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Abstract: This paper proposes a flexible modeling approach to develop a theoretical reference building
(RB) for energy analysis. We designed an RB for five non-residential buildings, using dynamic
simulation from statistically analyzed data of building stock in South Korea. For modeling, four
subsets of data—form, envelope, system, and operation—were assessed. This study uses the
autosizing function within EnergyPlus, to develop the RB. The proposed approach allows for a flexible
design where capacities and flow rates of the heating, ventilation, and air-conditioning (HVAC)
system match the newly defined RB model. This approach would be ideal for closing the gap between
the architectural data and equipment elements. The RB developed in this study allows for performing
energy performance analysis by end-use. The analysis results by the end-use can provide support for
country-level greenhouse gas (GHG)-mitigation-strategy development.

Keywords: flexible modeling approach; reference building; non-residential buildings; building stock;
energy analysis

1. Introduction

Building emission is gaining considerable attention as a potential field for minimizing the effect
of climate change and greenhouse gas (GHG) emissions [1]. Such an objective requires a strong
understanding of end-use based on energy demand and performance analyses of buildings, which is a
complex process encompassing a massive amount of information. Such analyses can be conducted via
computer programs that employ actual building data; however, a large number of buildings must be
analyzed (i.e., on the country-level), which requires considerable time and effort. This requirement can
be a limitation to achieving the previously mentioned research goals.

An alternative approach is to use reference buildings (RB) designed based on building samples
extracted through statistical data analyses [2]. However, developing an RB is an extremely complex
process, and its accuracy depends on the level of specificity employed to define a building [3].
The development of an RB demands high-level understanding and considerable data related to
building stock [4]. In fact, most RB development begins with the analysis of building stock to acquire
basic elements [5–7]. A common approach is to extract these data from official country- or region-level
statistics. However, finding credible sources is a problem, and this leads to a lack of data required to
define a standard model. Nevertheless, a standard model needs to be developed that can represent
existing buildings as accurately as possible from an average building stock [3]. Even in the US,
where the largest amount of RB research has been conducted, RB models account for only 65% of
non-residential buildings [8].
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Real-life limitations make it impossible to collect all building data that are necessary to define the
values that comprise an RB. Therefore, research on RBs has been aimed at achieving limited goals,
using specific types of building, as listed in Table 1.

Table 1. Research goals and building types of reference building.

Research Goals Research Building Types Countries

Energy analysis and
efficiency evaluation

Deru et al. [8] 1 residential building;
15 non-residential buildings US

TABULA Project Team [9]
Spiekman [10]
EPISCOPE [11]

Residential building Europe

Csoknyai et al. [12] Residential building

Eastern-European
countries

(Bulgaria, Serbia,
Hungary, and

Czech Republic)
Schaefer and Ghisi [13] Residential building Brazil

Bhatnagar et al. [14] Non-residential building
(office) India

Li et al. [15] Residential building Hong Kong

Promoting national
policy and technological

development, GHG
emission mitigation

Kim et al. [16] 2 residential buildings;
8 non-residential buildings South Korea

Jung and Jeong [17] Apartment
(Multifamily dwelling) South Korea

Quantitative assessment
of energy demand and

GHG emissions
Nägeli et al. [18] Residential building Switzerland

Estimate carbon
emissions Xikai et al. [19] Residential building China

Assessment the potential
of energy conservation

measures and GHG
emissions

Mata et al. [20]

6 building types (single-family
dwellings, multifamily

dwellings, commercial, culture
and leisure, offices,
and other services),

Spain

Building envelope
optimization Brandão et al. [21] Residential building Portugal

Evaluating energy
retrofit Krarti et al. [22] Residential building Saudi Arabia

Building energy saving
potentials Ye et al. [23] Non-residential building

(religious worship building) US

Support to policies Buso and Corgnati [4] Non-residential building
(hotel) Italy

Brandão et al. [24] Residential building Portugal

Cost optimal analysis Corgnati et al. [3] Non-residential building
(office) Italy

Brandão et al. [25] Residential building Portugal

GHG = greenhouse gas.

Previous studies demonstrate that RBs are developed in various countries, using different methods
and for multiple objectives. Studies employ both top-down or bottom-up approaches to modeling;
top-down modeling approaches are often used for large-scale projects, such as macroeconomic analyses.
Conversely, bottom-up modeling approaches are used to predict end-use by developing models for
individual buildings to represent the building stock [22]. Furthermore, bottom-up approaches allow
for specific energy analysis, thereby making macro-level analysis possible.

Engineering is a commonly used method in bottom-up approaches [18,22]. The bottom-up
approach collects quantifiable data for variables that can be measured as input data for calculating
building energy use in the existing building stock. The Department of Energy (DOE) in the US
recommends using the bottom-up engineering model for improving building energy efficiency [8].
Furthermore, this model is popularly used in Europe, and it is most favored by policymakers [4].
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In fact, the EU introduced a requirement that its member states should employ this approach to define
an RB that represents the average building type [26].

Other studies on RBs, using the bottom-up approach, employ a dynamic model [3,4,8,16] based
on existing data and building stock; regression model [19], clustering [27–29], and classification [30,31]
have also been used.

However, a standardized method on RB development is yet to be established, resulting in
a myriad of different methods. Corgnati et al. [3] classified the methods of standardized model
development into three categories: (I) example building, (II) real building, and (III) theoretical building.
Example building method is utilized when statistical data cannot be gathered, demanding reliance on
professional assumptions and research in combination with data from other sources. Real building
method is defined as an existing building which has the average characteristics based on statistical
analysis. Theoretical building method is a statistical synthesis of found characteristics from the
building stock.

