concrete alternatives. By changing the bearing wall system of the ‘flat-type’
block to the ‘column and beam’ system of the ‘T-type’ block, LCCO2 emissions of the alternative case
were 4299 kg-CO2/m2, of which 26% was at the construction stage, 73% was as the operational stage
and 1% was at the dismantling and disposal stage. These total LCCO2 emissions were 30% less than
the reference case.
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1. Introduction

Internationally, greenhouse gases are arguably the most prevalent global environmental problem.
According to International Energy Agency (IEA), buildings account for almost 30% of greenhouse gas
emissions [1–3]. Korea established the national Greenhouse Gas Reduction Roadmap to reduce
greenhouse gas emissions by 37% for Business-As-Usual (BAU) levels by 2030 [4]. In Korea,
the construction industry accounts for 40% of all material consumption, 24% of energy consumption
and 42% of CO2 emissions. Thus, reduction of the construction industry’s CO2 emissions is required
to reach greenhouse gas reduction goals [5].

Apartment housing is the major type of the residential sector in Korea, making up 52.4% of
residential building stock. The most common apartment building in Korea is the ‘flat-type’ block,
which consists of two rectangular units side by side like a wide box [6]. Thus far, building types,
building forms and structural systems have not been heavily studied in regard to Life Cycle CO2

(LCCO2) emission. However, for the majority of apartment housing blocks, it has been shown that a
significant portion of the CO2 emissions can be reduced by using a more sustainable block type instead
of the ‘flat-type’ block [7–13].

The purpose of this study was to assess the LCCO2 emissions when ‘flat-type’ blocks in an
apartment building (the reference case) were replaced with more sustainable ‘T-type’ blocks with
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fewer CO2 emissions (the alternative case) while maintaining the same total floor area. Therefore, this
study focuses on changing the building type rather than by improving the insulation or the heating,
ventilation and air conditioning (HVAC) equipment. The quantity of building materials used and
energy simulations were analyzed on each block type using Building Information Modeling (BIM)
techniques, and the LCCO2 emissions were calculated.

The study results indicate that different block types have significantly different CO2 emissions
over the building life cycle, and ‘T-type’ blocks have the potential to significantly reduce greenhouse
gas emission in the residential sector.

2. Literature Review

Life Cycle Assessment (LCA) that quantifies the consumption of resource and the occurrence of
emissions throughout the entire process of products system is an environmental impact assessment
scheme that evaluates their overall effects and is defined as ISO14040 [14]. The research on the
construction sector began with the reference to the Product Life Cycle Assessment targeting materials
and products. In order to apply to building structures, in consideration of the characteristics of having
a complicated structure and a long lifetime, the process of establishing the evaluation subject’s list
of analysis and evaluation stages should be prioritized by setting a life cycle phase and range and
by separating the inputs and outputs [15–17]. The building’s previous LCA includes all processes
and activities, during the life cycle of the building, that are divided into construction, operation,
maintenance, management, dismantling and disposal phases [18]. It is used as a tool to calculate the
environmental load of a quantitative structure. In addition, the previous LCA’s ultimate purpose
is to drive improvements that minimize the resource, energy consumption, CO2 emissions, etc. at
each step for a sustainable development. In consideration of the building’s previous life cycle for an
environmental impact assessment, European countries were undertaken in the development of national
level since the early 1990s and the studies on building’s environmental performance evaluation is being
conducted in various fields using the LCA method [19]. Eco-Quantum is the world’s first building
LCA-based computer program and was developed by the IVAM Environmental Research Institute in
Netherlands; it evaluates various aspects, such as the effects of energy consumption during the building
life cycle, maintenance during the operational phase, differences in the durability of building-related
parts, and recycling rates [20]. Becost, developed by the VTT Technical Research Centre of Finland
Ltd., is a web-based program that is utilized in marketing and system management, and uses data
relating to environmental effects throughout the building life cycle, including during building material
production, transportation, construction, maintenance, and disposal [21]. Envest, developed by
BRE in UK, is used to evaluate the LCA of building materials from the early phase of building
design. Web-based Envest2 was developed in 2003. The system boundary of this system includes
material extraction and manufacturing, related transport, on-site construction of assemblies, operation,
maintenance and replacement, and demolition. It can evaluate greenhouse gas (GHG) emissions, acid
deposition, ozone depletion, eutrophication, human toxicity, eco toxicity, waste disposal, etc. using the
Ecoinvent database [22]. The analysis results produced by Envest provide information relating to both
environmental performance and economic feasibility, through mean measured values of environmental
effects (referred to as Eco-point) and whole-life cost analysis results [23,24]. Athena EcoCalculator is a
spreadsheet-based LCA tool developed by the ATHENA Institute in Canada. Architects, engineers and
other design professionals can have instant access to instant life cycle assessment results for hundreds
of common building assemblies using Athena EcoCalculator for Assemblies [25,26]. The tool was
commissioned by the Green Building Initiative (GBI) for use with the Green Globes environmental
certification system. The boundary of this system includes material extraction and manufacturing,
related transport, on-site construction of assemblies, maintenance and replacement, demolition,
and transport to landfill. It can evaluate GHG emission, embodied primary energy, pollution to
air, pollution to water, weighted resource use using the ATHENA database (cradle-to-grave) and US
life cycle inventory database [27]. This system makes it easy to obtain the environmental impact result
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in real time and compare each other assemblies. However, it is only available custom assembly options.
Column and beam sizes are fixed [25]. LISA, developed in Australia, offers advantages in terms of
ease of analysis of environmental performance during the building material production phase by
utilizing life cycle inventory (LCI) databases (DBs) for various materials; it also uses simple input
methods, thereby reducing evaluation time and effort [24]. In Korea, SUSB–LCA was developed by
the Sustainable Building Research Center. SUSB–LCA employs direct input of building materials and
energy usage, together with an estimation model. SUSB–LCA can evaluate life-cycle energy, carbon
emissions, and cost. It is also an evaluation program that allows a case comparison between target and
alternative buildings [28].

