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Abstract: This study aims to suggest a basis for the selection of technologies for developing
high-performance buildings to reduce energy consumption and greenhouse gas emissions.
Energy-saving technologies comprising 15 cases were categorized into passive, active, and renewable
energy systems. EnergyPlus v8.8.0 was used to analyze the contribution of each technology in
reducing the primary energy consumptions and CO2 emissions in the Korean climate. The primary
energy consumptions of the base model were 464.1 and 485.1 kWh/m2a in the Incheon and Jeju region,
respectively, and the CO2 emissions were 83.4 and 87.4 kgCO2/m2a, respectively. Each technology
(cases 1–15) provided different energy-saving contributions in the Korean climate depending on
their characteristics. The heating, cooling, and other energy-saving contributions of each technology
indicate that their saving rates can be used when selecting suitable technologies during the cooling
and heating seasons. Case 15 (active chilled beam with dedicated outdoor air system + ground source
heat pump) showed the highest energy saving rate. In case 15, the Incheon and Jeju models were
reduced by 189.4 (59.2%) and 206.2 kWh/m2a (57.4%) compared to the base case, respectively, and the
CO2 emissions were reduced by up to 32.7 (60.8%) and 35.6 kgCO2/m2a (59.3%), respectively.

Keywords: high-performance buildings; energy-saving technology; primary energy consumption;
CO2 emission; Korean climate; EnergyPlus; reference building

1. Introduction

1.1. Background and Purpose

Every year, global temperatures are becoming higher due to global warming, and extreme weather
events are more frequent. The Intergovernmental Panel on Climate Change (IPCC) has predicted that
Earth’s average temperature will rise by 1.4–5.8 ◦C from 1990 to 2100 [1,2]. In addition, the IPCC has
predicted that the frequency and duration of hot and cold periods (heat waves and cold waves) in
each region will increase [3–9]. Accordingly, the 2015 United Nations Climate Change Conference
(December 2015) adopted the Paris agreement, which aims to respond to climate change by saving
energy and reducing greenhouse gas emissions, and it launched a plan for a new climate regime
post-2020 [10–12]. Energy use by buildings accounts for 25–40% of the world’s overall primary energy
consumption and is therefore a major driver of greenhouse gas (GHG) emissions. As global awareness
of the necessity to conserve energy grows, high-performance buildings have become a crucial agenda
item for their role in saving energy [13–17].
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In recent years, many developed countries have tried to develop high-performance buildings
that consume almost zero energy, and rapid advances have been made to various technologies that
improve the energy efficiency of buildings [13–17]. However, Korea has not caught up with advances
in other developed countries. Crucially, energy consumption by buildings accounts for 24.8% of total
energy consumption in Korea, and it has the potential to increase up to 40% when considering known
trends for developed countries [18–20]. Thus, the potential to save energy in buildings is large. It is
important to construct high-performance buildings based on various energy-saving technologies.

To do so, it is necessary to develop systematic energy-saving technologies and to analyze the
contribution rate of energy and the GHG emissions reduction enabled by each technology. The purpose
of this study is to suggest a basis to select the appropriate energy-saving systems to develop
high-performance buildings with the goal of reducing energy consumption and GHG emissions in the
Korean climate. Understanding the energy consumption of each technology and its energy reduction
principles under specific climate conditions is crucial to ensure their contribution to high-performance
buildings. This study evaluated significant high-performance buildings technologies in terms of their
energy consumption and CO2 emission in the Korean climate as well as their contributions to energy
savings in detail. We analyzed the characteristics of the energy consumption for each technology and
reviewed the principles of energy savings.

1.2. Literature Review

Many studies have focused on energy-saving technologies in order to develop high-performance
buildings that are closely related to their climate, building envelope, and heating, ventilating, and air
conditioning (HVAC) systems.

Thornton et al. [13] studied energy conservation measures (ECM) savings of multiple types of
buildings in various climates. A number of current technologies, including valuable air volume (VAV),
dedicated outdoor air system (DOAS), and chilled beam, were studied using the U.S. Department of
Energy (DOE) reference building to examine their applicability to various climatic conditions of the
U.S. Their reported efficiency recommendations for each climate zone and energy simulation results,
finding that energy-saving measures, including such as VAV and radiant heating and cooling with
DOAS, could provide energy savings of more than 40%.

Li et al. [16] studied the energy performance and the main factors of energy usage in
51 high-performance office buildings in the U.S., Europe, China, and other parts of the Asia-pacific.
They established a list of important energy-saving technologies used in each building, and compared
their current primary energy consumption. Considering that energy consumption differs between
buildings, even those applying similar certified technologies, the authors suggested that the region’s
climate, building code, and building area influence the energy consumption.

Krarti and Deneuville [21] tried to explain a method to achieve optimal energy efficiency with
energy-saving technologies using DOE medium office-based simulations. In their study, optimal
systems for office buildings located in different climate regions, including major cities in the U.S. and
Europe, were compared and examined on the basis of cost over their life cycles.

Boyano et al. [22] analyzed energy consumption in three different European climatic zones
and classified energy-saving technologies into passive systems (window, insulation of external wall,
and direction of building) and active systems (lighting and HVAC systems) to understand the influence
of applying new technologies to office buildings in different climatic zones. Jiang et al. [23] adopted
China’s climate-responsive architectural design theory and provided guidelines to select appropriate
climate responsive architectural technologies for different climatic zones. The study identified
common climate responsive building technologies based on the relevant literature and classified
these technologies according to temperature, humidity, daylight, and wind. In this study, climatic
zones were largely divided into five major regions, and responsive technologies for each climatic
zone were evaluated. Hurtado et al. [24] investigated building design strategies in hot and cold
climates (The Netherlands and the U.S.) from the viewpoint of energy consumption, thermal comfort,



Energies 2018, 11, 884 3 of 34

and focused on passive and active systems. They examined the influence of technology on energy
performance according to the design of passive and active systems in a prototype office building.

Engelmann et al. [25] analyzed the potential of five different ventilation and cooling strategies in
terms of their energy efficiency and thermal comfort in different climates (Stockholm, Stuttgart, Rome,
and Seoul). The study set up a building simulation model that considered a typical office building.
The results point out that the use of different comfort models has a significant influence on the comfort
rating of the office building.

Salvalai et al. [26] outline a comprehensive analysis of an office building’s performance in terms
of energy and thermal comfort related to different cooling concepts in six different European climate
zones. The simulation study was accomplished for five cooling technologies: natural ventilation,
mechanical night ventilation, fan coils, suspended ceiling panels, and concrete core conditioning
applied in Stockholm, Hamburg, Stuttgart, Milan, Rome, and Palermo.

Pfafferott [27] studied passive cooling by night ventilation of an office building in Germany.
Monitored data of room and ceiling temperatures in 12 office rooms, supply air flow rate, temperature,
and energy consumption for each office room are evaluated by measurements and the building
simulation. In this study, passive cooling by night ventilation in moderate climates is proved to reduce
the energy demand for air conditioning without reducing comfort.

Lam et al. [28] performed energy simulations for office buildings located in five major climatic
zones in China, ranging from Hong Kong with a hot summer and warm winter to Harbin with
a severe cold climate. Sensitivity to energy-saving was analyzed in each climatic region, and design
parameters, including wall and window conduction, lighting, and infiltration, were used in the
analyses. Singh et al. [29] suggested best practice guidance and energy efficiency recommendations
for design and operation of high-performance office buildings in India. Their suggestions illustrated
energy saving strategies and technologies across office buildings. D’Agostino et al. [17] described
renovation of nearly zero energy buildings (NZEB) before outlining a range of best practice policies
and measures that have been, or could be, applied to retrofit non-residential buildings in Europe.
The paper clearly outlines reasonable refurbishments for NZEBs from the last decade.

Other studies have been conducted for non-office buildings. For example, Im et al. [30] examined
energy trends by analyzing the technological elements of high-performance schools in the U.S.
and Europe. Rodriguez-Ubinas et al. [31] analyzed energy saving technological strategies and the
energy performance of Europe residential buildings, including thermal performance of the envelope,
ice thermal storage, evaporative cooling, and night ventilation strategies. The study examined the
effects of these technologies on comfort and energy performance reduction.

Polly et al. [32] studied ECM packages of U.S. residential buildings and described a method
to analyze potential energy efficiency retrofits in existing houses. The proposed method used
an optimization scheme that considers the average energy use and equivalent annual costs to
recommend optimal retrofit packages.

Several studies have been conducted to develop high-performance buildings across a range of
climates. While many studies have been conducted in the U.S., Europe, China, and other parts of the
world, few studies covering extensive technologies (passive, active, and renewable energy systems)
have been performed that give consideration to Korean building characteristics and climate.

Although the findings in previous studies of many climate regions of the world can be indirectly
applied to the situation in Korea, the direct applicability of foreign studies is limited.