This study aimed to develop an RB, using a bottom-up approach that employs dynamic simulation,
using real building and theoretical building methods. This study uses methods II and III proposed by
Corgnati et al. [3] and is identical to the RB development approach suggested by the DOE [8].

Applying dynamic simulation requires four subsets of data: form, envelope, system, and operation
of the building [3]. Among these, form, envelope, and system can be defined based on the statistical
analysis of the building stock. However, there is often a mismatch between the newly defined
theoretical building (i.e., form and envelope) and heating, ventilation, and air-conditioning (HVAC)
capacities and flow rates. Therefore, to determine HVAC capacities and flow rates that match the form
and envelope of the theoretical building, building loads (i.e., cooling and heating loads) needs to be
calculated first. Furthermore, it is difficult to calculate capacities that match the HVAC type and to
design flow rates accordingly. However, because the RB needs the end-use of the building to be defined,
it is critical to determine the performance and flow rate of the HVAC system. Therefore, this study uses
the autosizing function within EnergyPlus [32]—provided by the dynamic simulation—to develop the
RB. This approach is extremely flexible as the function automatically matches the capacities and flow
rates of HVAC systems regardless of the form, envelope, and HVAC type. Moreover, it would be ideal
for closing the gap between the architectural data and equipment elements.

This study derived energy performance specified by end-use of non-residential buildings.
We expect that this study would have applications to sensitivity analyses of parameters when
designing policy plans or calculating energy performance.

The rest of this paper is organized as follows. The research materials and method are described
in Section 2. In Section 3, the results of the RB development process are provided. Discussion on
review of energy performance, contributions, and applications are presented in Section 4. Finally,
the conclusions are listed in Section 5.

2. Materials and Methods

2.1. Research Method and Scope

The European Parliament and the Council of the European Union [33] defines RBs as “buildings
characterized by and representative of their functionality and geographic location, including indoor
and outdoor climate conditions”. The RB aims to represent the typical and average building stock in
terms of climatic conditions and functionality (i.e., residential buildings and schools) [3]. This study
adds “a theoretical building that has representative energy performance” to the existing definition of
the RB; this is a partial modification of the definition for a prototype building [34]. Therefore, this study
aims to analyze and characterize the energy performance in an RB.

The inputs for four subset data [3] are required to complete the modeling process, using the
proposed simulation method. Corgnati et al. [3] were inspired by the DOE [8] for their four subset
data inputs, and this study follows the same approach. In this study, the form, envelope, and the
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HVAC system type define the representative values for the statistical analysis of the building stock.
Furthermore, the system first classifies whether the HVAC system is a central system or an individual
system, which is then used as input in the autosizing function of EnergyPlus to determine the HVAC
system type. Unlike other studies, the method employed in this study is ideal for flexible modeling and
utilizes a novel approach. The operation data employ input data based on South Korean regulations
(building energy code) and standards; in addition, the related literature is investigated to obtain input
data. The approach and scope of this study are illustrated in Figure 1.
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For a reliable long-term scenario analysis at the country-level, the RBs of subdivided non-residential
buildings is required. Buso and Corgnati [4] mentioned that office buildings cannot represent all
non-residential buildings and they cannot alone provide a realistic building energy perspective.
In other words, without the subdivision of non-residential buildings, the understanding of all energy
systems is inevitably weakened. Therefore, this study aims to develop the RBs of five subdivisions of
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non-residential buildings (office, sales, accommodation, educational, and cultural buildings) such that
these RBs can be utilized at the country-level.

At the 21st Conference of Parties, South Korea indicated the intended nationally determined
contribution to reduce GHG emissions by 37% compared to business as usual (BAU) by 2030 [1,35].
Therefore, this study collected and statistically analyzed the data of new buildings designed in 2016
and 2017, including 2015—the base year for setting national reduction targets—from building stock.

2.2. Building Energy Simulation: EnergyPlus

The EU recommends the use of dynamic energy simulation for the development of credible
RB [26,33]. Thus, existing studies have developed RB by using dynamic energy simulation
methods [3,4,8,16]. This study uses the most adequate dynamic energy simulation (i.e., EnergyPlus) to
conduct an energy performance analysis by end-use.

EnergyPlus is a whole-building performance simulation tool. It is a console-based program
that is developed and managed by DOE and National Renewable Energy Laboratory with an aim
to create models of a building’s energy use. This system can model heating, ventilation, cooling,
lighting, water use, renewable energy generation, and other building energy flows. Furthermore,
it incorporates a variety of innovative simulation functions including sub-hourly time-steps, modular
systems, plant systems integrated with heat balance-based zone simulation, multizone air flow, thermal
comfort, water use, natural ventilation, renewable energy systems, and user-customizable energy
management systems [36].

EnergyPlus can process high-dimension building energy models that include detailed data of
the functions and physical characteristics of buildings; furthermore, it can simulate a large number
of subroutines simultaneously to arrive at a more accurate estimate of the performance of the entire
building [36,37]. In addition, EnergyPlus allows building experts, scientists, and engineers to determine
optimal building plans and operations, thereby contributing to energy savings [36]. Given these
characteristics, several researchers use EnergyPlus in a variety of fields including early design [38,39],
operations [40], development of controllers [41], energy efficiency measures [42], renewable energy [43],
fault modeling [44], and occupant behavior [45].

