
1. INTRODUCTION

1.1 Study background
With the change in the Earth's ecosystems due to climate 

change, global measures on the response to energy and resource 
depletion are urgently needed (Nicolas Stern, 2006). As one of 
the measures, the Conference of the Parties (COP) adopted the 
concept of a new climate system for the post-2020 period, which 
aimed to limit global warming to below 2℃, relative to pre-
industrial levels. South Korea has also set the target of reducing 
greenhouse gas emissions by 37% from business-as-usual (BAU) 
levels by 2030. To achieve this goal, a reduction of energy in 
the building sectors that consumed a great amount of energy 
globally due to a continuous increase in the number of buildings 
and the energy use in those facilities is essential.

Thus, a number of studies on zero energy usage added to 
buildings in the operational phase, after building completion, 
have been conducted throughout the world as an alternative 
solution.  It is the concept so called zero energy building (ZEB), 
which maximizes envelope performance of the buildings to 
minimize the energy loads on buildings and it minimizes the 
energy consumption used for building functions by utilizing 
renewable energy sources such as solar power. 

In South Korea, the goal was set to achieve a passive house 
level (improvement of energy performance by 60% or higher) 
by 2017 and a zero-energy house level in the public sector by 
2020 and by 2025 zero-energy houses in the private sector 
would be mandatory. To achieve this goal, energy design 
standards have been strengthened incrementally and studies on 
commercialization have been conducted.(Ministry of Land, In-
frastructure and Transport (MOLIT), 2016)

1.2 Trend and objectives of the study
The broad definition of ZEB refers to a building that minimizes 

the building energy consumption without using fossil fuels and 
produces the energy required via renewable energy sources to 
operate the building. 

ZEB is environmentally-friendly in the long term and has 
many advantages such as low building maintenance costs, 
flexibility against power outages or natural disasters and allows 
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for energy improvements to secure energy stability, which can 
be implemented due to the integrated design of the building 
energy consumption during new building construction 
or reconstruction such as renovations for building energy 
efficiency or setting an energy program in place and the 
reduction in plug usage. ZEB includes energy self-sufficient 
buildings, where energy production and consumption are 
achieved within the building without an external supply 
from infrastructure such as power generation facilities (gas, 
electricity, etc.) based on city energy infrastructure and defined 
according to whether it is connected to the external grid and a 
range of factors based on country. Thus, it has various concepts. 
(Choi, 2017)

(1) +ZEB (Plus Zero Energy Building)
The Plus Zero Energy Building (+ZEB) is a term that is 

officially used by the French government. It satisfies the passive 
level energy required by the entire building but more energy 
should be produced than the energy spent for the entire building 
using the renewable energy system. The Plus ZEB is defined 
as a building that provides not only the energy used inside the 
building but excess energy that can be used in electric cars.

(2) NZEB (Net Zero Energy Building)
The Net Zero Energy Building (NZEB) is defined as a building 

that achieves a perfect net zero in terms of ± of energy supply 
and demand, as all energy usage is produced by not only fossil 
fuels but also renewable energy sources from the annual or life 
cycle viewpoint. In practice, the NZEB may not be reasonable 
in terms of a socio-economic viewpoint, as an investment on a 
building can be larger than the amount save due to the reduction 
in building energy.

(3) nZEB (nearly Zero Energy Building)
The nearly zero energy building (nZEB) is a widely used 

term officially by advanced nations in recent years. Since 
the economic feasibility via the construction of a ZEB is 
realistically low, energy usage in ZEBs is limited and the ZEB 
is implemented only for limited energy usage (e.g., cooling + 
ventilation + hot water, and energy used for lighting, appliances, 
and office equipment, which are so called energy for outlets, is 
excluded). The gap of NZEB and nZEB can vary, depending on 
the technical level of nation, the economic feasibility and the 
government's assistance level. The guidelines of the government 
can play a role as an important setup point during research and 
development (R&D) planning.

(4) ZEB ready (Zero Energy Building ready)
This phase refers to a building prior to the nZEB phase, which 

is equipped with high-insulated and highly efficient energy 
saving facility. Technically, it satisfies the passive house standard 
and renewable energy is applied to some extent.