Compared with the above LCA Method, SUSB–LCA enables easy assessment of building life cycle
CO2, offering outstanding performance of data renewal, and Becost and Envest2 offer users easy access
and various analysis results but require many hours of in calculating CO2 due to many input items.
Moreover, Eco-Quantum also can perform various comprehensive assessments by the stages based on
life cycle, but, due to many direct input items, require many hours in the assessment [29]. On the other
hand, Athena EcoCalculator and LISA have outstanding capability to analyze construction material
production by utilizing the LCI database of many materials and require relatively less assessment
hours in the assessment owing to simple input method, but has limitation in detailed analysis of CO2.

3. Assessment Method

Theory of the Building LCA Assessment Method

To compare the LCCO2 of the different block types, an existing apartment housing project that
consisted of all ‘flat-type’ apartment blocks was selected as the reference case, and CAD drawings
(e.g., plans, sections, elevations and details) were obtained. To compare a more sustainable block
type with the reference case, a ‘T-type’ block was proposed with the same levels of insulation and
HVAC equipment as well as with the same total floor area in the block lay-out plan of the existing
project. The ‘T-type’ block was developed based on the concepts of less building material used
during the construction stage, and less energy used during the operation stage in the project life cycle
(the alternative case). Second, each representative block for the base and alternative cases was
composed using BIM software (ArchiCAD ver. 13, Graphisoft, Budapest, Hungary) based on 2D
CAD drawings. After developing a 3D model, the cost of the building materials was assessed with
SUSB–LCA, a software program developed by Sustainable Building Research Center at Hanyang
University, Ansan, Korea. This information was used to quantitatively assess CO2 emissions and
calculate the cost and energy usage from the building’s entire life cycle (construction, operation,
maintenance and demolition and disposal) [28]. Third, the effect of CO2 reduction was assessed by the
application of high-strength concrete on the alternative cases only. This was performed by measuring
the reduction in the quantity of materials used for construction and the life cycle extension of the
structural system due to the use of high-strength concrete [30]. Fourth, CO2 emissions during the
operation stage were assessed by measuring energy consumption of each case using EcoDesigner,
a building energy simulation software compatible with BIM (Graphisoft, Budapest, Hungary).
This program has been validated for fast analysis results by international standards including
IEA-BESTEST, ASHRAE-BESTEST and CEN-15265.

