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Abstract: Building energy codes are key policy tools for improving building energy efficiency
by defining the minimum requirement for the energy performance of new buildings. In Korea,
the building energy code was focused on prescriptive criteria for a long time but is now gradually
introducing performance criteria. However, switching to performance criteria is not straightforward
because of the resistance of the market to abandoning the well-consolidated prescriptive criteria.
The objective of this study is to derive appropriate measures to strengthen the prescriptive criteria and
the performance criteria, considering both the energy-saving effect and the economic efficiency for new
office buildings and educational buildings to increase the market acceptance of the building energy
codes. To this end, the energy-saving effects of reference buildings resulting from the reinforcement
of the prescriptive criteria in the past have been first analyzed. Then, based on the collected energy
performance parameters and cost data, the economic efficiency relative to the energy saving deriving
from the application of passive and active energy conservation measures (ECMs) were analyzed,
and future building energy code’s reinforcement measures were derived.

Keywords: building energy code; energy conservation measure; energy saving ratio; investment cost

1. Introduction

In order to meet the demand for reducing greenhouse gas (GHG) emissions in the building
sector, major countries have established GHG reduction goals through the United Nations Framework
Convention on Climate Change (UNFCCC). To achieve these goals, many countries are implementing
various building energy policies to enhance the energy performance of new and existing buildings.
Building energy codes are one of the key policy tools that establish minimum levels of energy
performance for the design and construction of different building types [1-3]. Building energy
codes are legal mandatory requirements which usually include specifications regarding envelope,
heating, ventilating, and air conditioning (HVAC), domestic hot water (DHW), lighting systems,
renewable systems, etc. [2,4—6]. Building energy codes play a fundamental role in achieving energy
efficiency objectives for newly constructed buildings and reducing building energy demand and carbon
emissions, and the advancement of building energy codes is considered one of the most impactful
ways to improve the energy performance of building [4-7]. There are two main types of criteria in
most building energy codes: prescriptive and performance-based [6]. Many countries, including the
US and the EU countries, are implementing performance-based criteria for new buildings, such as
the energy need, energy use, primary energy use, and CO, emissions, as well as prescriptive criteria,
such as the thermal transmittance, air tightness, or the basic physical performance of the building
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components or the overall buildings. According to the results of an international survey on building
energy codes [5], many countries show a trend of switching to performance-based codes.

Several studies have been conducted to evaluate the effect of building energy codes on saving
energy and to analyze the effect of energy conservation measures (ECMs) to be included for the
upgrading of the current codes. Wang et al. [4] analyzed the effect of building energy efficiency
standards (BEES) using actual consumption data and found out that the BEES have a definite and
positive impact on the reduction of energy consumption of households in a Chinese city. Jacobsen and
Kotchen [7] evaluated the effect of a change in the building codes using residential billing data and
found a decrease in the consumption of electricity and natural gas, which means those average
social and private payback periods (PP) ranges 3.5-6.4 years. Chirarattananon et al. [8] assessed
future energy savings of various building types and sizes according to the revision of the building
energy code in Thailand. Qian et al. [9] evaluated the energy-saving potential of different ECMs
through the energy simulations in 16 different climate zones for 11 different commercial building
types in the U.S., compared to three different versions of American Society of Heating, Refrigerating,
and Air-conditioning Engineers (ASHRAE) standards, but did not consider the cost analysis of these
ECMs. Zhang et al. [10] determined the key prescriptive parameters of reference buildings in four
Chinese cities for the revision of building energy code based on the saving to investment ratio
(SIR) methodology.

Korea also updated the GHG reduction goal for the building sector in the 2030 Revised National
GHG Reduction Roadmap released in 2018, prescribing a target of reducing GHG by 32.7% compared
to the business-as-usual baseline by 2030. The Korean government is continuously promoting rational
revisions of the Building Energy Conservation Code (BECC), which is the minimum set of energy
performance criteria for new buildings that must be met in order to obtain a building permit. The Korean
BECC has focused on prescriptive criteria such as thermal transmittance and insulation thickness
since its enactment in 1979 but is now gradually introducing performance criteria as with many
other countries [5,11]. A performance approach has been applied for office buildings and educational
and research buildings, and all public buildings on a trial basis since 2017. However, switching to
performance criteria is not straightforward because of the market resistance to abandoning the
well-consolidated prescriptive criteria. To increase the market acceptance, appropriate and satisfactory
performance criteria should be suggested by analyzing the energy-saving effect from the reinforcement
of the familiar prescriptive criteria as well as the potential effect from the application of the ECMs in
terms of performance criteria. Furthermore, not only the energy-saving effect but also the economic
efficiency should be taken into account to encourage an active acceptance by the market.

The objective of this study is to derive appropriate ECMs to strengthen the prescriptive criteria
and the performance criteria of BECC considering both the energy-saving effect and the economic
efficiency for new office buildings and educational buildings. For this purpose, the energy-saving
effects of reference buildings have been analyzed according to the past reinforcement of the BECC. Next,
based on the collected energy performance parameters and cost data, the economic efficiency relative
to the energy saving by applying passive and active ECMs was analyzed. Finally, future recommended
ECMs for the reinforcement of BECC were suggested based on the analysis.

2. Development of ECMs Data for Analysis

To improve the energy performance of buildings effectively, the applicability of various ECMs
should be investigated on the basis of the energy-saving effect as well as economic efficiency.
The preparation of applicable and feasible ECMs should be based on the information on building
materials and equipment that are actually sold on the market. To derive practical and cost-effective
ECMs, information should be collected on cost as well as energy performance.

Several building energy modeling tools include ECM databases based on market research on
building materials and equipment so as to reflect the level of technical development and the cost trends.
The OpenStudio Parametric Analysis Tool (PAT) [12,13] provides energy performance evaluation and
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economic efficiency analysis features according to the application of various ECMs for new and existing
buildings. ECMs are broadly categorized into seven types: whole building, electric lighting, equipment,
envelope, HVAC, service water heating, and on-site power generation. A change in the building
location or direction falls into the ‘whole building’ category. The ‘envelope’ category comprises changes
in the R-value of opaque components and the replacement of windows. Lighting power reduction and
improved lighting controls are included in the “electric lighting” category. HVAC efficiency and fan
coefficients are included in the ‘'HVAC’ category. For on-site power generation, ECMs were established
for the photovoltaic (PV) power generation. The cost data consists of energy costs and ECMs-related
costs such as material cost, construction cost, maintenance cost, and demolition cost. The life cycle
cost (LCC) of buildings is calculated from these cost data, analysis length, inflation rate, and discount
rate. The CytiBES [14] is a web-based platform for analyzing city-scale energy performance based
on various data sources such as weather data, building stock, geographic information system (GIS),
building technology database, and utility data. A comprehensive list of 82 ECMS was provided
regarding major parameters closely related to the energy performance so that they could be generally
applied to buildings across the city rather than to a specific building [15]. In general, typical building
technologies of the building envelope, lighting, HVAC, service hot water, plug load, and building
operation and maintenance were specified as ECMs. The ECM database includes a description of
investment cost and performance value for each ECM. The users can select feasible individual ECM or
ECM packages based on energy savings, energy costs reduction, and PP [16]. The Opt-E-Plus [17],
an energy performance optimization program for commercial buildings, has a feature that can identify
the most economic ECMs by automatically performing repeated simulations. The ECMs include change
of location by climate, zone and orientation, change of building geometry, windows-to-wall ratio,
number of floors, replacement of building equipment and renewable energy systems, and change of
occupancy. For the economic analysis, the costs of materials, construction, maintenance, and demolition
are provided for individual ECMs.