More recently the UK has achieved the target level of a zero-
carbon building and Japan has also aimed to ensure market 
and technical safety, prior to a phase of mandatory execution of 

Figure 1. ZEB definition of Japan

nZEB, that often refers to ZEB. Thus, primary energy usage is 
reduced by 50%, compared to that of existing buildings, except 
for renewable energy, and the ZEB ready standard, that is a 
criterion of using renewable energy sources, has been proposed 
and used as well.

Figure 1 shows the ZEB standards (Ministry of Economy, 
Trade and Industry in Japan, 2015). In this ZEB standard, if 50% 
of the energy can be reduced by using load reduction, renewable 
energy use, and the use of high efficiency equipment and the 
system based on the primary energy usage in existing buildings, 
it is defined as ZEB ready. If it achieves a 75% or higher energy 
reduction, it is defined as nearly ZEB and if a100% or higher 
energy reduction is achieved (Net Zero), it is defined as ZEB.

Regarding the study of the trend on local and international 
Z E B s ,  L o b ato  ( 2 0 1 1 )  e v a lu ate d  t he  bu i l d i ng  e ne rg y 
performances of a research support facility, whose total floor 
area was 20,439m2 in Colorado, USA. The study analyzed that 
the target building supplied an energy capacity of 84kW/m2·year 
through the solar photovoltaic system, which was slanted at 
an incline of 10° to the south and exceeded the energy load of 
the building by 79kW/m2·year. In another study, Anderson 
(2016) analyzed the energy performance of a NZEB through 
the research facility located in the coastal region in Australia.  
The annual power generation by the solar photovoltaic system 
with capacity of 163 kWp was designed to produce 197MWh/
year and exceeded the annual energy requirement (148MWh) 
and therefore achieved net zero energy. As for studies conducted 
in Korea, Lim (2014) analyzed the annual energy monitoring 
results of a research purpose building and reported that the final 
energy balance was a surplus of 22.2 MWh approximately by 
comparing the energy (14.4MWh) supplied through the power 
system network and the energy (36.7 MWh) supplied through 
the power system network, via solar photovoltaic power.

The research facilities target buildings used in existing studies 
had a similar operating pattern with that of offices, which 
showed a constant energy usage pattern throughout the year, 
whereas buildings for display had an intensive energy usage 
pattern only for the period of exhibition.
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Thus, this study conducted a performance evaluation on a zero 
energy for the Korean Pavilion, which was to show   zero energy 
use and zero carbon emission in the international exposition 
held in Yeosu in 2012. The energy performance was evaluated 
through the renewable energy production collected through the 
annual energy simulation and monitoring and measured data 
such as the power received from external sources and the power 
delivered back to the utility grid. In addition, energy zero and 
carbon zero were verified through the energy independence rate 
of the target building. 

2. OVERVIEW AND DESIGN FACTORS 
OF THE STUDY TARGET BUILDING

2.1 Overview of the study target building
The target building was completed in May 2012 and located 

in the Yeosu area, which is the southern coastal region in Korea. 
Figure 2 shows the monthly high and low temperatures and 
the relative humidity in the region. The region is characterized 
by high temperature and humidity during summer and mild 
weather during winter, which is typical of a monsoon climate 
zone. The monthly mean temperatures during summer 
(June to September) were 21.5℃, 25.1℃, 27.1℃ and 21.9℃ 
respectively. Table 1 presents the monthly solar radiation. 

Figure 2. Annual temperature and humidity in target area

Table 1. Monthly solar radiation

Month Solar radiation (W/㎡)
Jan. 311.4

Feb. 362.8

Mar. 476.9

Apr. 556.7

May. 645.9

Jun. 546.7

Jul. 502.5

Aug. 486.9

Sep. 492.9

Oct. 470.5

Nov. 319.3

Dec. 284.5

The purpose of the building was that it was to be used in the 
Korean Pavilion during the Yeosu International Expo and was 

where exhibitions and performances were held. It was planned 
to be utilized as a permanent exhibition hall after the EXPO. 
The size of the study target building was a three-story building 
whose floor area was 3,395㎡ and had a total floor area of 5,242
㎡. Its main purpose was as a cultural and meeting facility. The 
overviews and floor areas for each facility in the building are 
presented in Table 2 and Table 3.