Finally, LCCO2 emissions for the entire building life cycle were assessed: all CO2 emissions were
summed from the construction, the operation and the dismantling and disposal stages. In this study,
for the evaluation of manufacturing process considering the construction materials’ practical aspects
and properties, the mixed analysis method, which the individual integration and the input-output
analysis are complexly used, was applied. Especially, for the concrete CO2 emission intensity that is
different depending on the strength, since the input–output analysis and the individual integration
currently indicate just the individual or partial intensity, the CO2 basic unit through the database of
concrete strength and CO2 emissions for each admixtures, which were analyzed by the individual
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integration, was applied in the initial research and, in the case of materials other than concrete,
the input–output analysis derived from the direct and indirect parts of the input–output relations table
of the Bank of Korea was applied for consistency in the per-unit range analysis and evaluation results.
In addition, the supply quantity table by specific-items, which is an attached table of input–output
relations table, was prioritized in applying each material unit price, while the energy consumption and
CO2 emission per unit of each material were calculated by using the price information data and the
construction cost analysis data of the Korea Housing Corporation for the materials that are difficult to
apply the specific item. Figure 1 shows the process of assessment for this study.
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Figure 1. Process of life cycle CO2 assessment.

4. Reference Case and Alternative Case Proposal

The apartment housing project selected as the reference case was composed of 14 ‘flat-type’
blocks ranging from 30 to 35 stories. The land area was 99,744 m2, and it had 1829 dwelling
units with 249,951 m2 of total floor area for residential use. The project was completed in 2004. A
typical 35-story block in the housing project was selected as the reference block of the reference case
(see Figure 2). The typical floor plan consisted of the same two units with one vertical circulation core;
each unit area was 162.87 m2, and the total floor area of the reference block was 11,400.9 m2. The floor
height was 2.9 m and the total height of the reference block was 104.8 m. The structural system was the
bearing wall system and the concrete compressive strengths of the vertical members of the reference
block were classified into four segments: 35 MPa from the ground floor to the 9th floor, 30 MPa from
the 10th to 19th floors, 27 MPa from the 20th to 26th floors and 24 MPa from the 27th to 35th floors
(See Table 1). The alternative case was designed to have the same level of insulation and
HVAC equipment as well as with the same total floor area in the site level of the reference case.
Therefore, the alternative case was composed of 14 ‘T-type’ blocks ranging from 20 to 35 stories,
which had 1820 dwelling units with 250,932 m2 of total floor area for residential use.

A typical 35-story block was selected as the reference block in the alternative case. The floor
height was 2.9 m and the total height of the reference block was 104.8 m; these dimensions were the
same as the reference case. The typical floor plan of the alternative case was planned as the ‘column
and beam’ structural system with a front 3–4 bay composition, and in the form of four units with one
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vertical circulation core to achieve spatial efficiency and openness in each unit (see Figure 3). Each unit
area was 137.88 m2, and the total floor area of the reference block was 19,302.5 m2.
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Table 1. Building overview.

Category Contents

Building Size Above Ground 35 Stories, Basement 3 Stories

Structural system Reference case: reinforced concrete, bearing wall structure

Alternative case: reinforced concrete, column and beam structure

Concrete compressive strength Reference case: Classified into 4 segments: 24, 27, 30, 35 MPa

Alternative case: Classified into 4 segments: 24, 30, 40, 50 MPa

Others Concrete and rebar quantities were reviewed comparatively based on the
sum of the horizontal and vertical members.
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The structural system was the ‘column and beam’ system and the variable high-strength concrete
was used as the structural material. These factors were selected in order to assess how many CO2

emissions are reduced from each of these changes.
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5. Assessment of CO2 Emissions by Changes in Building Form