In this study, the possibility of obtaining the performance and cost data of the materials and
equipment on the market was examined first in order to derive the ECMs. It was found that the
information on energy performance parameters such as the thermal conductivity of insulation materials
and the equipment efficiency, as well as the cost data such as the material cost, labor cost, and other
expenses have been continuously updated in various public or private websites in Korea [11,18-21].
However, the data quality is uneven, and the energy performance parameters and the cost data are not
being managed in an integrated manner. Thus, we have mapped the energy performance parameters
and the cost data of ECMs based on the standard specifications or model names of the materials and
equipment, as shown in Table 1.

Next, to build a standardized model for calculating the ECM costs, the relationships between the
energy performance parameters and cost of each ECM were analyzed. The regression analysis was
used to statistically estimate the relationship between observed continuous variables.

The U-value according to the thickness and thermal conductivity of the insulation layer was
chosen as an energy performance parameter for the building envelop component. The window U-value,
the efficiency and/or capacity of the heating and cooling system, and the lighting power density were
chosen as energy performance parameters. Among the renewable energy system, the electric power
production per unit area of the PV system was set as an energy performance parameter. To derive the
cost of each ECM, the relationship between the investment cost, which is the sum of the material cost
and construction cost of each construction material and equipment, and the energy performance value
was analyzed. As the energy performance improves, the cost may tend to increase nonlinearly rather
than increase at a constant rate. Therefore, various types of regression analyses were applied such as
exponential functions and polynomial functions. Next, among various equation models, the model
was selected for representing the relationship between energy performance and initial investment
cost. The coefficient of determination (R?) is a measure of the degree to which the estimated linear
model is suitable for the given data. As shown in Figures 1 and 2, the proportion of the part that can be



Energies 2020, 13, 4955 4 of 23

explained by the applied model is expressed as a value between 0 and 1. The closer to 1, the higher the
explanatory power by the model.

Table 1. Energy performance parameters and cost information mapping scheme.

Mapping Parameters

Type of ECM Data Source * Collected Data
Parameter Energy Cost
Korea standard type
ductivit
U-value . KPI Con ity
Density
Wall, Thickness
roof, Insulation Material cost
floor KPI .
Direct labor cost
Investment cost .
PPS Indirect labor cost
Management allowances
Model name
Frame type
Thickness
HEEI Glazing type
U-value . Glass type
Window Thickness of air layer
Window (glazing and U-value
frame) HEEI SHGC
+ BECC VT
Material cost
KPI Direct labor cost
Investment cost .
Indirect labor cost
PPS
Management allowances
KPI System or equipment type
Efficiency and capacity . Efficiency
P . + KPRC .
. roduction Capacity
Heating, system or
cooling in}Iiivi dual KPI Material cost
system . Direct labor cost
equipment Investment cost .
Indirect labor cost
PPS
Management allowances
i a . Power consumption
Ligh
ighting power density * KPI Luminous efficiency
lighting LED KPI Material cost
system Direct labor cost
Investment cost .
Indirect labor cost
PPS
Management allowances
. Module type
Power per collecting . KPI Collecting area
Renewable area Power
energy Photovoltaic Material cost
t
system KPI Direct labor cost
Investment cost L
PPS Indirect labor cost

Management allowances

* KPI: Korea Price Information Corp. PPS: Public Procurement Service. HEEI: High Efficiency Equipment Information
System. KPRC: Korea Price Research Center.

Next, to build a standardized model for calculating the ECM costs, the relationships between the
energy performance parameters and cost of each ECM were analyzed. The regression analysis was
used to statistically estimate the relationship between observed continuous variables.

The U-value according to the thickness and thermal conductivity of the insulation layer was
chosen as an energy performance parameter for the building envelop component. The window U-value,
the efficiency and/or capacity of the heating and cooling system, and the lighting power density were
chosen as energy performance parameters. Among the renewable energy system, the electric power
production per unit area of the PV system was set as an energy performance parameter. To derive the
cost of each ECM, the relationship between the investment cost, which is the sum of the material cost
and construction cost of each construction material and equipment, and the energy performance value
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was analyzed. As the energy performance improves, the cost may tend to increase nonlinearly rather
than increase at a constant rate. Therefore, various types of regression analyses were applied such as
exponential functions and polynomial functions. Next, among various equation models, the model
was selected for representing the relationship between energy performance and initial investment
cost. The coefficient of determination (R?) is a measure of the degree to which the estimated linear
model is suitable for the given data. As shown in Figures 1 and 2, the proportion of the part that can be
explained by the applied model is expressed as a value between 0 and 1. The closer to 1, the higher the
explanatory power by the model.
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Figure 1. Relationships between the U-value and investment cost of the building envelope.
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Figure 2. Relationships between the capacity by efficiency and investment cost of boiler.

Figure 1 shows the example of analyzing the relationships between the U-values and investment
cost of the exterior wall, roof, and floor. The cost increased considerably as the U-value decreased,
and the R? of all calculation models were 0.8 or higher. Likewise, the upgrading of the boiler also
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produced differences in investment cost according to the equipment efficiency and capacity as shown
in Figure 2, and the calculation models showed a high explanatory power with more than 0.9 of
R?. Table 2 shows a part of the developed cost calculation models for various ECMs. In this table,
1000 KRW corresponds to about $0.84 ($1 is approximately equal to 1200 KRW). For the building
envelope, lighting, and PV system, the equations were developed based on the investment cost per
unit area. For the heating and cooling systems, the equations varied with capacities according to each
efficiency group. And the collected data were marked by black dots in the table, depending on whether
they were used for energy performance or cost calculations.

Table 2. The calculation models of ECMs investment cost.

Investment Cost Calculation Model

ECM Category Performance Group No. of Data y (KRW) R?
Wall - 584 Y = Au(9704.9 x U~09%) 0.83
Envelope Floor - 584 y = Af(3840.4 x U~132) 0.83
Roof - 584 y = A,(15,203 x U~0766) 0.83
Windows - 5795 ¥ = Auin(157,894 x U007) 0.98
Heating Efficiency 88 9 y =YX (32,187x; +2,000,000) 0.98
production Boiler ©h) 91 74 y= 0.93
system 25 1(0.002212 - 16.633x;2 -+ 36, 132x; + 10,000, 000) :
98 12 y =YK | (~44.838x7 + 105,434x; +20,000,000) 0.98
) 3 18 . = 0.99
Cooling Compression cop Zi71(0.02152,3 —252.362;% + 77,702z; + 30,000, ooo)
production chiller 5 47 N 1.00
system Y5 1(028972% - 1478422 + 175,491z + 5,000,000) :
y=
6 3 T51(025932;% - 23.8752% - 122,593z + 200, 000,000) 1.00
Absorption y=
chiller cor 13 7 Y51 (~2.1672% + 2489.52,% + 848,771z -+ 70,000, 000) 0.99
) Packaged air cor 37 12 y = 205,228z + 1,000,000 098
Cooling conditioner
and/or . X
heating  Heat pump (gas) Heat‘é‘%/g""'mg 1.6/1.4 3 y = 751,505z + 1,000,000 0.90
equipment
. . 4.0/3.9 14 y = 674,283z — 1,000,000 0.90
gfj;f;g:y?; He"‘“(':‘é/g“h“g 1.6/45 6 y = 706,714z + 967,209 0.90
3.3/8.0 16 y = 575,842z + 8,000,000 0.90
Lighting LED - 35 y = DAy 0.70
PV monocrystalline kW/m2 0.15 11 vy = 150,000 x Apy + 2,000,000 1.00
Nomenclature
Gross floor area Heating capacity of the ith
Aw Wall area (m?) Agf (m?) X E:ystzm (tIZW)
Ay Floor area (m?) Apy 14% m(()il;;e area z Coohnfyc;}::(t]zzv% the ith
Ay Roof area (m?) u U-value (W/m2K) z Total cooling capacity (kW)
. Window area Number of - . 2
Awin (m?) k production systems 1 Lighting density (W/m?)