OpenStudio [46] is a graphic interface software based on EnergyPlus. It is plugged into the
architectural modeling program SketchUp [47], thereby allowing to run a simulation of the building
form. EnergyPlus and OpenStudio allow the user to input specific settings for the HVAC system,
internal load, operation schedule, and building materials.

This study used both EnergyPlus 8.9 and OpenStudio 2.5 to analyze the energy performance and
its characteristics. There exist several material “types” that may be used to describe layers within
opaque construction elements in EnergyPlus [32]. Among them, the “NoMass” type, which can be
defined when only the thermal resistance (R-value) is known, was used herein. Although the wall
structures in actual buildings are critical, only the U-value (strictly, the thermal resistance (R-value)) was
used in this study rather than variables such as thickness, thermal conductivity, density, and specific
heat. This type is similar in nature, and the load calculation is performed assuming steady state
heat conduction [32]. Additional details of the capacities and flow rates of the HVAC system were
addressed, using the autosizing function in EnergyPlus.

2.3. Building Stock

The South Korean government [48,49] introduced regulations and standards to decrease energy
consumption in the building sector. Policies to save energy by improving energy efficiency such as the
Green Buildings Construction Support Act [48] have been implemented, and these policies mandate an
energy performance index to prevent heat loss and the use of energy-saving equipment for efficiently
managing the energy consumption of the building. To this end, when requesting permission to build
a new structure that crosses a certain size (i.e., total floor area 500 m2), documents for the energy
saving plans of the building need to be submitted [49]. The key contents of this document include the
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average U-value of the structure, airtight windows, use of high-efficiency mechanical and electronic
equipment, energy-saving controller, and renewable HVAC system use. The document contains a
basic architectural profile, a checklist of the standard requirements of the energy-saving plan, and an
attachment of the energy performance index review. The energy performance index is categorized into
architecture, mechanical equipment, electrical equipment, and renewable energy.

The region is determined by climate conditions of South Korea, categorized into central
region (Seoul, Incheon, Gyeonggi, and Northern Chungcheong), southern region (Busan, Daegu,
Daejeon, Gwangju, Southern Chungcheong, Northern Jeolla, Southern Jeolla, Northern Gyeongsang,
and Southern Gyeongsang), and Jeju region (Jeju Island). The national standards set thermal
requirements (U-values) for the building’s exterior walls, roof, lowest floor, and windows. Table 2
lists the standard U-values for new non-residential buildings constructed during the timeframe of this
study (2015–2017).

Table 2. U-values of non-residential buildings, according to the climate conditions of South Korea
(2015–2017).

Enforcement
Date

Region
Thermal Insulation of Building Envelope (W/m2

·K)

Exterior Wall Roof Lowest Floor Window

Oct. 2013
Central 0.270 0.180 0.410 2.100

Southern 0.340 0.220 0.470 2.400
Jeju 0.440 0.280 0.550 3.000

Jan. 2016
Central 0.260 0.150 0.300 1.500

Southern 0.320 0.180 0.350 1.800
Jeju 0.430 0.250 0.470 2.400

The South Korean government has set up a road map to minimize the energy consumption of new
buildings to zero by 2025 gradually [50,51]. Hence, building energy-saving plans have strengthened
insulation performance criteria from 2008 until recently (September 2018).

This study collected data on five types of non-residential buildings from the building stock
(i.e., permitted new buildings in 2015–2017 from Electronic Architectural Administration Information
System (EAIS) [52]). The collected data—form (i.e., total floor area, number of floors, floor height,
and aspect ratio (building length/building width)), envelope (i.e., window-wall ratio (WWR), window
filling gas, and U-values), and system (i.e., HVAC system type and plant equipment)—were analyzed,
and a database (DB) was created.

2.4. Autosizing of HVAC System

Even after the HVAC system type is determined, complications persist because all relevant
parameters (i.e., capacities and flow rates) need to be defined. These data cannot be statistically
analyzed and extracted from the building stock because the RB developed from using the newly
defined form and envelope may not match the capacities and flow rates of the HVAC systems analyzed
from the building stock (see Figure 2). An HVAC system that matches the theoretical building needs to
be generated by calculating the building loads (i.e., cooling/heating load). Based on these calculations,
researchers must choose the equipment and determine its capacities.

However, this study suggests using the autosizing function within EnergyPlus to design the
capacities and flow rates of HVAC system. This approach automatically calculates the capacities and
flow rates of the HVAC systems that match the building load calculated from the design day [53].
Therefore, it enables the analysis of the energy performance by completing the optimal HVAC system
for the RB, a theoretical building. The use of this approach provides flexibility in terms of the response
to the energy performance even if the form, envelope, and the HVAC system type of a building are
changed. In this study, the autosizing function was applied to the parameters of the HVAC systems,
as listed in Table 3.
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Table 3. Autosizing parameters for the development of RBs.

Component Autosizing Parameters

Design capacity Cooling capacity
Heating capacity

Design water flow rate
Chilled water

Condenser water
Hot water

Design air flow rate Supply air
Cooling tower
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2.5. Operation

There are a wide variety of non-residential buildings. In fact, energy performance can vary widely
according to the services provided in the building [4]. Non-residential buildings can be classified
into office, sales, accommodation, educational, cultural, and medical buildings; the South Korean
government classifies non-residential buildings into 25 categories [54]. This study developed an RB
for five representative non-residential buildings in South Korea. To this end, the study considered
operations data, which are the last of the subsets. This subset is represented by internal loads and
schedules. The internal loads and schedules inputs into dynamic simulation are a crucial part of energy
performance analysis. In particular, the data require occupant, lighting, and electric equipment density
and schedule, as well as the data and schedules for infiltration, ventilation, and hot water. Furthermore,
data on set-point temperature and operation schedule for heating and cooling system use are necessary.