1.3. Method and Process

Figure 1 shows a flow chart of the study process. In this study, energy-saving technologies
were selected based on the findings in previous studies [13–17,33–35] analyzing the trends of
technologies applied to high-performance buildings. To analyze how energy-saving technologies
contribute to the energy performance of buildings, simulations were conducted using DOE prototype
models (medium office) based on the Korean climate and codes [36,37]. Select technologies were
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categorized into passive, active, and renewable energy systems. We used EnergyPlus v8.8 to analyze
the primary energy consumptions and CO2 emissions. EnergyPlus calculates the building load
using an energy balance algorithm. In addition, it can be linked to Google Sketch-up modeling and
text-based input. Dynamic simulations are useful to analyze energy consumption and performance
of various systems [38]. The results of the energy simulations were compared to Korean and
international standards, such as the Commercial Buildings Energy Consumption Survey (CBECS) [39],
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 90.1 Standards
2004 and 2010 [40,41], and Building Energy Efficiency Certification System (BEESC) in Korea [42].
CBECS is a national sample survey that collects energy usage data and assesses building features
related to energy in the U.S., and it has been conducted since 1979 to the present day.

Figure 1. Flow diagram of this study.

2. Climate Changes and Conditions in Korea

2.1. Incheon’s Area Average Annual Temperature Changes and Extreme Weather Events

The annual temperature change and extreme weather index (summer days and frost days) of
Incheon (Seoul metropolitan area) were analyzed using weather data from 1970 to 2017 provided from
the Korea Meteorological Administration (KMA) [43,44].

Figure 2a shows Incheon’s annual average temperature changes from 1970 to 2017. The average
annual temperature from 1970 to 1999 was 11.6 ◦C, and this value increased to 12.1 ◦C between 1980
and 2009 and to 12.4 ◦C between 1988 and 2017. In addition, the annual temperature of the past decade
(2008 to 2017) was 12.5 ◦C and that of the past 5 years (2013 to 2017) was 12.7 ◦C. This clearly shows
that the average annual temperature has been rising continuously.

Figure 2b,c show the average temperatures of the summer season (June–August) and winter
season (December–February). Figure 2b shows that the average summer temperature between 1970
and 1999 was 23.0 ◦C, and it increased to 23.3 ◦C between 1980 and 2009 and to 23.6 ◦C between
1988 and 2017. Furthermore, the average summer temperatures of the past decade and past 5 years
(2013 to 2017) increased to 24.0 ◦C and 24.4 ◦C, respectively. Figure 2c shows that the average winter
temperature was 1.7 ◦C between 1970 and 1999. The average winter temperatures of the past decade
and past 5 years were 2.0 ◦C and 2.1 ◦C, respectively. This analysis shows that the average winter
temperature increased and decreased repeatedly, and the increase is smaller than that of the average
summer temperature, but the average winter temperature increased overall.
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Figure 2. (a) Incheon’s average annual temperature changes; (b) average summer temperature changes,
and (c) average winter temperature changes.

Figure 3 shows an analysis of the summer days and frost days in the Incheon area between 1970
and 2017. KMA defines summer and frost days according to criteria set by the World Meteorological
Organization (WMO), i.e., summer days are defined as those with a highest temperature above 25 ◦C
and frost days as those with a lowest temperature below 0 ◦C [45,46].

Figure 3. Frequency analysis on the number of summer days and frost days in Incheon.

Figure 3a shows that the number of summer days has increased over the last few decades. In 1970,
55 summer days were recorded. The number increased during 1996 to 2002, and around 80 summer
days were recorded annually between 2010 and 2017. The number of summer days shows a trend line
corresponding to a quadratic equation (R2 = 0.4373) and with a fairly constant increase.
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Figure 3b shows that over the same time period, although the number of frost days increased
overall, the increase in the number of frost days is smaller than that of summer days. Paradoxically,
the winter temperatures in Figure 2c increased overall, but the number of frost days, as shown in
Figure 3b, increased rather recently (R2 = 0.1690). This is because the jet stream that blocks cold
air from the Arctic weakened and stabled due to the rise in average temperatures caused by global
warming. As a result, cold air from the Arctic is able to stream south and cause cold waves on the
Korean Peninsula [8,9,43]. Extreme weather events, such as heat waves and cold waves, inevitably
increase the energy consumption of buildings for heating and cooling and, consequently, contribute to
increased GHG emissions.

2.2. Comparison of Incheon’s and Jeju’s Climate Conditions

Korean climate is largely divided into central, southern, and Jeju climates, but the southern inland
region (4A) shows a climate distribution similar to that of the central region (4A), and the southern
coastal region (3A) shows a climate distribution similar to that of Jeju (3A) [47,48].

Therefore, in this study, the regions selected for simulation are Incheon (Seoul metropolitan area)
for the central region and Jeju, as shown in Figure 4. The reason for this selection is that two regions
cover the climate range for the central, southern, and Jeju regions, and therefore exhibit a whole range
of climate conditions in the Korean Peninsula, which also show climate differences.

Figure 4. The two selected regions (Incheon and Jeju).

Figure 5 and Table 1 show Incheon’s and Jeju’s ASHRAE [47] and Köppen [49] climate, location
information, average heating degree days (HDD), cooling degree days (CDD), dry bulb temperature,
and relative humidity [44] for the time period between 2013 and 2017.

Figure 5. Comparison of the average monthly outdoor air temperature and relative humidity.
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Table 1. Detailed climate characteristics of the two regions.

Regions ASHRAE
Climate

Köppen
Climate

Latitude N (◦)
Longitude E (◦)

Outdoor Air Temperature
(Monthly Average)
Min/Avg/Max (◦C)

Relative Humidity
(Monthly Average)
Min/Avg/Max (%)

HDD
(18 ◦C)

CDD
(10 ◦C)

Incheon 4A
(Mixed-Moist) Dwa 37.45/126.70 −2.2/12.7/27.5 46.5/68.8/87.6 2749 2327

Jeju 3A
(Warm-Moist) Cfa 33.49/126.46 4.1/18.6/31.4 53.1/73.5/92.1 1621 2632

Incheon’s average HDD (18 ◦C) was 2749 and CDD (10 ◦C) was 2327 during the past five years.
Incheon belongs to the 4A (Mixed–Moist) climate zone according to the ASHRAE classification and the
Dwa (subarctic climate, cold and dry winter, and hot summer) climate zone according to the Köppen
classification. Incheon has hot and humid summers; the maximum average monthly temperature
is 27.5 ◦C and the maximum average monthly humidity is 87.6%. Incheon’s winters are cold and
dry, the minimum average monthly temperature is −2.2 ◦C, and the minimum average monthly
humidity is 46.5%. For Jeju, the value of CDD is higher than HDD, with an average HDD (18 ◦C)
of 1621 and CDD (10 ◦C) of 2632. It belongs to the 3A (Warm–Moist) climate zone according to the
ASHRAE classification and the Cfa (temperate region, humid year-round, and hot summer) climate
zone according to the Köppen classification. Both Jeju’s summer–winter temperature and humidity
are higher than the corresponding values recorded for Incheon.

3. Theoretical Framework

3.1. Definition of High-Performance Buildings

The Energy Policy Act and Energy Independence & Security Act in the U.S. [50,51] defines
the term ‘high-performance building’ as one that integrates the application of high-tech elements,
high energy efficiency, durability, and the productivity of the occupants.

The International Energy Agency (IEA) [52] dictates that the energy performance of buildings
can be driven by the climate, passive systems (building envelopes), active systems (air-conditioning
and plant systems), and renewable technologies, as shown in Figure 6. To develop high-performance
buildings in response to climate change, we must maximize the correlations between passive, active,
and renewable technologies.

Figure 6. Method for realizing high-performance buildings.

3.2. Primary Energy Consumptions and CO2 Emissions

The ‘building energy’ concept can be divided into two components: the energy demand (A) and
the final energy consumption (B), as shown in Figure 7. The energy demand (A) is the amount of
energy required by a building, based only on its architectural conditions, such as the building envelope,
and it does not include its HVAC systems. In other words, the energy demand component is the energy
performance of the building itself. The final energy consumption (B) is calculated by adding the energy
losses from each of the building’s HVAC systems to the energy demand (A).
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Figure 7. Diagram of primary energy consumption and CO2 emissions of buildings.

Accordingly, to save the final energy consumption (B), we must reduce the energy losses by
adopting high-performance passive and HVAC systems. The primary energy consumption and CO2

emission can be calculated by multiplying the final energy consumption (B) by the primary energy
factor and the CO2 emission factor, respectively [42].

3.2.1. Primary Energy Consumptions and Primary Energy Conversion Factors

The term ‘primary energy consumption’ was defined as the primary energy from fossil fuels that
the country must provide to meet energy demand of a building. The primary energy consumption is
determined by multiplying the final energy consumption by the primary energy factor, which includes
energy losses due to electricity production and fuel transportation [42,53,54].

In Korea, the Building Energy Efficiency Certification System (BEECS) [42] was enacted in 2001
and is used as a policy tool to promote reduced consumption of building energy. Based on the
Framework Act on Low Carbon, Green Growth, the Ministry of Land, Infrastructure and Transport
(MOLIT) specifies 10 levels from 1+++ to 7 and evaluates buildings based on established requirements
for non-residential buildings, as shown in Table 2. In this study, we evaluated the annual primary
energy consumption level per area of the base model based on the BEECS.

Table 2. The building energy efficiency certification system in Korea (for non-residential buildings).