3. Evaluation Method of Energy Performance and Cost

3.1. Reference Model

To select the reference buildings, certified building data from the national Building Energy
Efficiency Rating Certification System were analyzed. This voluntary certification system has been
implemented since 2001 to promote the reduction of building energy consumption by providing
customers information on building energy performance [11]. From 2001 to 2020, preliminary certificates
were issued for about 12,500 buildings at the design stage, and final certificates were issued
for 5500 buildings after construction. Among the non-residential buildings, office buildings,
and educational and research buildings, to which the performance criteria of BECC are currently
applied and have the largest number of certifications, were selected for the analysis.

The buildings that received certifications between 2013 and 2017 were categorized by building type
and size, as shown in Table 3. All certified buildings were divided into a small (500-3000 m?) group and
large (>3000 m?) group by gross floor area according to the BECC'’s classification criteria. The ‘others’
category of educational and research building includes training centers, libraries, cultural centers,
dormitories, educational office buildings, etc. In this study, considering the number of data and the
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representativeness of the building type, it was decided to select one reference building from each of
the small office buildings, large office buildings, and large K-12 schools.

Table 3. Number of certified office buildings and educational and research buildings by type and size.

Educational and Research Building

University K-12 School Kindergarten R&D Building Others

Building Type and Size Office Building

Small (500~3000 m?) 101 5 9 9 5 24
Large (3000 m? or larger) 748 91 347 40 94 173
Total 849 96 356 49 99 197

To define the representative values related to building features such as the gross area, number of
floors, type of heating or cooling systems and equipment, descriptive statistical analysis was performed
based on the certified building data. The size distribution by building type and the statistical values
are listed in Table 4. For the small office building and the K-12 school, the mean values were similar
to the median values in terms of gross areas and number of floors. 52.7% of the K-12 schools were
5-story buildings and 37.8% were 4-story buildings. The distribution of the number of floors in large
office buildings also showed a similar trend. On the other hand, the mean value of the gross floor
area of large office buildings, which showed a large skewness in terms of gross floor area distribution,
differs significantly from the median value. In this case, it can be seen that the median value is more
appropriate as a representative value of the data distribution. In the case of the small office buildings,
90% of all buildings used electric or gas heat pumps for heating, and 51.6% of them used boiler and
heat pumps together. For cooling, 48% of buildings used heat pumps, and 46% used packaged air
conditioners. Among the large office buildings, 25% used heat production systems such as boilers
and chillers and individual heating and cooling equipment in parallel, followed by heat pumps only
which were used in 24% of the cases. Among the K-12 schools, 92% used heat pumps for heating,
while compression-type chillers and heat pumps were used for cooling in parallel in 46% of the cases.

Table 4. The size distribution by building type and the selected representative values.

Reference Building Data Distribution

N Feature Mean
Type Size Min. 25% 50% 75% Max.
0 101 gross area 607 1598 2150 2682 2999 2082
. o sma Number of floors 1 3 4 5 13 4.4
Office building

laree 748 gross area 3002 5473 10,953 21,293 199,923 20,474

8 Number of floors 1 5 10 15 49 10.8
gross area 3079 9950 11,937 13,641 30,517 11,769

K-12 school large 347 Number of floors 2 - 5 - 6 44

By reviewing the architectural drawings and building equipment lists of the certified buildings,
three buildings with features similar to statistical representative values for each building type were
selected as reference buildings. Table 5 shows the basic information of the selected reference buildings
by building type.

3.2. Cost Calculation

Despite the energy saving that can be achieved when an ECM is applied, if its investment cost is
not reasonable, the public acceptance of the ECM by the market will be low. Therefore, not only the
energy-saving effect itself but also the saving to the investment cost must be analyzed. Zhang et al. [10]
developed an economic model for ECM and conducted an economic efficiency assessment by applying
the SIR method for various ECMs in four climate areas in China. Galatioto et al. [22] developed an
evaluation model to determine the optimal retrofit cost for historical buildings in Italy and analyzed
the LCC and PP for various retrofit measures. In many other studies [23-26], the investment cost
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and LCC for the application of various ECMs have been calculated and their relationships to energy
savings or PP have been analyzed.

Table 5. Information on features of the selected reference buildings.

Feature A (Small Office Building) B (large Office Building) C (K-12 School)
H[ 1 hﬂtrl"j ~_~
g LT 1] . d
Floor Plan Gl :
T 1 | ET R EE T
Building area 483 m? 1049 m? 2967 m?
Gross floor area 2257 m? 13,267 m? 11,937 m?
Number of floors B1/5 B4/10 B1/5
WWR 45% 32% 26%
Heating/Cooling EHP EHP EHP + GHP

This study attempted to conduct an economic analysis based on the developed ECM cost data.
In order to identify the economic feasibility of ECMs as in the above-mentioned various previous
researches [10,22-26], the SIR, which quantifies the energy saving to the investment cost, and the PP of
the investment cost were selected as the indices of assessment. The following Equations (1) and (2)
describe the equations to calculate SIR and PP, respectively:

ES
SIR = c’ 1)
IC
PP = m, )

where ES, IC, ECy, ECeci, denotes the energy saving when the ECM is applied (kWh), the incremental
cost of the ECM(KRW), the energy cost of the baseline model (KRW), and the energy cost when the
ECM is applied (KRW), respectively.

The electricity or heat energy costs of nonresidential buildings are very complex to calculate
because of diverse types of contracts and time-variant pricing systems. To calculate the annual energy
cost (EC) of Equation (3), the energy cost estimation models were derived through regression analysis
based on real energy billing data according to the annual energy consumption for 30,552 cases of
electricity and 271 cases of district heating as shown in Figure 3. For the gas energy cost, the regional
average prices were applied. Table 6 shows the energy cost estimation model by fuel type.

EC = ECelec + Ecgas + ECpeat 3)
900,000 200,000
800,000 - T ~180,000 -
2 y =141.81x + 283, 2 ]
S700,000 - R? = 0.9711 s 160,000
“g 600,000 < 1‘2"8888
S 500,000 - 8 1
5} 100,000 -
3 400,000 1 3 80,000 ,
4 o D
;300'000 z 60,000 20"y = 92.017x + 2,735,184
S 200,000 1 S 40000 { R2=0.9943
W 100,000 - W 20,000 {4
0 c - : 0 # ; .
0 2000 4000 6000 0 1000 2000 3000

Electric energy consumption (MWh) Heat energy consumption (MWh)

Figure 3. Energy cost model based on billing data for electricity and heat energy consumption.
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Table 6. The summary of energy cost estimation model by fuel type.