Table 2. Building outlines

Categories Details

Site location Yeo-su, South Korea

Use Convention facilities

Site area 9,254㎡

Scale 3 levels on ground

Building area 3,399㎡

Gross floor area 5,248㎡

Building Coverage 36.8%

Floor area ratio 56.8%

Table 3. Floor area of facilities

Facilities Floor area

Exhibition 
facilities

Exhibition hall 922㎡

video hall 910㎡

sub-total 1,832㎡

Office work/
administration

Staff office, Operating
room etc. 90㎡

sub-total 90㎡

Multi-purpose 
hall

Multi-purpose hall 908㎡
Rooms in Multi-

purpose hall 94㎡

sub-total 1,002㎡

Protocol center

R VIP meeting room 106㎡

Director room 124㎡

VIP meeting room 45㎡

VIP
entourage room 26㎡

sub-total 302㎡

Public Space

Waiting room 761㎡

Elevator 50㎡
Machine/

electric room 918㎡

MDF/
Equipment 25㎡
Storage etc.

Restroom 173㎡

Carbon zero facility 96㎡

sub-total 2,022㎡

Total 5,248㎡

In addition, Figure 3 shows the front view and ground plan 
of the target building. The entrance door, the multi-purpose 
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hall, and the machine room are placed on the ground floor, and 
the exhibition hall and office rooms and a theater are placed 
throughout the second and third floors.

(a) View of the analyzed building

(b) First floor plan 

(c) Third floor plan 
Figure 3. View and floor plan of the analyzed building

Since this building was aimed to achieve zero energy usage 
during the operational phase from the beginning, the concept of 
minimizing cooling and heating loads by increasing the building 
insulation performance was applied from the design phase. To 
reduce cooling and heating loads, stronger standards of thermal 
transmittance for the envelope than those used in the southern 
region were applied. Table 4 presents the insulation performances 
of the envelope in the building. The thermal transmittance of the 
outer walls and roofs was designed to have 0.15W/㎡·K and the 
thermal transmittances of the floor and windows were designed 
to have 0.18W/㎡·K and 1.8W/㎡·K. The setup temperatures of 
cooling and heating were 26℃ and 20℃ respectively, which were 
also applied to the simulation, which is discussed later. 

Table 4. Skin performances and room temperature 

Categories Values

Thermal
Performance

Outer wall 0.15W/㎡·K

Roof 0.15W/㎡·K

Floor 0.18W/㎡·K

Window
(Shading coefficient)

1.8W/㎡·K
(0.57)

Room 
Temperature

Set Point

Cooling 26℃

Heating 20℃

The main heat source system related to the cooling and heating 
system was a geothermal heat pump. The cold and hot water was 
passed through the air handling unit (AHU) to supply cooled or 
heated air to each of the rooms.

The main air blowing locations were the exhibition hall, the multi-
purpose hall and the lobby and the cooling and heating capacities 
were 105.9 kW and 104.36 kW respectively. The coefficient of 
performance (COP) of the heat source was 4.61 for cooling and 3.60 
for heating. In addition, the individual cooling and heating facilities 
using a variable refrigerant flow system were installed in a working 
room for the night shift, a changing room and office rooms for 
the efficient operation of the cooling and heating system and user 
convenience. Table 5 presents the locations and capacities of the 
main heating, ventilation and air conditioning (HVAC)

Table 5. AHU Specifications

Area Number

Supply 
Air flow 

rate
[CMH]

Ventilation
Air flow 

rate
[CMH]

Heating 
Capacity

[kW]

Cooling 
Capacity

[kW]

Lobby and 
Office 1 19,200 13,800 113.6 91.1

Multi-
purpose 

hall
2 9,500 8,950 80.1 27.5

Exhibition 
hall 1 14,200 14,200 146.1 59.9

 Video
hall 1 25,400 25,400 183.2 60.2
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2.2 Applied items of renewable energy
The target building for the exhibition of specific events 

generates high internal heat, along with loads due to external 
climate elements in contrast with general office buildings. 
Thus, fuel cells, solar photovoltaic generation and wind power 
generation systems were applied within the premises of the 
building to achieve zero energy usage during the operational 
phase of this building.