5.1. Comparison of the Amount of Major Materials and an Assessment of CO2 Emissions

The bearing wall system of the reference case was changed to the ‘column and beam’ system and
the changes in the amount of major materials were calculated using the quantity take-off function
of the ArchiCAD BIM software. In addition, the quantity of materials per unit floor area was also
assessed (Table 2). The materials used for each case were ready mixed concrete, rebar, cement
bricks, tiles, expandable polystyrene, plasterboard, poly vinyl chloride (PVC) windows and glass.
These elements make up 80% of CO2 emissions in Korean apartments [31]. In the alternative case, the
use of cement bricks increased by 236%, porcelain tile (wall) by 3%, expandable polystyrene by 53%
and plasterboard by 59.3%. These increases were caused by changes to the different building types,
including the ‘column and beam’ system in the structural system and the ‘T-type’ block in the building
form. However, substituting load-bearing walls for columns and beams decreased the use of concrete
and rebar by 11% and 36%, respectively. The CO2 emissions for the reference case and the alternative
case were calculated with SUSB–LCA (Table 3). The alternative case decreased CO2 emissions per unit
floor area by 9.45% (to 853.63 kg-CO2/m2) compared to the reference case. This change was mainly
due to the decreased use of rebar and concrete in the alternative case.

Table 2. Comparisons of the major materials required for the reference case and the alternative case.

Materials

Reference Case
(70 Households, Total Floor Area:

11,400.9 m2)

Alternative Case
(140 Households, Total Floor Area:

19,302.5 m2)

Total Quantity per Unit Area Total Quantity per Unit Area

Concrete

Slab 3256.68 m3 0.2856 m3/m2 5999.35 m3 0.3108 m3/m2

Column - - 2207.45 m3 0.1143 m3/m2

Beam - - 1388.93 m3 0.0719 m3/m2

Wall 4706.8 m3 0.4128 m3/m2 2350.6 m3 0.1217 m3/m2

Total 7963.48 m3 0.6984 m3/m2 11,946.33 m3 0.6189 m3/m2

Rebar 944,656 kg 82.8 kg/m2 1026.080 kg 53.1 kg/m2

Cement brick 506,832 EA 44.455 EA/m2 2,883,571 EA 149.388 EA/m2

Tile

Porcelain tile (floor) 64,680 kg 5.673 kg/m2 91,272 kg 4.7285 kg/m2

Porcelain tile (wall) 74,760 kg 6.557 kg/m2 130,416 kg 6.7564 kg/m2

Expandable polystyrene 7949.4 kg 0.6972 kg/m2 20,599.5 kg 1.0671 kg/m2

Plasterboard 154,918.4 kg 13.5882 kg/m2 417,826.5 kg 21.6462 kg/m2

PVC windows 11,945.85 kg 1.0477 kg/m2 17,159.29 kg 0.8889 kg/m2

Glass 6877.77 m2 0.6032 m2/m2 7466.25 m2 0.3868 m2/m2

5.2. Assessment of Changes in CO2 Emissions Due to High Strength Concrete

The use of high-strength concrete may reduce LCCO2 emissions by both extending the
building life as well as reducing the amount of concrete and rebar used in the structural members.
In this chapter, we specifically analyzed the decrease in CO2 emissions due to life cycle extension,
from 40 years in the reference case to 80 years in the alternative case.

5.2.1. Consideration of the Building Life Cycle

To extend the building life cycle to 80 years, we considered the carbonation phenomenon.
Carbonation is where CO2 in the atmosphere leaches into concrete and reacts with calcium hydroxide
to form calcium carbonate, reducing the pH of the concrete pore solution down to 8.3–10.0. Once the
pH inside the concrete is low, the rebar buried inside the concrete rusts thus decreasing its stability,
and corrosion begins. Corrosion in rebar by carbonation is a representative deterioration phenomenon
of reinforced concrete structures [31–34].
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Table 3. Comparisons of the CO2 emissions of the reference case and the alternative case.

Materials Unit CO2 Emissions
Unit (kg-CO2/Unit)

Reference Case Alternative Case

CO2
Emissions
(kg-CO2)

CO2
Emissions

(kg-CO2/m2)
CO2 Emission

(kg-CO2)
CO2

Emissions
(kg-CO2/m2)

Concrete

24 MPa m3 329.37 1,471,295.79 129.05 2,433,385.56 126.07
27 MPa m3 353.02 332,191.82 29.14 0.00 0.00
30 MPa m3 383.77 516,170.65 45.27 749,502.81 38.83
35 MPa m3 406.71 492,119.10 43.16 0.00 0.00
40 MPa m3 429.65 0.00 0.00 559,404.30 28.98
50 MPa m3 508.39 0.00 0.00 661,923.78 34.29