For the aforementioned data, this study first used data that could be obtained from the building
stock [52]; data that could not be gathered this way used the South Korean regulations and standards
for the building design [55,56], in addition to the recent report [57]. Other data were surveyed by
studying the DOE commercial-reference-building data [8,58].

3. Results

3.1. Reference Buildings

3.1.1. Collection of Data from Building Stock

Figure 3a shows the 193 buildings collected from EAIS [52] for data analysis. There were 57, 25, 89,
9, and 13 office, sales, accommodation, education, and cultural buildings, respectively. The distribution
of the buildings in regions by climate (central, southern, and Jeju) is shown in Figure 3b.Energies 2020, 13, x FOR PEER REVIEW 9 of 23 
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The central region has the largest number of all five types of buildings because more than half
the Korean population (50.1%) lives in the capital area (Seoul, Incheon, and Gyeonggi), which is
located in the central region. Accommodation buildings are more densely distributed in the Jeju region
because a large number of these buildings are built on Jeju island, a UNESCO world heritage site
(i.e., Jeju volcanic and lava tubes).

In this study, the statistical values (i.e., average values) of the raw data were used for all the
parameters of (i) the form, (ii) the envelope, and (iii) the system—except for the autosizing part—as
shown in Figure 1. The raw data were provided by EAIS [52], and the statistical values of these data
are shown in Tables 4–7, in Section 3.1.2.

Table 4. Main characteristics of form for the development of RBs.

Elements Office Sales Accommodation Educational Cultural

Total floor area (m2) 30,842 13,060 13,440 24,185 9120

Number of
floors

Ground 12 4 8 4 2
Basement 2 1 2 1 2

Floor height (m) 3.9 4.6 3.3 3.6 5.0

Aspect ratio
(building length/building width) 2.43:1 1.96:1 2.67:1 3.85:1 2.90:1

Table 5. Main characteristics of envelope (window) for the development of RBs.

Elements Office Sales Accommodation Educational Cultural

Window-to-wall ratio
(%) 26.83 17.72 19.97 28.82 20.05

Window filling gas Argon Argon Argon Argon Argon

Table 6. Main characteristics of envelope (U-value) for the development of RBs.

Elements
Office Sales Accommodation Educational Cultural(W/m2

·K)

Exterior walls 0.240 0.259 0.331 0.262 0.274
Roof 0.138 0.147 0.170 0.175 0.144

Lowest floor 0.193 0.204 0.259 0.323 0.200
Windows 1.403 1.752 1.612 1.825 1.333

Table 7. Main elements of HVAC system type and plant equipment for the development of RBs (CAV,
constant air volume; FCU, fan coil unit; EHP, electric heat pump; ACH, absorption chiller–heater;
CT, cooling tower).

Elements Office Sales Accommodation Educational Cultural

HVAC system type Central Individual Individual Individual Individual
(CAV+FCU) (EHP) (EHP) (EHP) (EHP)

Plant equipment ACH+CT - - - -

3.1.2. Four Subsets of Reference Buildings

The four subsets defined for the development of RBs are listed below.

• Form. The parameters necessary for defining geometry and size were acquired through a statistical
analysis of the building stock [52]. Five types of form were defined and they are listed in Table 4.
The floor plan attributed to the function of the non-residential building was selected as the
standard floor plan. As this study aims to develop an RB for energy analysis, conditioned and
unconditioned zones in the plan were specified instead of having no specified zones. Hence,
representative floor plans of office, sales, and cultural buildings had five zones (four perimeter
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zones and one core zone), and accommodation and educational buildings representative floor
plans were divided into three zones (central corridor, south zone, and north zone).

• Envelope. To define the window-to-wall ratio (WWR), window filling gas, and U-values, statistical
data from EAIS [52] were utilized. Envelope characteristics were defined based on the five types
of RBs listed in Tables 5 and 6. For the existing buildings, the gas charged in the gap of the
double glazing was air. However, for the target buildings considered in this study, i.e., the latest
(2015–2017) buildings, it was found that argon gas with a higher insulation performance than that
of air was charged in the gap of the double glazing. Table 2 shows the U-value that is used as the
standard during the design of new buildings. For the target new (2015–2017) buildings considered
in this study, the U-value of the buildings designed in 2015 had to be designed such that it was
lower than the 2013 design standard value, and the U-value of the buildings designed in 2016 and
2017 had to be designed such that it was lower than the 2016 design standard value, as shown in
Table 2, depending on the region. Therefore, the U-value must be located between the standard
values of 2013 and 2016 for each region shown in Table 2. This is because the U-value calculated
in this study was analyzed for the entire country rather than for each region. For example, it can
be said that the U-value (0.331) of the exterior walls of the accommodation building, as in Table 6,
was reasonably calculated because it is located between the 2016 U-value (0.430) of Jeju and the
2013 U-value (0.270) of central shown in Table 2. In addition, the U-value (0.240) of the exterior
walls of the office building was lower than the 2016 standard U-value (0.260) of the central region,
which is the most severe condition, indicating that the insulation performance was designed to
be much higher than the reasonable level for the latest new buildings. Overall, the U-values in
Table 6 are reasonable when compared to the standard values in Table 2. Meanwhile, there are
several parameters associated with high uncertainty during the envelope modeling of a building,
deriving the best correction results through an optimization technique can be attempted, as
Ramos Ruiz and Fernández Bandera [59] did. Our study, however, targeted a number of recently
designed (2015–2017) buildings rather than a specific building. In addition, an attempt was made
to represent the buildings as per statistical values. Herein, a level of uncertainty was involved
because the aim was to develop RBs that can represent the correction of all the buildings rather
than for a specific building.