Level Primary Energy Consumption
Per Unit Area (kWh/m2·a) Level Primary Energy Consumption

Per Unit Area (kWh/m2·a)

1+++ E < 80 3 320 ≤ E < 380
1++ 80 ≤ E < 140 4 380 ≤ E < 450
1+ 140 ≤ E < 200 5 450 ≤ E < 520
1 200 ≤ E < 260 6 520 ≤ E < 610
2 260 ≤ E < 320 7 610 ≤ E < 700

The BEECS in Korea uses different primary energy conversion factors depending on the energy
supply sector, as shown in Table 3 [42]. As such, in this study, we calculated the primary energy
consumption by multiplying the electric power conversion factor of 2.75 and fuel (coal, gas, oil, etc.)
conversion factor of 1.1 with the final energy consumptions.

Table 3. Primary energy factors in Korea [42].

Energy Supply Sector Primary Energy Factors in Korea

Fuel (coal, oil, gas) 1.1
Electric power 2.75
District heating 0.728
District cooling 0.937
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3.2.2. CO2 Emissions and CO2 Emission Factors

As shown in Figure 8, the IEA 2017 [55] reported that energy production accounts for 68% of
global anthropogenic GHG emissions, and 90% of GHG emissions are CO2. In addition, in this report,
Korea’s CO2 emissions is ranked seventh worldwide and its CO2 emission growth is the highest of the
OECD member states.

Figure 8. Estimated shares of global anthropogenic GHGs, 2014 [55].

As shown in Table 4, Korea’s CO2 emissions increased sharply by 152.9% from 231.7 tCO2 in
1990 to 586.0 tCO2 in 2015. Compared to the CO2 emission growth of OECD member states on each
continent during this period, Korea’s is much higher. Korea has announced that by 2030 it will reduce
CO2 emissions by 37% from its current business as usual (BAU) rate.

Table 4. CO2 emissions around the world/million tons of CO2.

World 1990 1995 2000 2005 2010 2014 2015 Growth Rate 1990–2015

Korea 231.7 357.1 431.7 457.5 550.7 567.8 586.0 152.9%
OECD Asia Oceania 1588.0 1821.2 1991.5 2099.6 2150.6 2218.0 2201.9 38.7%

OECD Europe 3924.1 3833.2 3899.4 4037.2 3801.6 3397.8 3447.6 −12.1%
OECD Americas 5508.3 5850.4 6567.0 6710.2 6384.4 6232.4 6060.7 10.2%

Table 5 lists the Korean CO2 emission factor for each energy supply sector. CO2 emissions,
the most important contributor to global warming, can be calculated by multiplying the final energy
consumptions by the CO2 emission factor of each energy supply sector. In this study, we calculated
the CO2 emissions and reduction rate by multiplying the final energy consumption by the electric
power CO2 emission factor of 0.4663 kgCO2/kWh and natural gas (LNG) CO2 emission factor of
0.2031 kgCO2/kWh, as suggested by the Korea Energy Agency (KEA) [56] and IPCC Guidelines [57].

Table 5. CO2 emission factors according to energy supply sector.

Energy Supply Sector CO2 Emission Factors (kgCO2/TJ) CO2 Emission Factors (kgCO2/kWh)

Electric power 129,631 0.4663
LNG(Natural gas) 56,467 0.2031

Gas/Diesel oil 72,600 0.2612

4. Selection of Simulation Analysis Model and Energy-Saving Technologies

4.1. EnergyPlus Simulation Analysis Model and Input Conditions

To improve the reliability of the simulation, a reference building representing office buildings in
Korea is necessary. Both the U.S. DOE and EU’s Energy Performance of Buildings Directive (EPBD)
use a reference or prototype building concept for simulation purposes.

In other words, standard models are suggested so that users can flexibly apply factors such
as different criteria and weather conditions for each country, building energy performance criteria,
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and efficiency of HVAC systems. The DOE developed a prototype building, and the DOE’s National
Renewable Energy Laboratory reports [36] that these models serve as a baseline for comparing and
improving the accuracy of energy simulation software.

Therefore, as a base model for this study, to reflect Korean building standards, codes, climate, etc.,
we used the DOE’s ASHRAE 90.1 prototype models (medium office) which offer simulation accuracy
and convenience. Figure 9 shows information of the simulation base model.

Figure 9. Simulation base model.

Table 6 lists the building envelope performance conditions used in the base model for the
EnergyPlus simulation and details of the air-conditioning and plant systems and input conditions.
We applied the Korean energy-saving design standard (KESDS) [58] for the envelope conditions with
respect to the walls, roof, and floor of the base model.

Table 6. Properties of Base Simulation Model.

For the equipment, lighting load and occupancy density, we used a report from a survey of existing
buildings in Korea conducted by the Ministry of Trade, Industry and Energy (MOTIE) and the Korea
Institute of Civil Engineering and Building Technology (KICT) [59]. As the base air-conditioning system,
we used a constant air volume (CAV) system commonly used in Korea and adopted an absorption
chiller–heater (cooling coefficient of performance (COP) 1.0, heating COP 0.8) as the plant system [60].
To reflect the effect of global warming in Korea over the past five years, we applied EnergyPlus with
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the outdoor temperature and humidity, wind velocity, atmospheric pressure, solar radiation, cloud
cover, and precipitation data provided by the KMA [44]. We converted these KMA data into an EPW
format weather data file [48] for use in EnergyPlus.

Table 7 shows the primary energy consumption in Incheon and Jeju for the base model, which we
analyzed using EnergyPlus. We evaluated the primary energy consumption of Incheon and Jeju to be
464.1 kWh/m2a and 485.1 kWh/m2a, respectively, both of which correspond to level 5 in BEECS [42].
We determined Incheon’s heating energy consumption to be greater than that of Jeju, and Jeju’s
cooling energy consumption to be greater than that of Incheon. The KEA and Korea Appraisal Board
(KAB) [61] database indicates that the average actual primary energy consumptions of general office
buildings in Incheon and Jeju range between 457–489 kWh/m2a. Thus, the simulation results confirm
that the base model’s primary energy consumption (464.1, 485 kWh/m2a) met the 457–489 kWh/m2a
range requirement of the KEA and KAB database for primary energy consumption of general office
buildings. In Section 4.2, we describe the selection of energy saving technologies based on this data.

Table 7. Primary energy consumption in Incheon and Jeju (Base model).

Primary Energy Consumptions in Incheon and Jeju (kWh/m2a)
Incheon Jeju

Heating energy 126.5 Heating energy 104.6
Cooling energy 198.7 Cooling energy 247.9

Fan & Other energy 76.8, 62.0 Fan & Other energy 74.0, 58.5

Total energy 464.1 (Level 5) Total energy 485.1 (Level 5)

4.2. Selection of Energy-Saving Technologies for High-Performance Building

The energy-saving technologies for buildings can be divided into passive, active, and renewable
energy systems. Passive systems control the flow of heat through the building itself via architectural
elements such as walls, windows, doors, and window shades. The objective of these technologies is
to create an indoor environment that optimizes the architectural functions rather than depending on
HVAC systems. Active systems refer to HVAC systems that obtain the building energy required from
an energy source that is then converted via building equipment.

For these systems, maximizing equipment efficiency, minimizing energy loss, and using
appropriate control methods are important. Last, renewable energy systems minimize the energy
requirements of buildings by utilizing renewable energy. Figure 10 and Table 8 show a diagram
high-performance technologies and their specific input values.

Figure 10. Simplified diagram of energy-saving technologies.
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Table 8. Set of simulation variables (passive, active, and renewable energy systems for energy saving).
(Grey: base, Blue: passive systems, Pink: air-conditioning systems, Yellow: plant systems, Purple:
renewable systems).
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In this study, we grouped energy-saving technologies into passive, active, and renewable energy
systems with 15 case models. We selected energy-saving technologies based on previous research
on high-performance buildings [13–17,33–35], and to ensure universality, we also considered the
practicality of the system design. We input the performance of each technology based on the KESDS [58]
and the passive-level building criteria [62] of developed countries.

4.2.1. Selection of Passive Systems (Cases 1–5)

Below, we describe the energy-saving technologies that we selected for classification into passive
systems (cases 1–5). Case 1 is improvements in the thermal performance of the building envelope (wall,
roof, and floor). The thermal transmittance (U-value) specified by the passive building certification
criteria [62] is 0.15 W/m2·K or less. The U-value specified by the Korean energy-saving design
standard (KESDS) [58] since 2016 for the central region (Incheon) is 0.26 W/m2·K or less for the side
wall, 0.22 W/m2·K or less for the floor, and 0.15 W/m2·K or less for the roof. In addition, the U-value
for Jeju is 0.43 W/m2·K or less for the side wall, 0.33 W/m2·K or less for the floor, and 0.25 W/m2·K
or less for the roof. Therefore, we set the base model according to the current Korean standards for
Incheon and Jeju. In the simulations, we improved the U-value by up to 0.15 W/m2·K.

Case 2 is reinforcement of the air-tightness of the building envelope. The air-tightness for
passive-level buildings specified in the passive building certification criteria [62] is 0.6 ACH50 or less.
The minimum air-tightness performance level according to the revised 2013 KESDS is 3.0 ACH50 [63].
Therefore, in the simulation, we set the base model to 3.0 ACH50 and then reinforced it to 0.6 ACH50,
which is the standard for passive buildings.