1) Fuel cells
Two fuel cells, each with a capacity of 50 kW, were installed 

in the target building and these can perform at a constant level 
of power generation. Thus, they were responsible for the base 
load of the building. The rated power generation capacity was 
estimated to around 90 kW in consideration of the efficiency of 
the transformer. In addition, fuel cells generate electricity using 
byproduct hydrogen, which was generated during the process 
of refining crude oil in the refinery near the target building. The 
hydrogen was supplied via tanker truck at the time of operation, 
but will be directly supplied through the inlet pipe installed in 
the building from the nearby refinery facility. 

2) Solar photovoltaic power system
To install the solar photovoltaic power system, an area that is 

large as possible without a shading effect on the building roof 
was found it was installed in the due south direction with an 
installation angle of 8°. The total number of photovoltaic (PV) 
modules was 630 and the total capacity was 200 kWp.

 It supplied electricity during peak loads and at the time of event 
periods. The surplus power generated was able to be delivered 
back to the utility grid through the system-linked operation 
with the Korean Electric Power Corporation (KEPCO). During 
peak load occurrences, it can receive power through the electric 
power system. The analysis result showed that its annual energy 
production was estimated to be 199.14 MWh.

3. ENERGY USAGE PREDICTION USING SIMULATIONS

3.1 Simulation with DOE-2 tool
To predict the annual energy production and usage amounts 

in the target building, the DOE-2 program was used to conduct 
simulations. DOE-2 tool is a program widely used around 
the world to evaluate the energy performance in buildings. It 
was constantly improved by the Lawrence Berkley Laboratory 
in the USA. This program consists of five modules: Building 
Description Language (BDL) for input data processing, LOADS 
for energy calculation, SYSTEM, PLANT, and ECONOMICS. 
Figure 4 shows the diagram of the program.(Lawrence Berkeley 
National Laboratory, 2004) The BDL module converts data after 
receiving input files created by the user and the LOADS module 
sends the load calculation results to the HVAC (SYSTEMS 
and PLANT modules) to calculate the energy usage on the 
equipment side. Then, the ECONOMICS module performs 
economic feasibility and LCC analysis based on the above 
calculated results. 

Figure 4. Program diagram of the DOE-2

3.2 Considerations in simulations
The default period for input data in the DOE-2 tool was set to 

one year. The first two months are a demonstration operation 
period and operational hours were set from 08:30 to 18:00.  
The number of occupants was set at 50 and the outlet load 
was set to 10% during the EXPO period. In the case of the 
exhibition period, the number of occupants was set to 1,700 
and exhibition-related load was set to 100%. Lighting and outlet 
loads were adjusted according to the operating condition for 
each room. Some of the exhibition facilities will be demolished 
after the EXPO is complete. Thus, the demolition period was 
included in the operating period. The lighting and outlet load 
during the EXPO period was set at around 50%. In addition, 
since the building was operated continuously, even after the 
exhibition was complete, simulations were conducted by 
dividing them into Case 1 considering the pertinent year of 
EXPO event in 2012, and Case 2 considering the permanent 
exhibition operation after 2013.

3.3. Result and discussion of the simulations
Table 6 and Table 7 present the simulation results using the 

aforementioned input values, which represent the monthly 
energy usage and the energy usage for each factor. The energy 
usage during the exhibition period (May to August) based on 
Case 1, including the exhibition period increased relatively, 
whereas it tended to decrease during the non-exhibition period. 
Furthermore, the power load consumed in the exhibition during 
the event was 540 kW/h. This result was due to the large number 
of occupants during the exhibition, which was four times higher 
than that of the non-exhibition period, thereby increasing the 
internal heat generation.