Fuel Type N Energy Cost Model R? Nomenclature
Electricity 30,552  ECg,. = 141.8 E,j,c + 283,608 0.97  EC Annual energy cost (KRW)
Gas - ECgas = 67.771 Egas + 13,200 - E Annual consumption(kWh)
District heating 271 ECpeps = 92.017 Eppppy + 2,735,184 0.99  elec electricity
gas gas

heat district heating

3.3. Energy Simulation

The ECO2-OD, the national official program for calculating building energy need, use, and primary
energy use based on the ISO 52016 [11,27], was used to analyze the energy performance according to
the reinforcement of the prescriptive criteria of the BECC and the application of ECMs. The program
can calculate the energy need and use simply by using the design information in the permission stage,
i.e., when the specific details of the buildings are not yet been specifically defined. As the weather
conditions of three reference buildings, four representative cities were selected considering the four
climate regions of the BECC: Cheolwon in the Central 1 (C1) region, Seoul in the Central 2 (C2) region,
Daegu in the Southern (S) region, and Jeju in the Jeju region (J). Figure 4 shows the monthly average
ambient temperatures of each city. Among the input parameters concerning the building information,
the building type, number of floors, orientation and other geometric data, floor area, equipment
type, and capacity were entered as specified in the drawings. The standard operating schedules and
conditions were used for lighting, equipment, occupancy, and operating days.

30
25

20 - /

15
10 A

0 ./l T T T T T T T T T T
_5A./{ \

1 2 3 4 5 6 7 8 9 10 11 12
—#—-Cheolwon(Cl) —e—Seoul(C2) Daegu(S) Jeju(J)

Outdoor dry-bulb temperature(°C)

Figure 4. The monthly average ambient temperature of each city.

The performance parameters were divided into two groups: parameters for analyzing the
energy-saving effects according to the reinforcement of prescriptive criteria until present, and parameters
for analyzing the effect of current available ECMs. First of all, for the performance parameters to
analyze the effect of the strengthening of the prescriptive criteria, U-value of building envelope,
efficiency of heating and cooling equipment, heat recovery rate, lighting power density, and renewable
energy ratio to the lighting capacity were selected according to the prescriptive criteria of BECC. Even
though the ECM cost data were also established for boilers and chillers, we only used the efficiency of
the heat pump as performance parameter, which was applied to the reference buildings. In the case of
the performance parameters for the ECMs, heat recovery rate was excluded because there is little data
on the cost for the heat recovery rate above the current level specified by the prescriptive criteria.

To analyze the energy-saving effect of the reinforcement of the BECC, the energy needs and uses
of reference buildings were calculated based on the values of the parameters at each period when
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the criteria were reinforced from 2001 to the present. Subsequently, to investigate the energy-saving
potential by applying high-performance ECMs, the reference buildings with the parameter values of
the latest prescriptive criteria were set as the baseline models. Table 7 shows the input values of the
performance parameters according to the reinforcement of the prescriptive criteria for each climate
region. A total of 10 periods were established from 2001 to 2020.

Table 7. Values of performance parameters according to the reinforcement of the prescriptive criteria.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Category Performance Parameter ‘01- ‘08.7- ‘08.11- ‘10.11- ‘12.5- “13.9- ‘14.9- ‘16.1- ‘17.6- 18.9-
‘08 ‘0811 ‘10.7 ‘125 ‘13.8 ‘148 ‘1512 ‘17.6  ‘18.8 current
Wall Central 1 047 047 047 036 0.36 027 027 026 0.26 0.17
U-value Central 2 047 047 047 036 0.36 027 027 026 0.26 0.24
(W/m?2 K) Southern 0.58 0.58 0.58 0.45 045 0.34 034 032 0.32 0.32
Jeju 0.76 076 076 0.58 0.58 0.44 044 043 043 041
Roof Central 1 0.29 0.29 0.29 0.20 0.20 0.18 0.18 0.15 0.15 0.15
U-value Central 2 0.29 0.29 0.29 0.20 0.20 0.18 0.18 0.15 0.15 0.15
(W/m? K) Southern 0.35 0.35 0.35 024 024 0.22 022 018 0.18 0.18
Architecture Jeju 0.41 0.41 0.41 0.29 0.29 0.28 0.28 0.25 0.25 0.25
Floor Central 1 0.41 0.41 0.41 0.41 0.41 0.29 0.29 0.22 0.22 0.17
U-value Central 2 0.41 041 0.41 0.41 041 0.29 0.29 0.22 0.22 0.20
(W/m?2 K) Southern 047 047 047 041 0.41 0.33 0.33 0.25 0.25 0.25
Jeju 0.52 052 052 0.41 0.41 0.39 0.39 0.33 0.33 0.33
Window Central 1 3.84 340 340 240 240 210 2.10 1.50 1.50 1.30
U-value Central 2 3.84 340 340 240 240 210 2.10 1.50 1.50 1.50
(W/m? K) Southern 4.19 3.80 3.80 2.70 2.70 240 2.40 1.80 1.80 1.80
Jeju 523 440 440 3.40 340  3.00 3.00 240 240 220
Heating EHP (COP) 3 3 4 4 4 4 4 4 4 4
Mechanical efficiency GHP (COP) 1.3 1.3 1.3 1.4 14 1.52 1.52 1.52 1.59 1.59
system Cooling EHP (COP) 3 3 3.8 3.8 3.8 3.8 4 4 4 4.2
efficiency GHP (COP) 1.1 1.1 1.1 12 1.2 13 13 13 13 14
Heat recovery rate (%) 0 0 0 0 70 70 70 70 70 70
Electrical N . 2
system Lighting density (W/m~) 20 18 18 16 12 10 10 7.5 7.5 7.5
Renewable Ren'ewa.ble energy raflo to 0 0 0 0 0 0 0 0 60 60
system lighting capacity (%)

Tables 8 and 9 show the input values for the performance parameters of ECMs when the simulation
model of P10 was set as the baseline. In the case of the U-value, as the values applicable to the baseline
model varies according to the region, high-efficiency U-values were sequentially assigned based on the
U-value of the baseline model of each region. For the heating and cooling equipment, only the efficiency
was changed, while the type and capacity of the system was fixed to the values of the systems designed at
the time of certification. The efficiency of the EHP was assigned to all the reference buildings, whereas
that of the GHP was only applied to the K-12 school building. Finally, changes in lighting power density
and renewable energy ratio were also applied to all reference buildings in a similar way.

Table 8. Values of performance parameters for architecture ECMs.