Cases 3 and 4 are high-performance glazing systems. The thermal transmittance (U-value) for
glazings specified by the passive building certification criteria is 0.8 W/m2·K or less. The thermal
transmittance (U-value) specified by the KESDS (2016) [58] is 1.5 W/m2·K or less for the central region
(Incheon) and 2.0 W/m2·K or less for Jeju. Therefore, we set double low-e glass as the base model,
which has a thermal transmittance that satisfies the current criteria for both the central region (Incheon)
and Jeju. We improved the glazing system to triple low-e in case 3 and double tinted low-e in case 4.
Compared to ordinary glass, the low-e glass used in this study reduces the inflow of solar heat gain in
summer days and reduces the indoor heat loss during winter.

The triple low-e glass of case 3 is low-e glass with enhanced thermal transmittance (U-value), and the
double tinted low-e glass of case 4 is low-e glass with an enhanced solar heat gain coefficient (SHGC) [64].

Case 5 is an external venetian blind system in which the thermal and optical performance of the
glazings can be controlled. The KESDS (2016) [58] specifies that the average solar heat gain per unit
area of the envelope for a reduction in the cooling load should be less than 14 W/m2. Based on the
results of a relevant preceding study [64], we applied a slat angle of 45◦ for the external venetian blinds
and glazing type (double low-e) that satisfy the standards.

4.2.2. Selection of Active Systems (Cases 6–13)

To select specific technologies as improvement measures, we categorized air-conditioning
and plant systems as active systems. When evaluating air-conditioning systems, the absorption
chiller-heater (cooling COP 1.0, heating COP 0.8) was used as the base plant system. The CAV
system, a base air-conditioning system, was then replaced with alternative air-conditioning systems
for cases 6–10 to evaluate their energy saving contribution. Similarly, the CAV system was used as
a base air-conditioning system when evaluating plant systems. The energy saving rate was evaluated
after replacing a base absorption chiller-heater system to alternative plant systems for cases 11–13.

(1) Active Systems: Air-conditioning Systems (Cases 6–10)

Below, we describe the energy-saving technologies for air-conditioning systems (cases 6–10) in
an active system. Case 6 is a variable air volume (VAV) system that controls the air flow rate according
to the load variation in the room. Since there are both heating and cooling seasons in Korean climate,
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seasonal air-flow rate and control logic are critical factors for heating and cooling processes. The VAV
dual maximum control logic selected for this study is capable of setting the minimum air-flow rates for
cooling and heating to achieve energy savings [65,66]. We used the dual maximum control logic and
air-flow rate recommended by previous researchers [65,66], and we set the minimum air-flow rate for
the cooling season to 20% of the maximum heating air-flow rate and the minimum heating air-flow
rate to 50% of the maximum cooling air-flow rate.

Case 7 is a combined VAV–economizer system. The economizer is a system that uses outdoor air
cooling based on the relative difference between the temperatures or enthalpies of the zone’s return
air and outdoor air. In this study, we applied differential enthalpy control, a method reported to be
efficient for hot and humid regions like that of Korea [67,68], for the cooling season (June–August)
and the intermediate season (March–May, September–November). This control logic is designed
to operate the economizer when the outdoor air’s enthalpy is lower than that of the return air.
With reference to preceding research [67,68], we did not apply outdoor air cooling during the heating
season (December–February).

Case 8 is a combined VAV–rotary energy recovery ventilation (ERV) system. The ERV is a new
air-to-air ventilation system that recovers heat energy from the outside at the time of cooling, heating,
and ventilation. The ERV provides recovered energy to the indoors. The latent heat exchange efficiency
of the ERV is specified to be 75% or above in the passive building certification criteria [62] and the
Air-Conditioning, Heating, and Refrigeration Institute (AHRI) [69] certification criteria. In Korea’s
high-efficiency energy equipment certification criteria [70], the maximum sensible and latent heat
exchange efficiencies are specified to be at least 90% and at least 70%, respectively.

Based on the above, we set the sensible and latent heat exchange efficiencies of the ERV
system to be 90% and 75%, respectively. We applied heat recovery control during the cooling
season (June–August) and heating season (December–February). For the intermediate seasons,
when there is no difference in the indoor and outdoor temperatures and humidities (April–May,
September–November), so we applied by-pass control without heat recovery [71,72].

Case 9 is a combined VAV–under floor air distribution (UFAD) system. The UFAD systems are
occupied-zone-based air conditioning systems that generally offer advantages over ceiling-based air
distribution (CBAD) systems in terms of energy efficiency and thermal comfort [73]. Currently, office
buildings in the UFAD systems of developed countries conduct cooling and heating of occupied zones
by using access floors. This method has also been applied in some new office buildings in Korea and
relevant studies were conducted. In this study, as a reference for our simulation, we used the results of
previous studies [74–76] regarding the energy-saving effect of the UFAD systems in Korea’s climate
conditions to set the air supply temperature and a pressurized air supply type diffuser (core zone:
swirl type, perimeter zone: linear bar grille type).

Case 10 is an active chilled beam with dedicated outdoor air system (DOAS). The chilled beam is
an air-conditioning system that utilizes the cooling and heating effects of convection by connecting
a water pipe to a unit containing heat exchangers. Chilled beams are mainly installed and operated
in developed countries in Europe and North America, but a number of these systems have been
applied in new office buildings in Southeast Asia and Korea, too. The Federation of European Heating,
Ventilation and Air Conditioning Associations (REHVA) sets design standards based on European
climate [77]. However, there are not enough well-defined regulations specific to chilled beams in Korea.
Thus, as a reference, we used the REHVA standard and the results of previous studies [78–80] that
verified the energy-saving effect of chilled beams in Korean climate to set the entrance temperature
for hot–cool water. We installed the most common two-way diffusion chilled beam, and we used the
outdoor air pre-processed by the DOAS as a primary air for the chilled beam [77].

(2) Active Systems: Plant Systems (Cases 11–13)

Plant systems categorized as active technologies (cases 11–13) are the condensing HW boiler +
high efficiency centrifugal chiller. The absorption chiller–heater we set as the base model is widely
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used in Korea since it can both cool and heat. However, it has a disadvantage of having a lower heat
efficiency and higher energy consumption compared to other plant systems. Developed countries
typically apply high-efficiency centrifugal chillers that are more energy efficient and have lower CO2

emissions, along with a condensing HW boiler [81–84]. Thus, we selected the condensing HW boiler +
centrifugal chiller model as an alternative for the base-model absorption chiller–heater.

For case 11, we set the efficiency of the HW boiler in the condensing HW boiler + centrifugal
chiller to 95%, which is an increase from the base level of 80%. We used this setting based on the fact
that KESDS [58] specifies that the boiler efficiency should be 90% or above, and that the maximum
efficiency of products currently on the market is 94.1% [85]. In case 12, the COP of the centrifugal
chiller in the condensing HW boiler + centrifugal chiller increased from 4.0 to 6.5. We used this setting
based on the fact that KESDS [58] specifies that the chiller COP should be 5.18 or above and that
the maximum COP of the products currently on the market is 6.5 [86]. Case 13 enhanced both the
condensing HW boiler efficiency (80→95%) and the centrifugal chiller COP (4.0→6.5).

4.2.3. Selection of Renewable Energy Systems (Cases 14–15)

The renewable energy element technology that we applied in cases 14–15 consists of
a ground-source heat pump (GSHP) that utilizes geothermal energy. The use of a geothermal heat
pump is becoming widespread in Korea. The Act on the Development, Utilization and Promotion of
New Renewable Energy was established in 2004 (last amended in 2014) to promote the development
and use of renewable energy technologies [87]. KS B ISO 13256-2 [88], the criteria for the evaluation of
equipment according to the Act on the Development, Utilization and Promotion of New Renewable
Energy, specifies cooling and heating COP values to be no less than 4.10 and 3.45, respectively. Hence,
we applied water-to-water-type GSHP with a heating COP of 4.5 and cooling COP of 3.5 as an upgraded
alternative. When using geothermal energy from a GSHP, the air-conditioning systems we applied
were the CAV system in case 14 and the active chilled beam with DOAS in case 15.

In Section 5, we describe the energy consumption results of each of the above technologies
(cases 1–15) and explain their energy-saving principles.

5. EnergyPlus Simulation Results

5.1. Analysis of the Primary Energy Consumptions in Passive Systems

5.1.1. Simulation Results for Case 1 and Case 2 (High-Performance Envelopes and Infiltration)

Case 1, shown in Figure 11, demonstrates the results of reinforcing the building envelope’s
thermal insulation performance, such as walls, floor, and roof.

Figure 11. Primary energy consumptions and energy saving potential (%) of Case 1 and Case 2.
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In Incheon (a), the annual primary energy consumption per area was saved by 5.2% compared to
the base model. The heating energy saving rate was 8% while the cooling energy rate was 2%. In Jeju (b),
the primary energy consumption decreased by 6.1% compared to the base model. The heating energy
and cooling energy decreased by 11% and 3%, respectively. Since reinforcing the building envelope’s
thermal insulation performance prevents heat loss through conduction, it appears to be more efficient
in reducing heating energy. Also, the heating energy reduction rate in Jeju was 3% higher than that of
Incheon because the thermal transmittance of Jeju’s base model is lower than Incheon’s resulting in
a larger increase in the envelope performance.