In Case 1, the annual energy usage was 826.9 MWh and that 
was only during the exhibition period (May to August) 659.3 
MWh, indicating the annual usage, was concentrated in the 
exhibition period based on 79% approximation. On the other 
hand, in Case 2, the annual energy usage was 453.6 MWh and 
the load was spread evenly throughout the year. In addition, 
the energy usage decreased during the intermediate period 
(April to October) whereas it increased during the cooling 
period (May to September) and the heating period (November 
to March).
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The energy usage for each factor was also investigated and 
the results showed that the energy amount consumed in the 
exhibition load was the largest followed by cooling, equipment, 
ventilation, and lighting loads. Approximately, a difference in 
the cooling load among them between Case 1 and Case 2 was 
two times, which was due to the large number of occupants as a 
result of the exhibition performance-related loads. 

4. ANALYSIS ON OPERATION DATA

4.1 Current status of measurements
The analysis on energy performance of the target building 

was conducted via data collected through monitoring from 
May 14, 2012 to May 15, 2013. The period was divided into an 
EXPO period (from May 14, 2012 to August 13, 2012, a total of 
91 days) and a Non-EXPO period (August 14, 2012 to May 15, 
2013, a total of 274 days). The exhibition period actually started 
on May 12, but an unexpected schedule change was applied in 
advance on the weekend of the opening (May 12 and 13). Thus, 
the weekend data was excluded to ensure the data reliability. In 
addition, for each of the measurement items, values extracted 
through the facility management system (FMS), located in the 
building disaster prevention room were employed.

Table 6. Cases based annual energy consumption [unit: MWh]

Month Case 1
(Incl. EXPO)

Case 2
(Non-exhibition)

Jan. 5.1 40.2
Feb. 5.2 34.8
Mar. 27.7 36.8
Apr. 60.0 15.8
May. 162.3 40.0
Jun. 185.4 44.6
Jul. 200.5 51.2

Aug. 111.1 55.8
Sep. 7.5 46.6
Oct. 11.4 16.4
Nov. 38.2 33.4
Dec. 12.6 37.0
Total 826.9 453.6

Table 7. Factors based energy consumption [unit: MWh]

Case 1
(Incl. EXPO)

Case 2
(Non-exhibition)

Area lights 75.9 66.8

MISC Equipment 94.1 120.7

Space Heating 4.3 20.5

Space Cooling 150.2 73.8

Pumps & MISC 38.8 50.6

Vent Fans 85.4 115.5

Hot Water 3.1 5.8

Exhibition 375.2 -

Total 826.9 453.6

4.2 Daily and weekly operation results
The target building operates a two-way power trading system 

having installed a metering device for receiving and delivering 
power from/to the utility grid. All the energy produced in 
the fuel cells and in the solar photovoltaic power system are 
is prioritized to fulfill the electric load and if there is a surplus 
power occurrence, power is delivered back to the KEPCO 
through the power system. In addition, if the exhibition load is 
larger than the supplied power, power is received through the 
external power and the system-linked operation.   Thus, the net 
energy usage in the building refers to the total energy used in the 
building, which is calculated by summing the external power 
received and the energy production due to renewable energy 
sources and then subtracting the value of the power delivered to 
the utility grid as presented in Eq. (1).

Table 8. One day actual operation data (3 Aug.) [unit: kWh]