• System. The energy performance can be analyzed, using the RB in two phases. In the first phase,
the HVAC system type and the plant equipment are defined. In the second phase, the capacities
and flow rates of the HVAC system and plant equipment are defined.

1O First phase: The following three steps were performed to define the HVAC system type
and the plant equipment.

(1) Step 1. Statistical analysis based on the data obtained from the EAIS [52]: For the
HVAC system type, the office was identified as the central type, while the sales,
accommodation, educational, and cultural buildings were all identified as an
individual type—electric heat pump (EHP). The core zone of the office was
identified as the constant air volume (CAV), while the perimeter zones were
identified as the fan coil unit (FCU), thereby making it a hybrid system. Among
the central types, the plant equipment in the office was identified as the absorption
chiller–heater (ACH) and cooling tower (CT). All buildings other than office
buildings were individual system types; no further identification of plant equipment
was conducted.

(2) Step 2. Review of compliance with domestic building equipment regulations [55]:
The HVAC system type varies according to the type of building; however, it can
also vary among the same type of buildings. In addition, region or policy may
contribute to differences; in the case of South Korea, the regulations require thermal
energy storage or gas-type HVAC systems to be installed based on the type of
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building and floor area [55]. This is not necessary when it is not a centralized HVAC
system. The possibility of applying the identified equipment in the first step was
reviewed in accordance with the regulation. The review analysis determined that
the HVAC system type and the plant equipment identified in Step 1 do comply
with the domestic regulations and can thus be applied.

(3) Step 3. Comparative analysis between the RB developed in this study and a building
from the building stock, which is most similar to the RB: A building comparable
in size to that of the RB developed in this study was selected from the EAIS [52].
Afterward, the HVAC system type identified in Steps 1 and 2 was compared with
the building’s main equipment for analysis. Essentially, a building that had a floor
space closest to the total floor area of the RB was used for comparison. We compared
the RB with a real building most similar to it to analyze and determine whether
the RB was realistic or not. The result confirmed that the HVAC system type and
the plant equipment identified in Steps 1 and 2 are valid, and they are defined as
shown in Table 7.

2O Second phase: The capacities and flow rates that correspond to the HVAC system type
and the plant equipment determined in the first phase need to be designed. As mentioned
earlier, this task was addressed, using the autosizing function in EnergyPlus, and the result
thereof is shown in Table 8.

Table 8. Main values of autosizing parameters of HVAC system for the development of RBs.

Component Parameters of HVAC
System Office Sales Accommodation Educational Cultural

Design
Capacity

Cooling capacity (kW) 1
3157

926 869 1142 839
Heating capacity (kW) 1 906 609 3320 322

Design
Water Flow

Rate

Chilled water (m3/s) 0.149 - - - -
Condenser water (m3/s) 0.296 - - - -

Hot water (m3/s) 0.026 - - - -

Design Air
Flow Rate

Supply air (m3/s) 1 148.67 51.78 52.52 45.98 53.83
Cooling tower (m3/s) 172.73 - - - -

1 Sum of all conditioned zones.

• Operation. The internal loads and schedules used in the dynamic simulation are listed in
Table 9. Lighting density was determined by using statistical data from EAIS [52]. South Korean
regulations and standards [55,56] and recent reports [57] were used as a reference for infiltration,
ventilation, hot water, set-point temperature, and operation schedule. Finally, occupant density,
electric equipment density, and schedules used data from the RB of DOE; the data of the building
that were most similar in building function and characteristic were used. That is, schedule data
for office, sales, accommodation, educational, and cultural buildings correspond to those of large
office, retail, large hotel, primary school, and medium office building data in the RB of DOE [8,58].
Figure 4 [8,58] shows the weekday schedules of occupant, lighting, and electric equipment for
the five types of buildings, expressed as a ratio between 0 to 1. Here, the educational building
schedule refers to weekday schedules while school is in session. In addition, cultural buildings
are classified as public buildings in South Korea. Therefore, it was assumed that the schedules of
such cultural buildings were identical to those of office buildings for the purpose of comparing
the energy performance in Section 4.1.
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Table 9. Main characteristics of operation for the development of RBs [8,52,55–58].

Component Elements Office Sales Accommodation Educational Cultural

Internal
loads

Occupants (m2/person) 18.58 6.19 26.01 4.00 18.58
Lighting (W/m2) 7.13 8.95 5.68 6.91 6.27

Electric equipment
(W/m2) 10.76 3.23 14.30 4.00 10.76

Others

Infiltration
(Air change per hour) 0.90 0.80 0.90 0.80 0.90

Ventilation
(m3/person.h) 29.0 29.0 29.0 36.0 29.0

Hot water (Wh/m2d) 30.0 30.0 30.0 30 30.0

Set-point
temperatures

Cooling (◦C) 26.0 26.0 26.0 26.0 26.0
Heating (◦C) 20.0 20.0 20.0 20.0 20.0

Operation
schedules

Cooling (day/mon.)
1st

January–31st
December

1st
January–31st

December.