As can be seen from case 2 in Figure 11, increasing the envelope’s air-tight performance saved
the primary energy consumption per area in Incheon (a) by 7.2% compared to the base model.
The heating energy saving rate was 11%. In Jeju (b), the primary energy consumption decreased
by 6.5%, and the heating energy decreased by 9%. Reinforcing the building envelope by reducing its
air-tight performance to less than the passive building’s level of 0.6ACH50 prevented heat loss due to
infiltration, which resulted in a reduction in the heating energy being greater than that in the cooling
energy. Improving the air-tight performance improved the heating energy reduction in Incheon more
than in Jeju and this appears to have been caused by Incheon’s larger HDD.

5.1.2. Simulation Results for Case 3, Case 4, and Case 5 (High-Efficiency Glazings and Shading Systems)

In Figure 12, the results from case 3 when the glazing’s thermal transmittance (U-value) improved
by using the triple low-e are shown.

Figure 12. Primary energy consumptions and energy saving potential (%) of Case 3, Case 4, and Case 5.

In Incheon (a), the primary energy consumption per area decreased by 7.4% compared to the
base model. Case 4 shows that when the SHGC improved double tinted low-e was used, there was
a saving of 9.8% in the primary energy consumed in Incheon and 11.2% in the same application in
Jeju. In this way, case 3 showed better heating energy savings in Incheon (5%) due to the larger
HDD. In case 4, the heating energy savings were greater in Jeju (17%), where the CDD is greater,
than in Incheon (13%). When comparing the energy saving rate of each element, case 3 appears to
be slightly better the for the heating energy savings, and case 4 is better when focusing on cooling
energy saving during the cooling season. In climates like Korea where the four seasons are distinct,
combining the two thermal performance appropriately is better than focusing on one method, since
the U-value and SHGC performance are both important. Case 5, in Figure 12, demonstrates the
results of installing external venetian blinds. The primary energy consumption per area in Incheon (a)
decreased by 15.4%. The heating energy came down by 11%, while the cooling energy decreased by
19%. In Jeju (b), the primary energy consumption decreased by 18.6%. The heating energy saving rate
was 8%, while the cooling energy saving rate was 25%. Solar control shading systems, such as external
blinds, are effective in saving cooling energy by reducing the solar heat gain during the cooling seasons,
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and such systems were more effective in Jeju, with a higher HDD, than in Incheon. While venetian
blinds can provide insulation effect during winter, its effectiveness in saving heating energy was less
than that in saving cooling energy.

5.2. Analysis of the Primary Energy Consumptions in Active Systems

5.2.1. Simulation Result for Case 6 (VAV System with Dual Maximum Control Logic)

For case 6, Figure 13 shows the results of replacing the CAV system with the VAV system (dual
maximum control logic). When the CAV system was replaced by the VAV system, the primary energy
saving rate was 28.8% in Incheon and 30.8% in Jeju. The heating energy saving rate in Incheon was
16%, and 12% in Jeju. The cooling energy saving rate in Incheon was 25%, while it was 30% in Jeju.
In particular, the fan energy saving rate was large such as 65% in Incheon and 67% in Jeju. Unlike the
CAV systems, which supply a constant airflow at a variable temperature, the VAV systems vary the
airflow at a constant temperature. In other words, a VAV system controls the indoor temperature
by changing the air flow rate according to a part-load ratio. Hence, the fan is controlled by a static
pressure sensor that detects the changes in pressure caused by the changes in the air flow rate.

Figure 13. Primary energy consumptions and energy saving potential (%) of Case 6.

The VAV system can conserve heating and cooling energy since the air flow rate is adjusted
according to the thermal load. The energy saving rate is especially large for fan energy. Also, in the
Korean climate, cooling energy savings were comparatively larger than the heating energy saving
when a VAV system was installed. This is because the system is operated more frequently during the
cooling season than in the heating season and the internal loads (equipment, lighting, and people
loads) contribute to higher indoor temperatures. This also appears to be the reason why the cooling
energy saving rate was higher in Jeju, where CDD is larger, than in Incheon.

5.2.2. Simulation Results for Case 7 (Economizer Enthalpy Control) and Case 8 (Rotary ERV with VAV System)

In case 7, shown in Figure 14, the results of combining the economizer (different enthalpy control)
with the VAV system can be seen. In Incheon (a), the primary energy per area was saved by 35.8%
compared to the base model. The energy saving rate was 19%, 38%, and 68% for the heating, cooling
and fan energy consumption, respectively.

In Jeju (b), the primary energy consumption decreased by 34.2%. The heating energy decreased
by 15%, the cooling energy by 35%, and the fan energy by 69%. In both Incheon and Jeju, the cooling
energy saving rate was higher than the heating energy saving rate.

Enthalpy control [67,68] used in the cooling (May–August) and intermediate (March–May,
September–November) seasons can handle the latent heat of outdoor air since it controls the outdoor
airflow rate through the damper based on both the outdoor air temperature and humidity. The use
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of such a control logic can also result in a decrease in the cooling energy by reducing the load
on the air-conditioner’s cooling coil, which adjusts the air temperature by introducing outdoor air.
The economizer’s enthalpy control can increase the energy efficiency by controlling the outdoor air flow
rate when the outdoor air condition in Korea is suitable for cooling (during the intermediate season).

Figure 14. Primary energy consumptions and energy saving potential (%) of Case 7 and Case 8.

In Figure 14, case 8 shows the results of applying a rotary ERV to a VAV system. The primary
energy consumption saving rate was 39.3% in Incheon and 38.1% in Jeju. While an ERV’s energy
saving rate is high for both cooling and heating energy in Korean climate, it is comparatively better
in heating due to the temperature difference between indoors and outdoors being greater in winter,
as well as other factors such as the heat produced by the fans. The heating energy saving rate was
higher in Incheon (44%) than in Jeju (40%) due to the larger HDD, and the cooling energy saving rate
was higher in Jeju (37%) than in Incheon (35%) due to the larger CDD.

However, the fan energy saving rate was smaller than that seen in case 6 (VAV system) due to the
ERV’s rotary wheel operation (65–48% (a), 67–47% (b)).

In a rotary ERV system, cold outdoor air in the heating season and warm indoor air are heat
exchanged. The warm indoor air exchanges heat with the cold outdoor air and is subsequently expelled
by the rotating wheel. This process reduces the energy used for heating and humidifying. On the other
hand, the hot outdoor air in the cooling season and the cool indoor air are heat exchanged. The cool
indoor air is expelled after exchanging heat with the hot outdoor air, which reduces the energy used
for cooling and dehumidification. In the spring and fall, energy can be saved by utilizing outdoor
air without heat exchange through the by-pass control [71,72] used in this study. The technology of
recycling waste heat proved to be efficient in saving heating and cooling energies for climates like that
of Korea where the heating and cooling seasons are distinct.

5.2.3. Simulation Results for Case 9 (UFAD with VAV System) and Case 10 (Active Chilled Beam with DOAS)

In Figure 15, case 9 shows the results of applying UFAD to a VAV system. The primary energy
consumption saving rate was 39.6% in Incheon and 40.7% in Jeju. The fan energy saving rate in Incheon
was 70% and 72% in Jeju. Due to the characteristics of the office conditions, the cooling energy savings
were relatively greater than the heating energy savings. The heating energy reduction rate was larger
in Incheon (29%) where the HDD is larger, than in Jeju (22%). The cooling energy saving rate was
larger in Jeju (45%), where the CDD is larger, than in Incheon (39%).

Since UFAD is a task & ambient air-conditioning system, cooling and heating are only supplied to
the occupied zone regardless of the ceiling height. Its supply temperature is 3–5 ◦C higher than that of
the CAV system, which results in a higher operating efficiency of the heat source system. Compared to
conventional air-conditioning systems, this system can save fan energy since it can operate with
a lower static pressure, slower airflow, and comparatively lower air flow rate. However, its energy
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saving effect is influenced by factors such as the type and installation conditions of the lighting [77].
This factor should be taken into consideration when designing the system.

In Figure 15, case 10 shows the results of using an active chilled beam with DOAS. The primary
energy saving rate was 47.3% in Incheon and 48.9% in Jeju. The heating energy saving rate in Incheon
was 37%, and 27% in Jeju.

Figure 15. Primary energy consumptions and energy saving potential (%) of Case 9 and Case 10.

The cooling energy saving rate in Incheon was 54% and 61% in Jeju. The fan energy saving rate
was especially large at 70% in Incheon and 72% in Jeju. Among all air-conditioning systems suggested
by the study, the use of this system resulted in the most significant contribution to energy savings.
The active chilled beam with DOAS is operated by decoupling the heating/cooling and ventilation.
This system is used to introduce the minimum airflow rate required for ventilation through the DOAS.
Within the chilled beam, the exchange of heat between the indoor air and water occurs. Consequently,
the conveyance energy can be saved due to water’s higher thermal capacity. Such a mechanism is also
more effective in reducing fan energy, as it can introduce 3–4 times the amount of indoor air compared
to the introduced outdoor air. The lower air flow rate results in a smaller load on the heating/cooling
coil, and therefore the heating/cooling energy is saved. However, a careful evaluation of the design
and operation is required when using the system in a hot and humid climate to control the latent heat
load and condensation.