Time
(hour) PV Fuel 

cell
Supplied 
electricity 

Electricity 
back

Net energy 
consumption

00-01 1 98 1 30 70

01-02 0 96 0 47 49

02-03 0 97 0 47 50

03-04 1 96 0 46 51

04-05 0 97 0 46 51

05-06 0 96 0 46 50

06-07 1 98 0 45 54

07-08 12 96 15 2 121

08-09 38 62 194 0 294

09-10 37 57 168 0 262

10-11 105 125 384 0 614

11-12 102 97 265 0 464

12-13 107 97 264 0 468

13-14 112 99 274 0 485

14-15 106 98 273 0 477

15-16 93 97 293 0 483

16-17 73 97 311 0 481

17-18 46 97 336 0 479

18-19 20 99 368 0 487

19-20 1 97 378 0 476

20-21 1 97 380 0 478

21-22 0 97 263 1 359

22-23 0 100 6 9 97

23-24 1 97 0 26 72

Total 857 2,287 4,173 345 6,972
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Table 8 presents the photovoltaic power generation, the 
fuel cell production, the externally received power from, the 
electricity delivered back to the utility grid and the net energy 
consumption in every hour at the typical operation day of the 
daily peak energy production during the EXPO period, which 
was August 3, 2012. The energy by the photovoltaic power 
generation was most intensively produced throughout seven 
approximate daylight hours at time of clear sky conditions. The 
peak hourly production was 112 kWh and a sum of the daily 
energy production was 857 kWh. In addition, the fuel cells 
were operated at a level of 104–106% of the rated production 
practically throughout the entire time, which was resulted in the 
total production of 2,287 kWh. The externally received power 
increased from 9:00, when the exhibition started and continued 
to increase during the daytime, due to the load increase caused 
by exhibition visitors and the outdoor air. Then, it was decreased 
after 22:00, the closing time of the exhibition and with only the 
fuel cell production, the base load of the building was satisfied 
and the surplus power was delivered back to the utility grid. The 
hourly mean amount of the net energy usage was 71.81 kWh 
for the exhibition time (09:00 to 22:00) and 462.53 kWh for the 
closed exhibition time (22:00 to 09:00).

As a typical week during the EXPO period, the first two 
weeks of June were selected, based on the maximum energy 
production of the photovoltaic power generation, which can 
be comparable to the result of variation in energy production 
due to weather conditions in contrast to the fuel cells that was 
basically operated for 24 hours.

Table 9. Weekly measuring data during EXPO [unit: kWh] 

Date
(Jun.) PV Fuel 

Cell
Supplied 

Electricity
Electricity 

back
Net energy 

consumption

1 598 1,708 3,156 91 5,371

2 793 2,045 2,436 201 5,073

3 925 2,130 3,136 341 5,850

4 473 1,949 2,356 260 4,518

5 822 1,834 2,746 66 5,336

6 612 1,993 2,996 246 5,355

7 691 1,885 3,153 125 5,604

8 232 1,969 3,063 297 4,967

9 406 1,970 3,593 246 5,723

10 924 1,931 3,463 383 5,935

11 607 1,785 3,422 37 5,777

12 816 1,591 2,881 262 5,026

13 827 2,220 3,537 130 6,454

14 770 1,752 3,617 5 6,134

Total 9,496 26,762 43,555 2,690 77,123

Table 9 presents the measurement data during the typical 
weeks out of the EXPO period. The data from June 3, which 
showed the peak photovoltaic power generation, exhibited 
the hourly maximum production (114 kWh), resulting in the 
production of a daily sum of 925 kWh, as electric energy was 
produced intensively throughout eight hours of daylight with 
clear sky condition. The data from June 13, which showed the 
daily peak power generation of the fuel cells, exhibited the 
production of energy (2,220 kWh) as the operation rate was 
close to the rated capacity throughout the day. In addition, the 
net energy consumption for the two weeks was 77,123 kWh, 
meaning that the daily mean was 5,509 kWh. No changes 
increases of received power due to weekend and public holidays 
were revealed.

To select a typical week for the non-Exhibition period, the first 
two weeks of October were chosen, since a different load pattern 
from the planned was incurred, due to the demolition work of 
the exhibition facilities until the end of August 2012, after the 
event was complete and some data was lost due to the typhoon 
effects in early September. 