1st January–31st
December

1st
January–31st
December 1

1st
January–31st

December

Heating (day/mon.)
1st

January–31st
December

1st
January–31st

December

1st January–31st
December

1st
January–31st
December 1

1st
January–31st

December
1 Excluding summer and winter vacation periods of educational buildings.Energies 2020, 13, x FOR PEER REVIEW 13 of 23 
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Figure 4. Schedules for RBs: (a) occupant, (b) lighting, and (c) electric equipment [8,58].

However, the RB considered in this study is a theoretical reference building developed as per the
statistical values (precisely, the average values) of several buildings to analyze macroscopic energy
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consumption behavior at the national level. As RBs were developed by using recent designs and
reports, they still present limitations in terms of the investigation of precise schedules in the operation
stage. Specifically, it is necessary to investigate schedules when buildings are in operation and use them
as the input data for the simulation, as in the case of Eguaras-Martínez et al. [60]. In our study, however,
it is inevitable to input representative values for the use of a building, rather than the schedules for a
specific building. As mentioned earlier, the RBs in this study were developed by using recent designs
and reports, which are not currently being practically applied in operation yet. This is because this
methodology facilitates examination of policies and measures to reduce national greenhouse gas
emissions in the period following the post-2020 era.

3.2. Energy Performance of Reference Buildings

RB modeling based on the key characteristics (defined above) is shown in Figure 5.
Basic information of form, envelope, system, and operation was input through OpenStudio [46],
and a detailed system was completed by autosizing function of EnergyPlus [32].
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and (e) cultural.

Running a building energy simulation requires weather data for the region, along with energy
modeling. As most buildings were in the central region of South Korea, this study used the weather
data of its main city, Seoul. The Asia–South Korea–Seoul region data were downloaded from
OneBuilding [61]—with the data files on the weather for the whole world—and they were input into
the simulation. Table 10 lists the results indicating the energy performance by end-use (i.e., cooling,
heating, hot water, lighting, ventilation, and electric equipment). In these data, electric equipment
refers to indoor office equipment and excludes elevators and external lighting. These results show the
total annual energy divided by the sum of the conditioned zone for each end-use, as illustrated by
Equation (1).

EPeu =
Ea,eu∑

Aeu
(1)

where, EP is the annual energy performance by area (kWh/m2.a), Ea is the annual energy performance
(kWh), A is the area of conditioned zone (m2), and eu is the end-use (i.e., cooling, heating, hot water,
lighting, ventilation, and electric equipment) of the building.
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Table 10. Energy performance by end-use of the developed RBs.

End-Use
Energy Performance (kWh/m2.a)

Office Sales Accommodation Educational Cultural

Cooling 47.5 15.9 13.0 6.9 13.7
Heating 45.8 38.0 54.5 12.6 39.5

Hot water 15.7 10.7 43.9 2.9 16.9
Lighting 22.9 32.9 20.3 25.7 20.5

Ventilation 13.9 12.7 19.1 3.3 12.5
Electric equipment 1 43.7 11.9 36.5 12.9 25.5

Total 189.5 122.1 187.3 64.3 128.6
1 Electric equipment refers to office equipment used indoors, excluding general power (e.g., elevators, external
lighting, etc.).

4. Discussion

4.1. Review of Energy Performance

The South Korean government triennially publishes the results of energy consumption surveys
(ECS) [62]. The ECS is supervised by the Ministry of Trade, Industry and Energy, and it surveys
the energy consumption status in general fields in South Korea such as in industries (agriculture,
forestry, fishery, and construction), commercial and public buildings, large buildings, residences,
and in transportation facilities. The report published through this process is considered as statistics
approved by the government under Article 8 of the Statistics Act (approval number: 115005). The latest
ECS (published in 2018) was conducted in 2017 by extracting 40,000 samples based on the energy
consumption for a year from January 1 to December 31, 2016. This survey aims to provide baseline
data required for setting the national energy policy by understanding the energy consumption status
of the fields in South Korea [62].

The RBs developed in this study were used to examine the validity of the flexible modeling
approach proposed in this study by comparing data with the latest ECS, as shown in Figure 6. The energy
consumption survey in Figure 6 indicates that the electric energy consumption per area, i.e., total electric
energy consumption divided by total floor area (i.e., conditioned and unconditioned zones) from
ECS [62]. The RB_conditioned zone represents the energy consumption per area as listed in Table 10, i.e.,
total energy of the developed RB divided by the conditioned zone area. In addition, the RB_floor_area
represents the energy per area, i.e., the total energy of the developed RB divided by the total floor area
(i.e., conditioned and unconditioned zones). This value has been re-calculated by retaining the energy
performance of the denominator and replacing the conditioned zone of the numerator with the total
floor area, during the calculation of the values shown in Table 10. The Rate_conditioned zone and
Rate_floor indicate the energy consumption ratio of the RB_conditioned_zone and the RB_floor_area,
respectively, based on the ECS. For example, if the value of rate is −30%, it means the RB energy
consumption is 30% lower than the ECS.