5.2.4. Simulation Results for Cases 11–13 (High Efficiency Condensing HW Boiler And Centrifugal Chiller)

In cases 11–13, as shown in Figure 16, the base model’s absorption chiller-heater was replaced
with a highly efficient plant system comprised of a condensing HW boiler and a centrifugal chiller.

Case 11 shows the results of increasing the boiler’s efficiency (80→95%). In Incheon (a),
the primary energy consumption was saved by 26.2%. The heating energy saving rate was 37%,
and the cooling energy saving rate was 21%. In Jeju (b), the primary energy decreased by 25.3%
compared to the base model. The heating energy decreased by 33%, and the cooling energy by 24%.
While both regions showed large saving in the heating energy consumption, the reduction in Incheon
was comparatively greater due to higher the HDD.

The water vapor contained in the boiler’s exhaust condenses when it comes in contact with the
heat exchanger or the cool part of the exhaust vent. This causes condensation heat to be released.
A condensing boiler reuses the condensation’s latent heat instead of releasing the exhaust, and this
results in a reduction in heat loss, which in turn increases the heat energy saving.

In Figure 16, case 12 shows the results of improving (4.0→6.5) the COP of the centrifugal chiller
containing a centrifugal compressor. In Incheon (a), the annual primary energy was reduced by 32.5%,
the heating energy was reduced by 20%, and the cooling energy by 42%. In Jeju (b), the primary
energy decreased by 35.0%, the heating energy decreased by 17%, and the cooling energy by 47%.
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Both regions showed a higher reduction in cooling energy. The cooling energy saving rate was higher
in Jeju due to its larger the CDD. Increasing the chiller’s COP increases the efficiency of the cooling
cycle, which in turn improves the cooling effect. This results in an increased cooling energy savings as
well as conveyance energy saving from the improved cooling water circulation efficiency.

Figure 16. Primary energy consumptions and energy saving potential (%) of Case 11, Case 12, and Case 13.

Case 13 shows the results of increasing both the boiler’s efficiency (80→95%) and the chiller’s
COP (4.0→6.5). In Incheon and Jeju, the primary energy consumption decreased by 36.1% and 39.1%,
respectively. The improvements for case 13 contribute to a greater reduction in both cooling and
heating energies compared to cases 11 and 12, and significant energy reductions were observed in both
regions. Increasing the efficiency of the cooling and heating plant system is an efficient method to
reduce energy consumption in climates with four distinct seasons, such as that in Korea.

5.3. Analysis of the Primary Energy Consumptions in Renewable Energy Systems

Simulation Result for Case 14 (CAV+GSHP) and Case 15 (Active Chilled Beam with DOAS+GSHP)

In cases 14 and 15, the base model’s absorption chiller-heater was replaced with GSHP. For the
air-conditioning system, the CAV system (case 14) and the active chilled beam with DOAS (case 15)
were used for the simulation. In Figure 17, case 14 shows that the primary energy consumption per
area in Incheon decreased by 32.7% compared to the base model. The energy saving rate was 42%,
33%, and 18% for the heating, cooling and fan energy consumption, respectively.

Figure 17. Primary energy consumptions and energy saving potential (%) of Case 14 and Case 15.
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In Jeju, the primary energy saving rate was 31.3%. The heating energy consumption decreased by
30% and the cooling energy by 44%. In case 15, a GSHP was connected to the most energy efficient
air-conditioning system whereby the primary energy consumption in Incheon decreased by 59.2%.
In Jeju, the annual primary energy saving rate was 57.4%. The heating energy consumption was
saved by 58%, and the cooling energy consumption by 56%. The heating energy saving was greater in
Incheon (65%), where HDD is higher, than in Jeju (58%).

A GSHP’s winter season heating cycle utilizes the underground heat exchanger and transmits
the thermal energy recovered by the geothermal heat pump indoors. During the cooling season,
the opposite process occurs, where the heat generated indoors is retrieved by the geothermal heat
pump. The retrieved heat is then released into the ground through the underground heat exchanger.
A GSHP does not use fossil fuel to operate its cooling/heating cycles, and energy can be conserved by
utilizing a steady supply of geothermal energy. Furthermore, the geothermal energy is unaffected by
the outdoor air temperature, and GSHP boasts a COP that is more than three times higher than that of
an general air source heat pump (ASHP), which loses efficiency during winter due to low outdoor air
temperature [89,90].

5.4. Comprehensive Analysis of the Simulations (Primary Energy Consumptions and CO2 Emissions)

5.4.1. Overall Primary Energy Consumption and Comparisons with Benchmark Values

Figure 18 shows the primary energy consumptions and energy savings contributions when we
applied the technologies of 15 cases to Incheon. These primary energy consumptions are compared
with Korean and international benchmark values.

Figure 18. Primary energy consumptions and energy saving potential in each technology (Incheon).

When we applied passive systems (cases 1–5), the primary energy consumption was reduced
from 464.1 kWh/m2 of the base model to 392.5 kWh/m2 (case 5). In cases 1–5, the BEESC in Korea [27]
improved from level 5 to level 4.

In the air-conditioning systems (cases 6–10), the primary energy consumption was reduced from
the base model value of 464.1 kWh/m2 to as low as 244.2 kWh/m2 in case 10. When we applied case 6,
the BEECS was improved to level 3, and it was improved to level 2 in cases 7–9. In case 10, the BEESC
improved to level 1. The primary energy consumptions for cases 8–10 (244.2–281.7 kWh/m2) were less
than that of the CBECS [39] office building stock (293.3 kWh/m2).

In the plant systems (cases 11–13), the primary energy was reduced up to 292.4 kWh/m2 (case 13).
When we applied case 11, the BEECS was improved to level 3 from level 5. When we applied
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cases 12 and 13, the certification was improved to level 2. The energy consumption of case 13 was
292.4 kWh/m2, which meets that of the CBECS office building stock (293.3 kWh/m2) and also has lower
primary energy consumption. The application of renewable energy systems (cases 14–15) resulted
in energy reductions up to 189.4 kWh/m2 (case 15). In terms of the BEECS level, cases 14 and 15
improved their ratings to levels 2 and 1+, respectively.

The results of case 15 (189.4 kWh/m2) were close to the ASHRAE 90.1 goal for the office building
standard [40] (146.4 kWh/m2) and showed an especially low primary energy consumption.

Figure 19 shows each technology’s primary energy consumption and contribution to energy
conservation when applied to the Jeju climate, similar to that for Incheon in Figure 18.

Figure 19. Primary energy consumptions and energy saving potential in each technology (Jeju).

When we applied passive systems (cases 1–5), the primary energy consumption was reduced to
as low as 395.0 kWh/m2 (case 5) from the based model value of 485.1 kWh/m2.

Unlike the results for Incheon, the BEESC level improved only to level 4 from level 5 in
cases 4 and 5. The results for cases 1–3 remained at level 5 despite the energy conservation total
being similar to that in Incheon, as the base model’s primary energy was higher in Jeju (485.1 kWh/m2)
than in Incheon (464.1 kWh/m2).

In air-conditioning systems (Cases 6–10), the primary energy was reduced to as low as
247.8 kWh/m2 (Case 10). When we applied Case 6, the BEESC improved to level 3. In cases 7–9,
the rating improved to level 2. Furthermore, applying case 10 improved the rating to level 1. Cases 9
(287.5 kWh/m2) and 10 (247.8 kWh/m2) showed primary energy consumption values lower than that
of the CBECS office building stock (293.3 kWh/m2).

In cases 11–13, the primary energy consumption was reduced up to as low as 292.2 kWh/m2

(case 13). When we applied case 11, the BEECS improved from level 5 to level 3. In cases 12 and 13,
the rating improved to level 2. Case 13 (292.2 kWh/m2) showed a primary energy consumption similar
to that of the CBECS office building stock (293.3 kWh/m2).

Applying renewable energy systems (cases 14–15) reduced the energy consumption to as low as
206.2 kWh/m2 (case 15). In terms of the BEECS, case 14 improved the rating to level 3 and case 15 to
level 1. Case 15 showed the highest energy saving rate of all technologies applied to the Jeju climate, but
it was only slightly lower than the saving rate in Incheon. Due to the different climate characteristics
of Incheon and Jeju, different results were achieved in their BEECS evaluations. Tables S1 and S2 in
the supplementary material provide detailed data for Figures 18 and 19.
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5.4.2. Each System’s CO2 Emissions and Reduction Rate Analysis

Figure 20 shows the changes in the annual CO2 emissions per unit area when we applied the
technologies of the 15 cases and each technology’s contribution to the CO2 emissions reduction.

Figure 20. CO2 emissions and reduction potential (%) of each technology in (a) Incheon and (b) Jeju.

In Incheon (a), the base model’s CO2 emission value is 83.4 kgCO2/m2. In cases 1–5, CO2

emissions were reduced to as low as 79.1–70.5 kgCO2/m2, with corresponding reduction rates
of 5.2–15.5%. In the passive technologies, case 5 showed the highest reduction rate of 15.5%
(70.5 kgCO2/m2).