Wall Floor Roof Window
ECM Code (I‘JNX;IZ“IQ(‘"; ECM Code (I‘JNX:IIZ“I"‘(S) ECM Code xVX;lz“Ie(‘"; ECM Code (I‘JNX:IIZ“I"‘(S)

w1 038 F1 0.30 R1 023 Winl 2.00
W2 035 2 028 R2 0.20 Win2 1.70
w3 033 F3 0.26 R3 018 Win3 1.40
Wi 0.30 F4 023 R4 0.16 Win4 1.35
W5 028 F5 0.20 R5 0.15 Win5 1.30
W6 026 F6 0.18 R6 012 Winé6 1.15
w7 023 F7 0.16 Win7 1.00
W8 0.20 F8 015 Win8 0.90
W9 0.18 F9 0.12 Win9 0.70
W10 0.16

Wil 0.15

W12 0.12
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Table 9. Values of performance parameters for mechanical, electrical, and renewable ECMs.

ECM ECM Code Performance Parameter Value

EHP E Heating efficiency/Cooling efficiency (COP) 4.6/4.5

GHP G Heating efficiency/Cooling efficiency (COP) 1.6/1.4
Lighting L Lighting density (W/m?) 6.0
PV PV1 Renewable energy ratio to lighting capacity (%) 80
pPv2 Renewable energy ratio to lighting capacity (%) 100

4. Results and Discussion

4.1. Energy Saving Effect According to the BECC Reinforcement

The energy needs, energy uses, and primary energy uses of the small office building A, the large
office building B, and the K-12 school building C for each region, calculated by the latest ECO2-OD
version 2018.901.3, are shown in Tables 10-12, respectively. The reduction ratio in these tables was
calculated by dividing the difference of energy need or use in P10 and P1 by energy need or use in P1.
Figure 5 shows at a glance the trend of reduction in energy use and need of three reference buildings in
the C2 region with the reinforcement of the BECC.

Table 10. The energy need of the reference buildings according to the reinforcement of the BECC.

. Energy Need (kWh/m”yr) Reduction
Bldg. Region .

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Ratio (%)

c1 146.7 136.8 1368 1173 864 747 747 615 615 586 60.0

A c2 1349 1255 1255 1103 838 730 730 613 613 612 54.7

S 131.6 1228 1228 1082 846 741 741 630 630  63.0 522

] 1326 1219 1219 1089 879 774 774 668 668  66.0 50.2

c1 131.9 1239 1239 1098 773 683 683 575 575 545 58.7

B 2 1230 1151 1151 1031 751 666 666 562 562  56.0 54.4

S 1231 1153 1153 1034 910 84 84 717 717 717 418

] 119.8 1108 1108 1002 778 699 699 603 603  59.7 50.1

c1 1425 1358 1358 1236 840 756 756 659 659  63.6 55.4

c2 133.0 1261 1261 1155 825 745 745 649 649 647 51.3

= S 1313 1244 1244 1136 839 759 759 663 663 663 495

] 1257 1182 1182 1081 829 753 753 664 664 659 47.6

Table 11. The energy use of the reference buildings according to the reinforcement of the BECC.

. Energy Use (KWh/m? “yr) Reduction
Bldg. Region X

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Ratio (%)

C1 112.0 1049 935 83.4 65.9 57.1 56.8 47.0 35.6 33.7 70.0

Cc2 1044 971 87.8 78.8 62.8 54.4 54.0 45.0 33.6 33.1 68.3

A S 100.8  94.0 85.5 76.8 61.9 53.5 53.0 444 33.0 325 67.7

] 98.5 90.8 83.2 75.4 61.9 53.9 53.4 454 34.0 33.2 66.4

C1 106.1  99.6 89.6 81.1 61.6 54.6 54.3 45.8 344 324 69.4

Cc2 99.0 92.8 84.6 76.8 59.1 52.6 52.1 43.8 324 31.9 67.8

B S 97.2 91.2 83.5 75.7 64.6 58.3 57.8 49.7 38.3 37.8 61.1

] 92.8 86.0 79.6 72.7 57.7 51.4 50.9 43.4 32.0 31.3 66.2

C1 164.8 158.0 1548 138.6 99.3 88.2 88.2 78.3 67.9 64.1 61.1

C2 1519 1448 1422 1278 95.2 84.8 84.7 75.1 64.7 63.2 58.4

c S 1478 140.7 1384 1245 94.7 84.7 84.6 75.0 64.6 63.2 57.3

J 1375 1302 1283 1154 917 82.2 82.1 73.3 62.9 61.1 55.6
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Table 12. The primary energy use of the reference buildings according to the reinforcement of the BECC.

. Primary Energy Use (kWh/m?-yr) Reduction
Bldg. Region .
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10  Ratio(%)
C1 309.5 2899 2585 231.0 1827 1584 1576 1308 99.3 94.0 69.6
A Cc2 2885 2685 2429 2182 1741 151.1 1499 1253 93.9 92.6 67.9
S 278.8 2599 2367 2127 1717 148.6 1471 123.7 92.3 91.0 67.4
J 2725 2513 2304 2089 1719 149.7 1483 126.2 94.9 92.7 66.0
C1 293.4 2754 2478 2245 1708 151.6 1508 1274 96.0 90.7 69.1
B Cc2 273.8 2567 2341 2127 1640 1460 1448 1219 90.5 89.1 67.4
S 281.1 2638 239.7 2180 1688 1507 1493 1264 95.0 93.3 66.8
J 256.6 238.0 2203 2014 160.1 1428 1414 1209 89.6 87.7 65.8
C1 3083 2916 2828 255.0 1877 166.0 1659 1433 1147 109.8 64.4
C Cc2 2902 2732 266.1 2405 1822 1613 161.0 1389 1103 108.4 62.6
S 2844 2674 2609 2360 1815 161.1 160.7 138.7 1101 108.3 61.9
J 2703 2529 2477 2239 1774 1577 1574 1364 1077 1054 61.0
160
140
120
:;\ 100
£ &
£
=~ 60
40
20
0

P1 P2 P3 P4 P5 pPé6 p7 P8 P9 P10

—&— Energy need-A —A— Energy need-B —@— Energy need-C

-48 - Energy use-A --&-Energy use-B --@-Energy use-C

Figure 5. Trend of reduction in energy use and need with the reinforcement of the BECC in the
C2 region.

When the latest prescriptive criteria (P10) were applied, buildings A, B, and C all satisfied the
current performance-based criteria, primary energy use requirement of 200 kWh/m?2-yr for private
buildings and 140 kWh/m?yr for public buildings, in every case. The reduction ratios of the energy
need in P10 compared to P1 ranges from 50.2 to 60.0% for the small office building, from 50.1 to 58.7%
for the large office building, and from 47.6 to 55.4% for the school building. The reduction ratios of the
energy use ranges from 66.4 to 70.0% for the small office building, from 66.2 to 69.4% for the large
office building, and from 55.6 to 61.1% for the school building. The energy need and energy use of
the reference buildings in every region showed a gradually decreasing trend, thereby confirming the
effects in terms of energy saving.

The energy need and use of the large office building were lower than those of the small office
building. The larger window to wall area ratio of the small office building than that of the large office
building can be one of its reasons. The office buildings A and B showed a significant difference in
energy use compared to the school building C. Given that there was not much difference in energy
need, the differences in energy use seems to be caused by the fact that the school building uses GHP
and EHP with different efficiency in parallel. In terms of the reduction ratios of energy need and use
by region, the highest value was achieved in C1, followed by C2, S, and J. As expected, it can be seen
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that the lower the average annual temperature, the greater the energy-saving effect by strengthening
the U-value requirements for the building envelope.