In Figure 6, the office building of the ECS [62] data indicates the average of the energy consumption
of general office buildings and research centers because offices from the RB developed in the study
were surveyed by classifying general office buildings and research centers as office. Furthermore,
accommodation buildings in the ECS [62] show high energy consumptions in heating and hot water.
Among the RBs developed in the study, the HVAC system type of accommodations is individual
(EHP); thus, it is expected to show significant differences from the ECS [62]. Therefore, the comparison
between the ECS [62] and developed RBs was performed excluding the energy consumption of the heat
and hot water from the ECS [62], and the energy consumption of hot water from the developed RBs.
Finally, the cultural building was included in the public building of the ECS [62]. Therefore, the public
building of the ECS [62] was compared with the cultural building of the RBs developed in the study.
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Figure 6. Comparison of energy consumption per area. (ECS (Energy consumption survey) [62]:
general electric energy/total floor area, i.e., conditioned and unconditioned zones; RB_conditioned
zone: total energy/total conditioned zone area; and RB_floor area: total energy/total floor area, i.e.,
conditioned and unconditioned zones.).

The developed RBs (conditioned zone) have −17.3%, −18.5%, −6.8%, −24.4%, and 4.8% of office,
sales, accommodation, educational, and cultural buildings, respectively, which indicates low energy
consumption, besides the cultural buildings, when compared with the ECS [62]. However, when
the RBs were recalculated, using the total floor area in the same manner as the ECS [62] calculation,
the result was −32.1%, −34.3%, −24.1%, −32.5%, and −34.5%, respectively (see Figure 6).

As listed in Table 11, the preceding research shows high energy reduction by only retrofitting
the building envelope. In particular, old buildings (aged 30 years or more) had greater energy
reductions [63,64]. Meanwhile, buildings designed between 2015 and 2017 showed an energy reduction
of 13% by changing only the envelope design (i.e., insulation reinforcement) compared with the
buildings designed between 2007 and 2011 [65]. The RBs developed in the study were analyzed
based on the buildings designed between 2015 and 2017, and ECS [62] was performed based on
all buildings from old buildings constructed before 1970 to those built recently (2016). Therefore,
it can be estimated that RBs have low-energy consumptions from minimum 10% to maximum 60%
compared to the ECS [62]. In other words, considering that (1) the developed RBs were analyzed based
on only recently constructed buildings, (2) the general power (i.e., elevators and external lighting,
etc.) was excluded, (3) and approximately 31% of energy was reduced by retrofitting the building
envelope in South Korea [66], a low energy reduction ratio of 30% in the comparison of the ECS [62]
with RB_floor_area is considered reasonable. Therefore, flexible modeling approaches are ideal for
closing the gap between architectural data and equipment elements to determine the parameter of the
theoretical RB, using dynamic simulation.
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Table 11. Preceding research that achieved energy savings by retrofitting existing buildings.

Buildings Research Retrofit Energy Savings

Office

Dascalaki and Santamouris [67]
Improve exterior building envelope

40–60%Use energy saving lighting
Enhance HVAC system

Song et al. [68] Improve exterior building envelope 16.47%
Lee et al. [66] Improve exterior building envelope 31%

Kwak et al. [65] Improve exterior building envelope 13%

School
Krawczyk [63] Improve exterior building envelope 33%

Dimoudi and Kostarela [69] Improve insulation and air tightness 28.75%
Ali and Hashlamun [64] Improve exterior building envelope 54%

Campus Liu and Ren [70] Improve exterior building envelope 47.4%
Chung and Rhee [71] Improve exterior building envelope 10–22%

4.2. Contributions and Applications

As mentioned in COP21, the world is currently in the post-2020 era. This study investigates
buildings designed between 2015 to 2017. Given that 2015 is the base year for calculating post-2020
BAU [65], this study can be used as the base data for studies aimed at predictions for GHG emissions,
thereby contributing to studies related to energy saving and GHG emission mitigation references. It is
possible to enable continuous planning and follow-up studies of GHG emissions reductions [27,72,73].
The findings in this study can be applied for developing approaches to achieve GHG mitigation goals
and for establishing the policy basis for GHG mitigation technology according to post-2020 goals.

In addition, the Korean government constructed a roadmap to provide the energy demand of
new buildings down to zero, thereby outlining a step-by-step process until 2025 [50,51]. This study
helps predict the point on the roadmap we are at, and it provides the direction of policies necessary in
the future.

Furthermore, the possible application and expected effect of the results of this study are as follows:

• Objectifying and setting a standard value for researchers and engineers;
• Goal-setting for energy performance improvement and management for non-residential buildings;
• Analyzing technological impacts and economy for energy performance enhancement;
• Assessing the economy and business potential for energy management technology;
• Predicting and improving the government-supported certification system for green buildings;
• Establishing strengthened green-building policy and determining the scope of incentives.

Meanwhile, it is important to note that defining the parameters for HVAC systems as the value
of site may cause difficulties in energy performance analysis in revisions and applications of RB [4].
Chaudhary et al. [74] found highly accurate energy performance results through the sensitivity
analysis of variables through autotune; however, such methods are adequate only for the calibration
for previously existing buildings. The use of a flexible modeling approach as proposed by this
study—where an ideal HVAC system can be constructed—allows for energy performance assessment
regardless of the circumstances. Thus, rather than defining the parameters to be input into HVAC
system, autosizing calculates building loads (i.e., cooling/heating load) that would determine the zone
and system sizing. This allows for flexibility even if there are changes to form, envelope, system,
and operation as shown in Figure 7. For example, if the form or envelope changes (holding HVAC
system parameters) because of changes in the quantity of data, scope of the study, or subject building
for study, energy performance can be analyzed easily. Furthermore, even if the HVAC system is
identified as a different system, the parameters can be autosized rather than set as fixed for the energy
performance analysis. For example, when engineers and architects change (i) the design plan or (ii) the
HVAC type from the existing HVAC system to those of a future HVAC system, they do not need to
design parameters such as capacities and flow rates. This is because the parameters that correspond to
the newly modified HVAC system are generated when the autosizing function is used. This flexibility
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to cope with the changes in the HVAC system enables conduction of the energy performance analysis.
Internal loads and schedules may change because of climate change or design data (holding HVAC
system parameters); however, energy performance can be adapted accordingly. When developing RB,
data are collected from the building stock, and they are used to define architectural data, after which
the parameters of the equipment elements are determined. This approach would be ideal for closing
the gap between the architectural data and equipment elements.Energies 2020, 13, x FOR PEER REVIEW 18 of 23 
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5. Conclusions