In the active systems, the application of air-conditioning systems (cases 6–10) decreased emissions
in a range from 57.4–42.5 kgCO2/m2. The corresponding CO2 emissions reduction rate ranged from
31.1–49.1%. The active chilled beam with DOAS (case 10) showed the highest reduction rate of 49.1%
(42.5 kgCO2/m2). When we applied plant systems (cases 11–13), the CO2 emissions decreased up to
50.7 kgCO2/m2.

In the plant systems, case 13 enhanced both the condensing efficiency of the HW boiler and the
COP of the centrifugal chiller, thereby achieving the highest reduction rate of 39.2% (50.7 kgCO2/m2).

The application of renewable energy system (cases 14 and 15) reduced the CO2 emissions in
a range from 53.4–32.7 kgCO2/m2. The reduction rate achieved by combining GSHP and CAV (case 14)
was 36.0%. In case 15, the CO2 emission was 32.7 kgCO2/m2, which was 60.8%. Case 15 had the lowest
CO2 emissions and thus was the most effective system in terms of GHG emissions.

The base model’s CO2 emissions in Jeju (b) totalled 87.4 kgCO2/m2, which is approximately
4 kgCO2/m2 higher than that in Incheon. In cases 1–5, the CO2 emissions were reduced by
82.1–71.1 kgCO2/m2, with corresponding emission reduction rates ranging from 6.0 (case 1)–18.7%
(case 5).
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In the active systems, reductions of 58.1–43.0 kgCO2/m2 were achieved by applying the
air-conditioning systems (cases 6–10). Case 10 achieved the highest reduction at 43.0 kgCO2/m2

(50.8%). When we applied plant systems (cases 11–13), emissions were reduced in a range from
62.4–50.5 kgCO2/m2. Case 13, which reinforced both the HW boiler’s efficiency and centrifugal
chiller’s COP, achieved the highest reduction rate of 42.2%. When we applied renewable energy
system (cases 14 and 15), the CO2 emissions were reduced up to 35.6 kgCO2/m2. Case 14, showed
a reduction of 34.3%. Case 15, which combined with the active chilled beam with DOAS, reduced the
CO2 emissions by 59.3%, thus being the most effective system in reducing CO2 emissions, as it was in
Incheon. Tables S3 and S4 in the supplementary material provide detailed data for Figure 20a,b.

5.4.3. Analysis of the Correlation between the Primary Energy Consumptions and CO2 Emissions

Figure 21 shows the correlation between the annual primary energy consumption per area and
the CO2 emissions when we applied technologies from 15 cases in Incheon and Jeju.

Figure 21. Correlation between primary energy consumptions and CO2 emissions in (a) Incheon and
(b) Jeju.

Due to the environment of Korean office buildings, the cooling energy consumption was higher
than the heating energy consumption in both Incheon and Jeju. The cooling energy in Incheon was
reduced from 198.7 to 90.9 kWh/m2. The average cooling energy consumption was 146.3 kWh/m2.
The CO2 emissions were reduced from 36.7 to 15.4 kgCO2/m2. The correlation between cooling energy
consumption and CO2 emissions is linear, and the R2 value is 0.990, which indicates that it is directly
proportional. In Jeju, the cooling energy was reduced from 247.9 to 108.5 kWh/m2. The average
cooling energy consumption value was 175.1 kWh/m2.

The CO2 emissions were reduced from 45.8 to 18.4 kgCO2/m2. Since Jeju has higher a CDD value
than Incheon, Jeju’s proportion of cooling energy and the average cooling energy consumption are
higher. Also, the correlation between the cooling energy consumption and CO2 emissions is linear,
similar to that in Incheon. The R2 value was 0.992, which indicates that it is directly proportional.
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The heating energy reduction in Incheon ranged from 126.5–43.0 kWh/m2, and the average
heating energy consumption was 95.6 kWh/m2. The CO2 emissions were reduced from 23.1 to
7.8 kgCO2/m2. In Jeju, the heating energy reduction ranged from 104.6 to 43.3 kWh/m2. The average
heating energy consumption was 83.3 kWh/m2. At the same time, the CO2 emissions were reduced
from 19.1 to 7.9 kgCO2/m2. Since Incheon has a higher HDD value than Jeju, Incheon’s proportion of
heating energy and its average heating energy consumption are higher. Also, the correlation between
the heating energy consumption and CO2 emissions is linear for both Incheon and Jeju. The R2 value
is 0.999, which indicates that it is directly proportional.

5.4.4. Analysis of Heating and Cooling Energy Performance Ratio of Each System

Figure 22 shows the cooling and heating energy-saving-rate ratios when we applied the
technologies for the 15 cases in Incheon and Jeju. The systems distributed under the right side of the
standard line (heating and cooling energy saving ratio 1:1) are more heating efficient, and systems
distributed above the left side are more cooling efficient. The simulation results show that the primary
cooling and heating energy-saving-rate ratios differ depending on the building’s passive systems,
air-conditioning methods, and plant system types.

Figure 22. Cooling and heating efficiency system distributions of 15 cases (Incheon and Jeju).

In the passive systems (cases 1–5), improving the building’s envelope performance (case 1),
improving the envelope’s air-tight performance (case 2), and improving the glazing’s thermal
transmittance (case 3) realized high heating energy-saving rates in both Incheon and Jeju. Improving
the glazing’s SHGC (case 4) and installing external venetian blinds (case 5) showed higher cooling
energy-saving rates. In the air-conditioning systems (cases 6–10) as active systems, applying
a combined VAV and rotary ERV (case 8) achieved relatively high heating energy saving. The VAV
system (case 6), applying an economizer to the VAV system (case 7), combining a VAV system with
a UFAD (case 9), and applying an active chilled beam with a DOAS (case 10) showed higher cooling
energy-saving rates. Case 10 showed the highest cooling energy-saving rate in Jeju. Due to the
temperature increases in office buildings caused by internal loads, all air-conditioning systems, with the
exception of the ERV, showed higher cooling than heating energy-saving rates.
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However, an air-conditioning system’s cooling and heating energy-saving rates are subject to
change from indoor temperatures setting. The results shown in Figure 22 are based on the indoor
temperature we set in this study (Table 6) and the Korean outdoor air temperature (Table 1).

In plant systems (cases 11–13) as active systems, improving boiler efficiency (case 11) results in
an increased heating energy-saving rate due to the boiler’s high efficiency. In contrast, improving
centrifugal chiller COP (case 12) and improving both boiler efficiency and chiller COP (case 13) yield
greater cooling energy-saving rates. This is due to the fact that the cooling system COP is better in
Korean office buildings, where cooling energy consumption is higher.

Applying a combined GSHP and CAV system (case 14) with a combined GSHP (case 15) which
was the air-conditioning system with highest energy-saving rate, showed high cooling and heating
energy conservation rates in both Incheon and Jeju. Case 15 showed the highest heating energy-saving
rate in Incheon because the GSHP is unaffected by the outdoor air temperature and instead utilizes
consistent geothermal energy.

Understanding each technology’s energy consumption characteristics in specific climate
conditions and energy conservation principles is critical to obtain strategic energy efficiency
in high-performance buildings. Each technology (cases 1–15) provided different energy-saving
contributions in the Korean climates depending on their characteristics, and these ratios can be used to
effectively remove the cooling/heating loads in each system. The heating and cooling energy-saving
rates with each technology indicate that they can be used when selecting suitable technologies to save
energy in cooling and heating seasons.

6. Discussion

It is important to improve the energy performance of new or existing buildings to reduce their
energy consumption [91–93]. In this study, we selected major technologies and carried out step-by-step
simulations for new high-performance building constructions and retrofitting of existing buildings.
This study focused on the energy consumption and CO2 reduction analysis. However, cost analysis for
each technology application was not carried out and should be considered in further studies.

In the previous studies [94–97], no significant difference was found in the technical performance
of energy-saving technologies for new buildings and retrofitting existing buildings, but energy and
cost were affected by the space-using pattern, climate, and number of effective technologies.

Morofsky et al. state, “Many of the measures and results presented here would be
applicable to existing buildings when major system upgrades, replacements or building retrofits are
undertaken” [94], in their study of energy reduction for new building construction. Ferrara et al. also
explain, “Both energy and cost point of view depend on many variables, such as climatic data, available
technologies and materials, population lifestyle, the age of the building and its use (commercial
buildings, residential, etc.)” [95]. Kneifel states, “The building type and local climate impact the
financial benefits from energy efficiency improvements” [96]. The studies also reported on the need to
address the issues of cost. Cho et al. state, “Because operating costs do not vary proportionally with
energy source, there should be comprehensive follow-up studies that take economic efficiency into
account” [97]. The common implication of studies on cost optimization and cost analysis [98–103] is
that improving the energy efficiency of buildings inevitably incurs additional costs. Most buildings
last for at least 30 years; hence improving the initial energy performance has double effects, such as
reducing greenhouse gas emissions [98]. For high-performance buildings, although improving energy
efficiency can contribute drastically to energy saving, the high investment costs and long payback
period may not be financially viable [99]. Hamdy et al. say, “Finding cost-optimal solutions towards
nearly-zero-energy buildings (nZEBs) in accordance with European energy performance of buildings
directive (EPBD-recast 2010) is a challenging task” [100].