It can be seen that the gradual reinforcement of prescriptive criteria for new buildings in Korea has
been well aligned with the strengthening of performance-based criteria as well. However, the additional
reinforcement of the prescriptive criteria may not guarantee an effect as strong as that produced in
previous reinforcements. Therefore, it is necessary to examine the energy-saving potential through
future reinforcement of the BECC and the feasibility of ECMs based on the economic analysis.

4.2. Energy Performance and Cost Evaluation According to a Single ECM Change

To propose a direction for future improvement of the BECC, the reference building models in P10
were chosen as the baseline models for the current state. To investigate the energy-saving effect of
ECMs, SIR, and PP were calculated by analyzing the investment cost increase and energy cost saving
when the ECMs were applied to the baseline models one by one. Figure 6 shows the result for each
reference building in Seoul in the C2 region and Daegu in the S region in ascending order of PP. Table 13
shows the calculated values of SIR and PP for each reference building in all regions.
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Figure 6. SIR and PP of the ECMs for each reference building in C2 and S regions.
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Table 13. SIR (kWh/1000 KRW) and PP (year) of the single ECM for each reference building in 4 regions.

ECM A(C1) A(C2) A(S) A() B(C1) B (C2) B (S) B()) C(C1) C(C2) C(S) c)p

Code SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP SIR PP
w1 0.086 82 0.085 83 0.215 58
W2 0.079 90 0.078 91 0.197 64
W3 0.074 95 0.073 97 0.186 68
W4 0.062 113 0.067 105 0.083 85 0.066 106 0277 45 0.169 75
W5 0.058 122 0.070 101 0.078 91 0.062 114 0.165 78 0.157 80
W6 0.065 108 0.064 110 0.073 97  0.069 102 0.153 85 0.146 86
W7 0.019 363 0.054 130 0.046 155 0.021 337 0.064 109 0.059 119 0.051 252 0.088 194 0.129 98
W8 0.034 209 0.046 155 0.040 175 0.036 194 0.056 125 0.050 140 0.093 136 0.086 179 0.097 140
W9 0.034 206 0.040 174 0.037 193 0.037 191 0.051 139 0.045 157 0.093 137 0.082 183 0.088 153

W10 0.041 172 0.032 217 0.036 198 0.033 215 0.043 164 0.035 201 0.045 155 0.040 178 0.109 115 0.087 146 0.075 194 0.079 169
W11 0.038 183 0.031 226 0.033 212 0.031 228 0.040 175 0.034 210 0.043 165 0.034 210 0.102 122 0.084 153 0.072 202 0.075 179
W12 0.031 228 0.026 269 0.023 311 0.025 282 0.032 217 0.028 249 0.034 205 0.027 262 0.082 152 0.070 183 0.060 239 0.061 220

R1 0.061 115 0.071 99 0.105 108
R2 0.054 131 0.063 112 0.093 123
R3 0.049 143 0.058 123 0.085 135
R4 0.037 190 0.044 159 0.055 129  0.052 136 0.072 165 0.076 149
R5 0.035 202 0.042 168 0.052 137 0.049 144 0.068 175 0.072 158
R6  0.048 147 0.034 210 0.029 245 0.056 204 0.059 120 0.042 168 0.042 166 0.065 175 0.086 140 0.060 202 0.056 213 0.096 192
F1 0.070 101 0.060 118 0.143 91
F2 0.064 109 0.055 129 0.132 98
F3 0.059 119 0.050 141 0.121 107
F4 0.047 151 0.051 138 0.057 124 0.043 163 0.109 121 0.105 124
F5 0.040 178 0.043 164 0.048 146 0.037 193 0.092 143  0.088 147
Fé 0.041 173  0.035 202 0.038 186 0.038 184 0.043 165 0.032 219 0.085 153  0.081 162 0.078 167

F7  0.045 157 0.035 199 0.030 233 0.033 215 0.041 172 0.033 211 0.037 190 0.028 253 0.095 133 0.074 176 0.071 187 0.068 193
F8  0.042 169 0.033 215 0.028 252 0.030 232 0.038 185 0.031 228 0.034 206 0.026 274 0.088 143 0.069 190 0.065 202 0.063 208
F9 0.032 221  0.025 281 0.027 257 0.023 305 0.029 241 0.024 298 0.026 269 0.020 360 0.068 186 0.053 248 0.050 264 0.048 274

Winl 0772 9 0.705 10 1707 8
Win2 0764 9 0574 12 1.064 7 0.630 11 2009 7 1.248 12
Win3 0.802 9 0513 14 0.501 14 1.000 7 0952 7 0479 15 2333 5 135 11 1177 12
Win4 0779 9 0495 14 0481 15 0975 7 0943 7 0466 15 2240 6 1368 11 1158 12
Win5 0757 9 0477 15 0462 15 0950 7 0922 8 0453 16 2168 6 1370 11 1.137 12
Win6é 1.016 7 0720 10 0426 17 0410 17 1230 6 0875 8 0.859 8 0414 17 2835 4 1989 7 1335 11 1.069 13
Win7 0922 8 0.640 11 0419 17 0357 20 1127 6 0798 9 0722 10 0378 19 2619 5 1824 7 1265 11 0993 14
Win8 0881 8 0540 13 0352 20 0362 20 1057 7 0783 9 068 10 0350 20 2286 6 1714 8 1206 12 0940 15
Win9 0725 10 0462 15 0270 26 0289 24 0916 8 0.668 11 0.608 12 0226 31 2044 6 148 9 1.069 13 0825 17

E 0.538 13 0473 15 0417 17 0439 16 0294 24 0259 27 0400 18 0223 32 0490 23 0407 27 0369 28 0319 32
G 0.630 19 0434 27 0328 36 0.251 48

L 0689 10 0.692 10 0.716 10 0.731 10 0.673 11 0717 10 0712 10 0717 10 0.607 10 0754 9 0752 9 0744 9
PVl 152 5 1522 5 1523 4 1520 5 5728 5 5687 5 5740 4 5694 5 998 3 10057 3 9991 3 9914 4
PV2 152 5 1522 5 1525 4 1520 5 5707 5 5708 5 5718 4 5694 5 8915 4 8950 4 8917 4 8879 4

First of all, the applicable ECMs were analyzed in terms of the PP. Assuming that at least 15 years
of PP was required, this could be satisfied in most cases by installing PV systems, improving the
thermal performance of windows, or applying a lower lighting power density. For the reference
building A in the C1 region as an example, the increased investment cost could be recovered within
15 years by applying the high efficient EHP as an ECM. In many cases, the PP of the investment cost
by improving the thermal performance of windows was also within 15 years. By contrast, when the
insulation criteria for wall, roof, and floor were reinforced from the current criteria, the PP of the
reference buildings in all regions increased sharply. The effect of the investment for improving the
insulation of the exterior wall, roof, and floor seems to be insignificant, even if the prescriptive criteria
for U-values are reinforced.