Rebar kg 3.84 3,627,479.04 318.17 3,940,147.20 204.13

Cement Block EA 0.27 136,844.64 12.00 778,564.17 40.33

Tile kg 13.80 1,924,272.00 168.78 3,059,294.40 158.49

Expandable Polystyrene kg 12.73 101,195.86 8.88 262,231.64 13.59

Plasterboard kg 4.45 689,386.88 60.47 1,859,327.93 96.33

PVC Windows kg 12.10 144,544.79 12.68 207,627.41 10.76

Glass m2 27.33 187,969.45 16.49 204,052.61 10.57

Total 10,748,180.97 942.75 15,988,617.15 853.63

The infiltration rate of CO2 into concrete must be computed in order to compute the life cycle of
the reinforced concrete in a carbonation environment. In general, it can be expressed as the square
root of time, as shown in Equation (1). In addition, the velocity coefficient A used in Equation (1) is
calculated from Equation (2), where A depends on: (1) the type of concrete; (2) the type of cement;
(3) the water-cement ratio and (4) the temperature and humidity. The coefficient A for this study was
determined using methods proposed by the Architectural Institute of Japan [35], and carbonation
depth versus time was computed. Table 4 shows the values of the variables that determine the velocity
coefficient of carbonation. We used the values shown in Table 4 to compute the carbonation velocity:

C “ A
?

t (1)

A “ α1 ˆ α2 ˆ α3 ˆ β1 ˆ β2 ˆ β3 (2)

where C: Carbonation Depth (cm), A: Carbonation Velocity Coefficient, and t: Time (year).

Table 4. Variables of carbonation velocity coefficient A.

Variable Details Applied Value

α1 Concrete type Normal concrete Ñ 1
α2 Cement type Normal concrete Ñ 1
α3 Water to binder ratio W/B = 0.6 Ñ 0.22
β1 Temperature Annual average temperature 15.9 ˝C Ñ 1
β2 Humidity Annual average humidity 63% Ñ 1
β3 Carbon dioxide concentration CO2 concentration 0.05% Ñ 1

Figure 4 shows an estimation of the carbonation velocity. Figure 4 illustrates that concrete with a
strength of 30 MPa or less may suffer from steel corrosion as carbonation may occur in the rebar inside
the concrete within 80 years (the target service life). Therefore, in order to rule out the necessity of
structure repair within 80 years, concrete with a minimum strength of 35 MPa should be used.
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5.2.2. Quantifying the Reduction of CO2 Emissions by Using High-Strength Concrete

Based on the results of the above rate of carbonation analysis, the effects of high-strength concrete
were assessed with both cases (Table 5).

Table 5. Overview of the applications of high-strength concrete.

Case-1
(Reference Case)

Case-2
(Alternative Case 1)

Case-3
(Alternative Case 2)

Case-4
(Alternative Case 3)

Structural system bearing wall columns and beams columns and beams columns and beams
If carbonation is

considered or not Not considered Not considered Considered Considered
Concrete strength 24, 27, 30, 35 MPa 24, 30, 40, 50 MPa 35, 40, 50 MPa 35, 40, 50 MPa

Whole repair Once Once Unnecessary Unnecessary
Blast furnace slag Not used Not used Not used Used (substitution rate 20%)

Case 1 represents the reference case and Case 2 represents the alternative case with repairs once
every 40 years. Case 3 shows a situation in which no repair is required over the target life cycle
(80 years) with the use of 35 MPa high-strength concrete. Case 4 shows a situation in which 20% blast
furnace slag is substituted for the high-strength concrete in Case 3. Relatively more CO2 is emitted
when high-strength concrete is used because the amount of cement used is increased compared to
normal strength concrete. In order to solve this problem, methods such as substitution of a portion of
the cement with industrial waste such as blast furnace slag have been proposed [36,37]. This study
assumed a mixture with 20% blast furnace slag in the cement.

Based on the actual structural calculations on each case and the quantities of concrete and rebar
required, the CO2 emissions were computed and compared (Table 6).

As for structural repair, partial repairs were assessed assuming that the entire repair is done in
consideration of inefficiency of construction, and according to the Japan Society of Civil Engineers [38]
research results, the CO2 emissions of materials consumed for one session of repair were set to 40% of
CO2 emitted from the materials related to the structure for one session of new construction.