There has existed a continuous demand for the development of RBs for the purpose of examining
and referring to energy-saving effects according to the planned elements and applied technologies
of a building during its planning and design stages [75]. The RB is necessary for the analysis of
energy performance that will help designers, builders, and owners to create decisions on design
alternatives according to the architectural elements of the buildings and applied technologies when
planning and designing stage. This study developed RB by using data from South Korean building
stock, using a bottom-up approach. The RB developed in this study allows for the performing of an
energy-performance analysis by end-use.

This study was developed based on the buildings that are distributed in all regions in the
country, making it useful for conducting a country-level assessment of energy performance. However,
conducting an analysis of a lower level would require a more specified approach. The architectural plan
for each building must be analyzed to generate a representative plan, which would then be divided into
zones (i.e., conditioned and unconditioned zones), to construct an energy plan. The decision on how to
define conditioned and unconditioned zones can mean significant differences for energy performance.
Composing a representative plan for zoning purposes may prove difficult in that it requires an analysis
of a large number of cases. Next, subsets of operation (i.e., internal loads and schedules) must be
applied through a specified study. Elements of operation are crucial to understanding the energy
performance of a building, but the application of details requires backing of much of the study in the
field. Just as there is difficulty in constructing a representative plan, field study requires just as much
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work. Lastly, determining parameters for the HVAC system is challenging, as well. Building loads
(i.e., cooling/heating load) must be calculated for the theoretically constructed RB, and the capacities
and flow rates of need be designated. However, the capacities and flow rates cannot be adopted directly
from the calculations; rather, it should be determined by the equipment of the manufacturer. For
example, let us assume that the calculation determined the cooling capacity of 250 refrigeration tonnage
(RT). As a next step, the chiller capacity of various manufacturers would need to be assessed, and an
adequate product would need to be selected. If the manufacturer is producing a chiller of 200, 300,
and 500 RT, the model would inevitably choose the 300 RT chiller. This is a similar process to designing
the equipment elements of a building. The cooling in actual buildings has energy performances that
reflect the chiller, chosen through the above processes. As such, the theoretically developed RB must
then go through a complex and difficult process where the parameters of the HVAC system must
be separately designed. This study aimed not to model an actual building, but to assess the energy
performance of theoretical RB. Hence, this research took a flexible approach to the parameters of the
HVAC system by using the autosizing function of EnergyPlus.

The analysis results, by the end-use, can provide support for country-level GHG mitigation
strategy development. Acquiring a large amount of credible regional building-stock would ease the
process of regional-level RB development. Furthermore, using the methods in this study would allow
for the development of RB for not only the five types of non-residential building from this study,
but also multifunctional buildings that provide various services, thereby contributing to the collection
of basic data for the country-level policy.

Author Contributions: Conceptualization, Y.K., S.-H.M., Y.-S.J., and J.-H.H.; methodology, Y.-S.J.; software, Y.K.
and J.K.; validation, Y.K.; formal analysis, Y.K., J.K., and S.-H.M.; investigation, Y.K. and J.K.; resources, Y.-S.J.;
data curation, Y.-S.J.; writing—original draft preparation, Y.K., J.K., and S.-H.M.; writing—review and editing,
Y.K., Y.-S.J., and H.-J.H.; visualization, Y.K. and J.K.; supervision, Y.-S.J. and J.-H.H.; project administration, Y.K.;
funding acquisition, Y.K. and Y.-S.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant, funded by the
Korea government (No. NRF-2019R1I1A1A01060283), and the Urban Architecture Research Program, funded by
the Ministry of Land, Infrastructure and Transport (No. 17AUDP-C127876-02).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Symbols
EP Annual energy performance by area (kWh/m2.a)
Ea Annual energy performance (kWh)
A Area of conditioned zone (m2)
Subscript
eu End-use (i.e., cooling, heating, hot water, lighting, ventilation, and electric equipment) of building

Acronyms and Abbreviations

ACH Absorption chiller–heater
BAU Business as usual
CAV Constant air volume
C/T Cooling tower
DB Database
DOE Department of Energy, USA
EAIS Electronic architectural administration information system
ECS Energy consumption survey
EP Energy performance
EHP Electric heat pump
FCU Fan coil unit
GHG Greenhouse gas
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GIR Greenhouse gas inventory and research center of Korea
HVAC Heating, ventilation, and air-conditioning
IEA International Energy Agency
KEA Korea energy agency
MOLIT Ministry of land, infrastructure and transport of Korea
MOTIE Ministry of of trade, industry and energy
RB Reference building
RT Refrigeration tonnage
U-value Thermal transmittance (Thermal insulation performance)
WWR Window to wall ratio
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