Among the reference buildings, the SIR was the highest in building C, followed by that in building
B and building A. The PP also was the shortest in building C, followed by that in building B and
building A. As the investment cost calculation models for the building envelope were in the form of
exponential functions, the lower the window U-values and the larger the window area, the higher
the window investment cost to reduce heating loads, resulting in differences in SIR and PP. However,
the energy-saving ratios (ESR) of the ECM model to the baseline model also increases with the window
area ratio, so the investment cost could be recovered within 15 years in most cases albeit even though
there are slight differences in the PP. By region, the energy-saving effect was the highest in C1, the coldest
region, followed by C2, S, and J, which is consistent with the analysis according to the reinforcement of
the BECC. In each case, the PP becomes longer as the thermal performance of the windows improves,
which leads to the gradual reduction of the SIR. Therefore, if the U-value requirements are reinforced
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too much, it may be difficult to expect the appropriate PP, similar to the case of the exterior wall, roof,
and floor.

In addition, the effect of U-values on energy performance was analyzed as it may vary depending
on the building envelope areas and climate conditions. Figure 7 shows the SIR of buildings A to C
with the change of the window U-values for four regions. When applying windows with the same
U-value in each building, the initial investment cost is the same. However, the SIR gradually decreased
from the colder region C1 to the warmer region J, because the ESR varies from region to region due to
the influence of the climate condition. It shows that energy-efficient windows can contribute more to
heating energy savings at the same initial investment in buildings in colder climates.
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Figure 7. The SIR for A to C according to climate condition with the U-value of window in 4 regions.

Next, the relationship between the PP and the SIR was analyzed. For office buildings, the rankings
of SIR and PP by the application of each ECM were inversely related in every region. Similarly, for the
school building C in C1 and C2 regions, the PP value increased while the SIR decreased. On the while,
when the ECM L, the low lighting power density, was applied for the school building C in S and J
regions, the PP was higher despite the lower SIR, compared to the case where the ECMs Win6 to 9 were
applied. This may be due to the climate conditions of S and ] regions where winter is relatively mild
and summer is hot, parallel application of EHP and GHP, and the difference in energy cost between
electricity and gas. Moreover, as the lower lighting density leads to a reduction in internal heat gain,
the heating load increases, and the cooling load decreases. Therefore, the heating load increases more,
and the cooling load decreases less in C1 and C2 regions, where the ambient temperature is low in
winter and is also relatively lower in summer than that in the S and ] regions. By contrast, in the S and
] regions, a large amount of decrease in the cooling load with a low increase of the heating load can
be expected.

Unlike two office buildings which use EHPs for both heating and cooling, the school building C
uses GHPs as main heating equipment and EHP as auxiliary heating equipment. For cooling, although
EHPs are used as the main cooling equipment, but GHPs are also used with almost the same weight.
In other words, even if the lighting power density is lowered and the cooling energy need is reduced
significantly, its effect is smaller than in the case in which only EHP is applied, and the energy use can
increase significantly if the heating energy need increases. Owing to these complex effects, the SIR
values were low because the reduction of energy use was smaller than the increase of investment cost
even though both the cooling and lightning energy uses decreased.

Nonetheless, the PP was shorter for the ECMs with a high SIR value. The cause may be found
in the difference in energy cost between electricity and gas. As the electric energy for cooling and
lighting decreased, the portion of the electricity cost to the total energy cost decreased significantly.
Although the heating energy use has increased, the total energy costs have decreased significantly
because gas costs were lower than electricity costs. On the while, when the thermal performance of
windows was reinforced, the gas cost decreased due to the lower heating energy use, but the electricity
cost increased due to the higher cooling energy use. As a result, the total energy cost reduction relative
to the baseline model was smaller than in the case in which the lighting power density was lowered.
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4.3. Energy Performance and Cost Evaluation according to Combined ECM Changes

This study aims to suggest directions for future revisions of the BECC by analyzing the potential
for energy saving based on a cost-effective ECMs. Therefore, the applicable ECMs were selected based
on the PPs of the investment cost, and the reinforcement scenarios were proposed by analyzing the
energy-saving effect. The energy-saving effect, energy-cost saving, and PPs were analyzed for single
ECM or ECM packages that could have a PP of 15 years or less. These combinations were produced on
the basis of the energy saving and economic efficiency obtained by the single ECM changes analyzed
above. Table 14 shows the selected ECMs for each reference building and region, and Figure 8 shows
the process for analyzing energy saving and economic efficiency for these combinations.

Table 14. The selected ECMs for each reference building and region.

Bldg. Region Winl Win2 Win3 Win4d Win5 Win6 Win7 Win8 Win9 E L PVl PV2

C1 ° ° . ° . ° ° °
A C2 . ° ° ° ° ° ° ° ° ° .
S ° . ° ° .
J . . . . . .
C1 . ° . .
C2 . ° ° ° °
B
S ° . ° ° ° ° ° ° .
J . . . . . °
C1 ° ° ° ° ° ° .
C2 ° ° ° ° ° ° ° °
C
S . ° . . . ° . ° °
J ° ° ° ° ° . . ° . °
( List of single ECM j ! Calculate PP

)

Select all ECMs with PP < 15

Select all ECM combinations with
ESR > 5% and PP < 20

Combine ECMs for each

reference building and region Sort by descending order of ESR

L

Apply ECM combinations to Propose reinforcement scenarios
the baseline model (P10) of the BECC based on ESR range
Calculate energy use and cost |— END

Figure 8. The process for analyzing energy saving and economic efficiency for ECM combinations.

Compared to a single ECM, ECM packages can produce various ranges of ESR to the investment
cost. Thus, for the reinforcement scenarios of the BECC within reasonable cost ranges, only the ECMs
with PPs of 20 years or less and ESR of 5% or higher were finally selected among total combinations.
Figure 9 shows the ESR and the investment cost PP according to the reference building and region,
derived in accordance with the analyzing process of the ECM combinations in Figure 8. Table 15 shows
the number of ECM combination cases selected among all total cases as well as the minimum and
maximum values of the energy use, ESR, and PP of the selected cases for each building and region.

The energy use of both of the reference office buildings could be reduced by up to 20%, while the
maximum ESR of the school building C was 13%. This difference may arise from the difference in
equipment type and building type. Figure 10 shows the ESR and PP in ascending order for the cases in
which ECMs combinations were applied to each reference building in the J region. All buildings show
the highest ESR when the ECM L and ECM PV2 were applied simultaneously, and the ESR was higher
in office buildings. Since office buildings can be characterized by a high internal heat gain from various
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equipment such as PCs, printers, copy machines, the highest effect seemed to be obtained when the
ECM L and ECM PV2 were applied. For school buildings, the highest thermal performance of the
windows (ECM W9) could be applied even in warm regions, and the ESR also showed an increasing
trend with the increase of thermal performance. In other words, unlike office buildings, which can
save energy by focusing on cooling or lighting energy use rather than on heating, the school building
showed a higher increase in heating energy use when the cooling or lighting energy use decreased
due to the relatively low internal heat gain and vacation periods. In terms of PP, the school building
generally showed a shorter PP compared to that of the office buildings. It seems that even though the
energy-saving effect was lower, the cost-saving due to the reduced electrical energy use was higher

because of the much lower gas cost.
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Figure 9. ESR and PP derived by the process of selecting ECM combinations.
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Table 15. Minimum and maximum values of energy use, ESR, and PP according to ECM combinations.