When high-strength concrete was used for the alternative cases (Cases 2 to 4), CO2 emissions of
concrete and rebar were reduced by 21.08% compared to the reference case in Case 2 (structural repairs
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at 40 years), 35.39% in Case 3 (without structural repair) and 37.99% in Case 4 (when blast furnace slag
is substituted at 20%).

Table 6. CO2 emissions of concrete and rebar by whether high-strength concrete is applied or not.

Unit

Case-1
(Reference Case)

Case-2
(Alternative Case 1)

Case-3
(Alternative Case 2)

Case-4
(Alternative Case 3)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Concrete

24 MPa m3 4467 129.05 7388 126.07 - - - -

27 MPa m3 941 29.14 - - - - - -

30 MPa m3 1345 45.27 1953 33.83 - - - -

35 MPa m3 1210 43.16 - - 9301 195.98 9301 183.00

40 MPa m3 - - 1302 28.98 1302 28.98 1302 27.00

50 MPa m3 - - 1302 34.29 1302 34.29 1302 32.00

Repair - - 98.65 - 91.27 0 - 0 -

Sub-total m3 7963 345.28 11,945 319.44 11,905 259.25 11,905 242.00

Rebar kg 944,656 318.17 1,026,080 204.13 851,646 169.42 851,646 169.42

Total - 663.45 - 523.57 - 428.68 - 411.42

Ratio of reduction over case 1 21.08% 35.39% 37.99%

5.2.3. CO2 Emission for the Construction Stage

Based on our assessment of changes in CO2 emissions due to high-strength concrete, Figure 5
shows CO2 emissions of the construction stage, which is composed of emissions from construction
works on the site (“Construction”), building material transportation to the site (“Transportation”),
and building material production off the site (“Production”). As shown in Figure 5, Case 4 produced
the least amount of emissions and Case 1 produced the most. In all cases, Production was the stage
that produced the highest percentage of emissions.
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Specifically, Case 2, which had the “column and beam” structural system, showed 11.98% fewer
emissions than Case 1 (the reference case), which had the bearing wall structural system and less
concrete and rebar. Therefore, the ‘column and beam’ structural system was effective at reducing



Sustainability 2016, 8, 752 10 of 14

CO2 emissions in the construction stage if the building blocks are in similar conditions. By design,
Cases 3 and 4 used high-strength concrete and had twice the building life cycle than Case 1 and 2
(80 years vs. a repair at 40 years). Despite the shorter life cycle, Case 1 had 26.7% more emissions and
Case 2 had 11.5% more CO2 emissions than Case 4.

We found that the effects of the structural systems on CO2 emissions were relatively large and
that the ‘column and beam’ system was very effective at reducing CO2 emissions compared to the
load-bearing wall system during the construction stage. In addition, applying high-strength concrete to
apartment housing is advantageous for reducing not only building material amounts but also reducing
the requirement for repairs due to extending the building’s life cycle.

5.3. Assessment of Energy Consumption and CO2 Emissions in the Operation Stage

ArchiCAD modeling files and the EcoDesigner add-on energy simulation program were used to
assess changes in energy consumption in the operation stage. This study did not consider the reduction
rate of operational energy effectiveness [39]. Both cases were simulated under the same conditions
(see Table 7) in order to assess the energy consumption due to the different building forms,
i.e., “flat-type” blocks and “T-type” blocks.

Table 7. EcoDesigner input data for each case.

Mechanical Electrical and Plumbing System Value

Heating and Cooling Hot Water Generation 60 ˝C

Cooling Type Natural

Ventilation
Ventilation Type Natural

Air Change per Hour 0.7 times/hour

Energy Source Heating Natural Gas

Other energy use Electricity

As for the heat transfer coefficient of the wall parts, both cases were set based on the regional
energy code in Korea. The glass used in the windows was 6 mm thick double glazing with a
heat transfer coefficient of 3.1 W/m2¨K, solar heat gain coefficient (SHGC) of 0.66 and infiltration
of 3.06 L/m2.

Table 8 shows the calculated annual energy consumption and annual CO2 emissions depending
on what direction the block is facing. These results were generated with the EcoDesigner energy
simulation software.

Table 8. Annual energy consumption and CO2 emissions per unit area.