However, cost and energy optimization studies [101–103] imply that one can achieve cost efficiency
for high-performance buildings by using new technologies. Kurnitski et al. state, “This study
determined cost optimal and nearly zero energy building (nZEB) energy performance levels following
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the REHVA definition and energy calculation methodology for nZEB national implementation” [101].
Congedo et al. say, “This paper shows how the cost-optimal methodology is useful in searching for the
most appropriate retrofit measures for the renovation of existing public buildings” [102]. Congedo et al.
also state, “The paper shows the suitability of the methodology to support the design of cost-effective
energy efficient solutions in new office buildings. Results show technical variants selection able to
decrease primary energy consumption by 39% and CO2 emissions by 41% at the lowest cost” [103].
Also, in order to encourage the development of high-performance buildings, major countries of the
world are offering various financial support systems appropriate for their specific situations. In the
United States, the government is implementing various fiscal policies, such as tax reduction and
the provision of subsidies, to improve the energy efficiency of buildings [104–110]. The Energy Star
Program [104] provides tax deductions by giving certifications to buildings or houses that meet
a certain energy-efficiency standard. The Home Energy Rating System [105] and Solar America Cities
Program [106] also provide financial support for pursuit of energy efficiency improvements.

The German CO2-Gebaeude Sanierungs Program [107] provides long-term, low-cost loans and
subsidies for reconstruction. The UK’s Low Carbon Buildings Program (LCBP) [108] and the Éco-Prêt à
Taux Zéro (PTZ) [109] for zero-energy housing in France are also financial support programs provided
at the national level. Japan’s New Energy and Industrial Technology Development Organization
(NEDO) also subsidizes building owners who apply new technologies and renewable energy-saving
systems [110].

Korea has also implemented various programs, including the previously described BEECS,
to enforce energy optimization for new and existing public construction [42]. Yet, they may
not work well, because of the high initial investment costs and long payback period. It is also
necessary to increase the effectiveness of incentives, as is done in other countries, to secure economic
efficiency [98,111,112]. Korea is hoping for a 30% energy reduction in 2017 and 60% in 2020 for
non-office buildings. In addition, the goal is to design new zero-energy buildings by 2025. In order to
reach these goals, it is necessary to adopt policies on technological development, public relations and
education, and financial support from various perspectives [98,111]. It is also important to develop
domestic production to promote new high-performance technologies. In order to improve the energy
performance of existing buildings in addition to that of newly constructed buildings, it is necessary to
understand energy consumption in terms of the usage and size of buildings and to develop policies
and technologies applicable to existing buildings [98,111,112].

7. Summary and Conclusions

In this study, EnergyPlus simulations were performed on a base model reflecting the Korean
building code to provide a basis to select energy-saving technologies suitable for Korean climate.
The ultimate aim of this study is to realize high-performance buildings to cope with climate change and
to reduce energy and GHG emissions. We analyzed the characteristics of the energy consumption for
each technology (passive, active, and renewable systems), reviewed the principles of the energy savings,
and assessed the primary energy consumption and CO2 emission reduction for each technology.
Some of the conclusions that can be drawn from this study are listed below:

(1) In Korea, temperatures are rising gradually, and extreme weather events, such as heat and cold
waves, are increasing. The primary energy consumptions of the base models in Incheon and Jeju were
464.1 and 485.1 kWh/m2, respectively, and were rated at level 5 according to Korean standard: BEECS.
According to the HDD and CDD characteristics, Incheon was shown to use more heating energy than
Jeju and Jeju uses more cooling energy than Incheon. The results of the simulation for the base model
were considered to be within the actual primary energy consumption range (457–489 kWh/m2) of
general office buildings located in the Incheon and Jeju areas.

(2) When passive systems (cases 1–5) were applied in the Incheon climate, the primary energy
consumption was reduced up to 392.5 kWh/m2 (case 5) compared to the base model of 464.1 kWh/m2.
With the air-conditioning systems (cases 6–10), the primary energy decreased up to 244.2 kWh/m2
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(case 10). When plant systems (cases 11–13) were applied, energy was saved up to 292.4 kWh/m2

(case 13). When renewable energy systems (cases 14–15) were applied, the primary energy was reduced
up to 189.4 kWh/m2 (case 15). In particular, case 15 (189.4 kWh/m2) is close to the goal of the ASHRAE
90.1 standard for office buildings (146.4 kWh/m2), and its primary energy is the smallest among case
studies evaluated in this study. When using BEECS as an assessment, case 15 reached level 1+.

(3) In Incheon, the CO2 emissions of the base model were calculated to be 83.4 kgCO2/m2 and
decreased up to 70.5 kgCO2/m2 (case 5) when passive technologies (cases 1–5) were applied. In active
systems, the CO2 emission decreased up to 42.5 kgCO2/m2 in air-conditioning systems (cases 6–10)
and decreased up to 50.7 kgCO2/m2 in plant systems (cases 11–13). When renewable energy system
(cases 14–15) were applied, the emission was reduced up to 32.7 kgCO2/m2 (case 15).

(4) When applying passive systems (cases 1–5) in the climate of Jeju, the primary energy was
reduced up to 395.0 kWh/m2 (case 5) compared to the base model of 485.1 kWh/m2. In the active
systems, the primary energy was reduced up to 247.8 kWh/m2 (case 10) in air-conditioning systems
(cases 6–10) and up to 292.2 kWh/m2 (case 13) in plant systems (cases 11–13). When a renewable
energy system (cases 14–15) was applied, the energy was reduced up to 206.2 kWh/m2 (case 15).
When using BEECS level as an assessment, case 15 was estimated to have reached level 1. Since the
energy consumption characteristics of a system are different depending on the climate, the results of
the evaluation using grades were slightly different in Incheon and Jeju.

(5) In Jeju, the CO2 emission of the base model was 87.4 kgCO2/m2, which is 4 kgCO2/m2 higher
than that in Incheon. When applying passive systems (cases 1–5), the CO2 emission decreased up
to 71.1 kgCO2/m2. In active systems, the CO2 emissions were reduced up to 43.0 kgCO2/m2 with
air conditioning systems (cases 6–10) and up to 50.5 kgCO2/m2 with plant systems (cases 11–13).
When a renewable energy system (cases 14–15) was applied, the CO2 emission decreased up to
35.6 kgCO2/m2. As in Incheon, the correlation between the primary energy consumption and the CO2

emissions showed an R2 value was over 0.9, indicating a very close proportional tendency.
(6) An analysis of the building energy consumption characteristics in Incheon and Jeju showed that

the average heating energy (95.6 kWh/m2) and total heating energy savings (126.5–43.0 kWh/m2) were
larger in Incheon where the HDD value is higher than in Jeju. In Jeju, where the CDD value is large,
the average cooling energy (175.1 kWh/m2) and the total cooling energy savings (247.9–108.5 kWh/m2)
were larger than they were in Incheon. Each technology (cases 1–15) provided different energy-saving
contributions depending on their characteristics in Korean climates. The heating, cooling, and other
energy-saving contributions by each technology indicate that they can be used when selecting suitable
technologies to save energy in the cooling and heating seasons.

(7) It is critical to understand the energy consumption characteristics of each technology under
specific climatic conditions and to consider the energy saving principles to analyze strategic energy
efficiency when developing high-performance buildings. Even though the Korean reference model’s
primary energy consumption and CO2 emissions was evaluated in this study, it is also necessary to
study the comfort level related to the indoor temperature & humidity and the control logic for each
system. In addition, it is necessary to further study the energy saving rates and related costs when
combining several technologies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/4/884/s1,
Table S1. Breakdown of the primary energy consumptions and saving rate (Passive systems), Table S2. Breakdown
of the primary energy consumptions and saving rate (Active and Renewable systems), Table S3. Breakdown of the
CO2 emissions and reduction rate (Passive systems), Table S4. Breakdown of the CO2 emissions and reduction
rate (Active and Renewable energy systems).
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Abbreviations

The following abbreviations are used in this manuscript:

ACH Air Change per Hour
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
CAV Constant Air Volume
CBECS Commercial Buildings Energy Consumption Survey
CDD Cooling Degree Days
COP Coefficient of Performance
DB Data Base
DOAS Dedicated Outdoor Air System
DOE U.S. Department of Energy
ECM Energy Conservation measures
EIA Energy Information Administration
ERV Energy Recovery Ventilation
EPBD Energy Performance of Buildings Directive
EPW EnergyPlus Weather File
GSHP Ground Source Heat Pump
HDD Heating Degree Days
HVAC Heating, Ventilation and Air Conditioning
HW Boiler Hot Water Condensing Boiler
IEA International Energy Agency
LCBP Low Carbon Buildings Program
NEDO New Energy and Industrial Technology Development Organization
nZEBs Nearly Zero Energy Buildings
PTZ Éco-Prêt à Taux Zéro
REHVA Federation of European Heating, Ventilation and Air Conditioning Associations
SHCG Solar Heat Gain Coefficient
UFAD Underfloor Air Distribution
VAV Variable Air Volume
VLT Visible Light Transmittance
WMO World Meteorological Organization
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