Number of ECM Energy Use o
Bldg. Region  Combination Cases (kWh/m?) ESR (%) PP (Year)
Total Selected Min. Max. Min. Max. Min. Max.
C1 59 37 31.92 27.54 53 18.3 5 19
A C2 95 46 31.39 27.34 52 17.4 5 19
S 29 21 30.62 26.72 5.8 17.8 4 12
J 35 28 31.51 27.32 5.1 17.7 4 18
C1 29 21 30.52 26.75 5.8 17.4 5 11
B C2 47 33 30.04 26.17 5.8 18.0 5 11
S 29 45 35.77 29.20 54 22.7 5 10
] 29 21 29.46 25.66 5.9 18.0 4 10
C1 29 13 60.02 56.15 6.4 124 4 9
C C2 47 23 59.81 54.70 5.4 134 3 14
S 53 28 59.89 54.73 52 13.4 4 13
J 59 40 58.00 52.79 5.1 13.6 3 11
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Figure 10. ESR trend within 20 years of PP according to ECM combinations for ] region as an example.
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In the relation between the ESR and the PP in Figure 9, there was a tendency for data to be
concentrated on several specific ranges of PP and SIR values. This can also be seen in the changes
of ESR of reference buildings in the J region in Figure 10. The ECM packages with ECM PV 2
showed longer PP but higher ESR compared to packages with ECM PV1 or without PV. Even if
the PP of investment cost are slightly longer, it is necessary to increase the requirement for the rate
of renewable energy production to building energy use as much as possible from the view of the
energy-saving effect. Although the energy performance can be improved to some extent by reinforcing
the thermal performance of windows (ECMs WIN), the highest energy-saving effect was obtained
when the reduction of lighting power density (ECM L) and the increase of PV production (ECM PV2)
were applied simultaneously. Since the U-value criteria, which primarily affects heating energy use,
have already been sufficiently strengthened, the energy saving effect of the ECMs that affect cooling
and lighting energy uses seems to be greater. This suggests that it is necessary to strengthen the criteria
related to cooling and lighting energy use rather than heating energy use.

Based on the possibility of increasing the ESR, it was possible to propose a future reinforced
scenario for the BECC. The black dots divided into several scenario groups in Figure 9 shows the groups
of scenarios based on the step-by-step increase of the ESR according to the specific regional climate
conditions and the type of reference buildings. Table 16 shows recommended ECM combinations to
achieve the PP and ESR for each scenario. In the cases in which the ESR sections were similar but the
PPs were divided into two or more groups, the sections of the scenario were selected based on the
shorter PP.

Table 16. Recommended ECM combinations according to the reinforcement scenarios of the BECC.

Recommended ECMs

Bldg. Region Scenario ESR PP Improve  Improve Reduce Produce 80% Produce 100%

(%) (Years)  window EHP Lighting  of the Lighting  of the Lighting
U-Value Efficiency Density Load by PV Load by PV

1 5-10 5.7 . .
[ ] [ ] [ ]
[ ]
C1 . .
2 10~15 5-8 . .
L] L] L]
[ ] [ ] [ ]
[ ] L] L] L]
3 15~ 8~10
[ ] [ ]
[ ]
1 5-10 4~9 . .
[ ] [ ]
A 2 . . ¢
2 10~15 4-7
[ ] [ ]
[ ] L]
[ ] [ ] [ ]
3 15~ 6~10
[ ] [ ]
1 5-10 46 *
[ ] [ ]
S [ ]
2 10~15 46
[ ] [ ]
3 15~ 7 . .
[ ]
1 5-10 4-8 .
[ ] [ ]
] [ ]
2 10~15 4-6 . .
L] L]
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Table 16. Cont.

Recommended ECMs

Bldg. Region Scenario EDSR PP Improve  Improve Reduce Produce 80% Produce 100%
(%) (Years)  window EHP Lighting  of the Lighting  of the Lighting
U-Value Efficiency Density Load by PV Load by PV
1 5-10 4-6 :
L] L]
C1 o
2 10~15 4~6
L] L]
3 15~ 7~9 . .
L]
1 5~10 4~6 . .
L] L] L]
c2
L]
2 10~15 4~6 . .
B L] L] L]
3 15~ 6~9 . .
1 5-10 5-9 :
L] L]
s 2 10-15  5-8 *
L] L]
3 15-20  5-8 * *
L] L] L]
4 20~25 5~7 ° .
1 5-10 36 :
L] L]
J 2 10~15 4~6 . .
L] L] L]
3 15~ 6~8
L] L]
1 5~10 4~5 . .
C1 . R
2 10~15 4~6
L] L]
1 5~8 3~4 . .
Cc2 L4 . [}
2 8~15 4~6 . . °
C . .
1 5~8 4~6 . .
5 2 8-12 4-5 * *
L] L]
3 12~ 6 . .
1 5-8 3-6 :
L] L]
] L] L]
2 8~12 3~5
L] L]
3 12~15 6 . .

5. Conclusions

Building energy codes are one of the key policy tools that specify the minimum requirement
of building energy performance and play a fundamental role in reducing building energy demand
and carbon emissions in many countries. This study analyzed the energy-saving effect according to
the past reinforcement of prescriptive criteria of the BECC in South Korea. The effect of applicable
ECMs were also analyzed considering the economic efficiency, and the scenarios and recommended
ECMs were suggested for future reinforcement of the BECC as well as information on the ranges
of ESR and PP. For this purpose, ECM cost calculation models were developed by combining the
performance data and cost data of building materials and equipment available on the market, which
could be applied to finding the cost-effective ECMs for newly constructed real buildings. The SIR and
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the investment cost PP were calculated for three reference building types that were applied single
ECMs and ECM packages in four climate zone. Combinations of multiple ECMs with a PP of less than
15 years were identified, and energy simulations and cost calculations were performed accordingly.
Then, the relationship between the ESR and the PP was analyzed according to the application of these
ECMs combinations for the cases in which the ESR were 5% or higher and the PP were 20 years or less.
The main results of this study are as follows:

e  The gradual reinforcement of prescriptive criteria for new buildings in Korea has been well
aligned with the strengthening of performance-based criteria as well. When the latest prescriptive
criteria were applied, primary energy use of reference buildings ranged from ranged from
87.7 to 109.8 kWh/m?-yr, which sufficiently satisfied the current performance-based criteria,
200 kWh/m?-yr for private buildings and 140 kWh/m?2-yr for public buildings. This suggests that
there is room for further strengthening the performance-based criteria in the near future.

e By installing PV systems, improving the thermal performance of windows, or applying a lower
lighting power density, the investment cost could be recovered within 15 years. In many cases,
the PP of the investment cost by improving the thermal performance of windows was also within
15 years. However, when the insulation criteria for wall, roof, and floor were reinforced from
the current criteria, the PP of the reference buildings in all regions increased sharply. The effect
of the investment for improving the insulation of the exterior wall, roof, and floor seems to be
insignificant, even if the prescriptive criteria for U-values are reinforced.

e It was expected that the energy performance criteria for office buildings and school buildings
could be reinforced by 5~15% with current available ECMs. The highest ESR were found when
reducing the lighting power density as well as adopting the PV system. Since the U-value criteria
have already been sufficiently strengthened, the energy-saving effect of the ECMs that affect
cooling and lighting energy uses was greater. This suggests that it is necessary to strengthen the
criteria related to cooling and lighting energy use rather than heating energy use.
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