Facing Direction Annual Energy Consumption Annual CO2 Emission

Reference case
South 130.848 kWh/m2 26.43 kgCO2/m2

Southeast 134.234 kWh/m2 27.11 kg CO2/m2

Southwest 137.592 kWh/m2 27.79 kg CO2/m2

Alternative case South 87.547 kWh/m2 17.68 kg CO2/m2

When facing south, the energy used by the alternative case decreased 33.09% from the reference
case. This was mainly due to the 24.9% reduction in the Surface to Volume ratio (S/V ratio),
which is attributed to the 25.3% decrease in the envelope area by efficient design of four units per floor
and one vertical circulation core of the alternative case. The wall area ratio was also raised from 61.30%
to 67.49%.
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5.4. Discussion about Assessment of CO2 Emissions for Building Life Cycle

To assess CO2 emissions during the whole life cycle of the building, all CO2 emissions should be
totaled from the construction, operational and final stages of the building life cycle, with the final stage
consisting of dismantling and disposal. In this chapter, we summarize all previous assessments of CO2

emissions on the reference case and the alternative cases including high-strength concrete alternatives.
Based on the assessments discussed in 5.2 and 5.3 as well as an additional Dismantling and

Disposal Assessment, Figure 6 and Table 9 show LCCO2 emissions of all the test cases. LCCO2

emission of Case 4 was 4299 kg-CO2/m2, which consisted of 26% in the construction stage, 73% in the
operational stage, and 1% in the dismantling and disposal stage. The total amount of emissions for
Case 4 was 30% less than Case 1.

Sustainability 2016, 8, 752  11 of 14 

of CO2 emissions on the reference case and the alternative cases including high-strength concrete 
alternatives. 

Based on the assessments discussed in 5.2 and 5.3 as well as an additional Dismantling and 
Disposal Assessment, Figure 6 and Table 9 show LCCO2 emissions of all the test cases. LCCO2 
emission of Case 4 was 4299 kg-CO2/m2, which consisted of 26% in the construction stage, 73% in the 
operational stage, and 1% in the dismantling and disposal stage. The total amount of emissions for 
Case 4 was 30% less than Case 1. 

 

Figure 6. CO2 emissions during the building life cycle. 

Table 9. Life cycle CO2 emissions. 

CO2 Assessment Stage 
LCCO2 Emissions (kg-CO2/m2) 

Case-1 Case-2 Case-3 Case-4

Construction 

Production 1381.52 1213.83 1111.87 1086.59 
Transportation 7.39 7.39 7.39 7.39 
Construction 10.96 10.96 10.96 10.96 

Sub-total 1399.87 1232.19 1130.22 1104.95 

Operation 
Occupancy 4656.10 3115.27 3115.27 3115.27 

Maintenance 42.40 42.40 42.40 42.40 
Sub-total 4698.50 3157.67 3157.67 3157.67 

Dismantling 
and Disposal 

Dismantling 32.40 32.40 32.40 32.40 
Transportation 3.60 3.60 3.60 3.60 

Disposal 0.58 0.58 0.58 0.58 
Sub-total 36.58 36.58 36.58 36.58 

TOTAL 6134.95 4426.44 4324.47 4299.20

As shown in Figure 6, “Production” in the construction stage and “Occupancy” in the 
operational stage are the most significant contributors to LCCO2 emission. Therefore, applying 
effective CO2 emission-reducing technologies to these two sub stages will substantially reduce total 
LCCO2 emissions. In addition, CO2 emissions from heating the building and the electrical energy 
required for operation, both in the operation stage, and from “Production” in the construction stage 
also contribute a fair amount of LCCO2 emissions. The proportion of LCCO2 emissions from each 
stage of the life cycle is similar in all four cases. 

Figure 6. CO2 emissions during the building life cycle.

Table 9. Life cycle CO2 emissions.

CO2 Assessment Stage
LCCO2 Emissions (kg-CO2/m2)

Case-1 Case-2 Case-3 Case-4

Construction

Production 1381.52 1213.83 1111.87 1086.59
Transportation 7.39 7.39 7.39 7.39
Construction 10.96 10.96 10.96 10.96

Sub-total 1399.87 1232.19 1130.22 1104.95

Operation
Occupancy 4656.10 3115.27 3115.27 3115.27

Maintenance 42.40 42.40 42.40 42.40
Sub-total 4698.50 3157.67 3157.67 3157.67

Dismantling
and Disposal

Dismantling 32.40 32.40 32.40 32.40
Transportation 3.60 3.60 3.60 3.60

Disposal 0.58 0.58 0.58 0.58
Sub-total 36.58 36.58 36.58 36.58

TOTAL 6134.95 4426.44 4324.47 4299.20

As shown in Figure 6, “Production” in the construction stage and “Occupancy” in the operational
stage are the most significant contributors to LCCO2 emission. Therefore, applying effective CO2

emission-reducing technologies to these two sub stages will substantially reduce total LCCO2 emissions.
In addition, CO2 emissions from heating the building and the electrical energy required for operation,
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both in the operation stage, and from “Production” in the construction stage also contribute a fair
amount of LCCO2 emissions. The proportion of LCCO2 emissions from each stage of the life cycle is
similar in all four cases.

As shown in Table 9, LCCO2 emissions in Case 2 were 27.8% less than that of Case 1, mainly
because the operation stage produced 32.8% fewer emissions than Case 1. As we discussed in 5.3,
the fewer emissions in the alternative cases stemmed from the different building forms: “flat-type”
blocks vs. “T-type” blocks. Therefore, we recommend energy-efficient design strategies that optimize
the S/V ratio and the wall area ratio in order to minimize the operational energy requirements and
LCCO2 emissions.

Applying high-strength concrete as well as a “column and beam” system led to only a 2.9%
decrease in total LCCO2 emission, but a 26.7% reduction in the construction stage is not a small portion
of LCCO2 emission. There is a reason that this amount is usually ignored in the construction process
of apartment buildings. When apartment housing is planned and constructed initially, developers
generally try to reduce the initial construction costs and do not consider LCCO2 emissions. However,
when the building is constructed with normal concrete rather than high-strength concrete, the building
generally requires normal repairs after approximately 40 years. Although initially cheaper, normal
concrete will lead to more CO2 emissions through the whole building life cycle and lower the quality
of the structure.

Based on the comparison of block types, we highly recommend the combination of an effective
structural system such as the ‘column and beam’ system with a long life cycle technology such as
high-strength concrete to help reduce LCCO2 emissions in apartment housing projects. Our results
indicate that the block type and system structure have significant impacts on building environmental
load over its lifecycle, and significantly contribute to optimal greenhouse gas reduction. Therefore,
it is expected that the assessment process of CO2 emission based on the change in shapes of multi-unit
dwellings that are examined in this research would be applicable in other countries, including Korea,
as an alternative technique for estimating and assessing the environment performance of apartment
houses. However, the regional applicability range could be comparatively limited as the established
database of the research is based on the actual data of multi-unit dwellings that are built in Korea.

6. Conclusions

This paper assessed LCCO2 emissions when an apartment building in Korea with ‘flat-type’
blocks (the reference case) was changed to a more sustainable ‘T-type’ block structure with fewer CO2

emissions (the alternative case) while maintaining the same total floor area. The quantity of building
materials used and building energy simulations were analyzed with each block type using BIM
techniques, and the LCCO2 was calculated with high-strength concrete alternatives. The conclusions
are as follows:

1. By changing the bearing wall system of the ‘flat-type’ block to the ‘column and beam’ system of
the ‘T-type’ block, the alternative case decreased the concrete and rebar used by 11% and 36%,
respectively, compared with the ba3se case and as a result, CO2 emission decreased by 9.45%.

2. When concrete strength was raised in order to decrease carbonation and increase durability in
the ‘T-type’ block, CO2 emissions of the concrete and rebar in the alternative case decreased by
35.39% compared with the reference case. Moreover, there was an additional 2.6% reduction
when the blast furnace slag was substituted at 20%.

3. By changing the building forms, the envelope volume ratio of the ‘T-type’ block decreased
by 24% compared with the ‘flat-type’ block and, as a result, the CO2 emissions of the alternative
case during the operation stage decreased by 33.1%.

4. LCCO2 emission of Case 4 was 4299 kg-CO2/m2, which consisted of 26% of the construction
stage, 73% of the operational stage, and 1% of the dismantling and disposal stage. The total
emissions were 30% less than Case 1.
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