Table 10. Weekly measuring data during non-exhibition [unit: kWh] 

Date
(Oct.) PV Fuel 

Cell
Supplied 

Electricity
Electricity 

back
Net energy 

consumption

1 524 1,922 302 2,258 490

2 704 1,922 315 2,422 519

3 743 1,922 307 2,456 516

4 754 1,922 360 2,430 606

5 434 1,922 403 2,086 673

6 406 1,922 345 2,111 562

7 664 1,922 328 2,386 528

8 647 1,922 352 2,287 634

9 568 1,922 389 2,166 713

10 545 1,922 387 2,175 679

11 684 1,922 398 2,309 695

12 649 1,922 414 2,297 688

13 462 1,922 411 2,176 619

14 374 1,922 417 2,103 610

Total 8,158 26,908 5,128 31,662 8,532

Table 10 presents the measurement data during the typical 
weeks of the non-EXPO period. The energy production by 
the hydrogen fuel cells after the EXPO period was temporarily 
suspended, due to budget problems and operating expenses. 
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Thus, since the electric power generation by fuel cells has 
nothing to do with the outdoor air temperature and the 
building's loads, the daily electric power generation after 
September 4 was calculated using the daily mean production of 
the measurement data (May 9, 2012 to September 3, 2012, 118 
days) as presented in Eq. (2), assuming that the same production 
would be supplied in order to evaluate the annual energy 
performance of the target building.  In addition, the net energy 
consumption for two weeks in the Non-EXPO period was only 
8,532 kWh, due to the low cooling and heating loads for the 
entire building, which was approximately just 11% of that during 
the exhibition period in June. The reduction in the net energy 
consumption was due to the absence of an exhibition load after 
the end of the EXPO, the reduced number of occupants and 
the outdoor air temperature during the intermediate period. 
The electric power generation on the premise via PV and fuel 
cells was 35,066 kWh, which was nearly the same as that in the 
exhibition period. Thus, the received power capacity and the 
power delivered back to the utility grid for two weeks were 5,128 
kWh and 31,662 kWh respectively.

4.3 Annual operation results
Table 11 presents the renewable energy production, the 

externally supplied electricity, the electricity back and the net 
energy consumption through the annual measurement data. 
Figure 5 shows the monthly energy production from the fuel cells

Figure 5. Electric power generation by PV and fuel cell

Figure 6. Monthly energy consumption

Table  11.  Actual operation data in annual [unit: kWh]

Period Fuel
cell PV Supplied 

Electricity
Energy 

consumption Electricity back Net energy 
consumptionYear Month

2012

May. 35,227 8,668 51,437 95,332 3,663 91,669

Jun. 54,947 17,050 101,312 173,309 5,653 167,656

Jul. 61,119 16,007 126,662 203,788 6,898 196,890

Aug. 61,060 15,459 62,020 138,539 21,483 117,056

Sep. 54,421 17,182 12,083 83,686 63,713 19,973

Oct. 59,582 16,438 12,377 88,397 68,713 19,684

Nov. 57,660 8,510 14,741 80,911 62,021 18,890

Dec. 59,582 10,299 14,286 84,167 64,069 20,098

2013

Jan. 59,582 12,343 14,280 86,205 65,065 21,140

Feb. 53,816 13,621 10,928 78,365 61,873 16,492

Mar. 59,582 19,798 8,826 88,206 73,388 14,818

Apr. 57,660 19,783 8,799 86,242 72,053 14,189

May. 28,830 12,568 2,753 44,151 38,788 5,363

Total 703,068 187,726 440,504 1,331,298 607,380 723,918

Average 54,082 14,440 33,885 102,408 46,722 55,686



A Study of Zero Energy Building Verification with Measuring and Model-based Simulation in Exhibition Building 101

and the PV. The total energy production from the fuel cells was 
703 MWh and the daily mean production in each month ranged 
from 1,814 to 1,972 kWh, which verified that it was operated at 
a level of 83.9% to 91.3% of the rated capacity. The total energy 
production from the PV during the same period was 187.7 MWh 
and the daily mean energy production ranged from 482 kWh to 
837.8 kWh. Note that the energy production in November was 
much lower than the monthly mean value because of PV-panel 
pollution and defects in the inverter devices.

In addition, Figure 6 shows the monthly energy consumption. 
After mid-August, which was the end of the EXPO period, 
the base loads in the building can be satisfied from the energy 
produced inside the premise and surplus power generation 
increases, resulting in an increase in power delivered back to the 
utility grid.

4.4 Comparison between simulation and measurement results
Table 12 shows the comparison results between the simulation 

and the measurement data on the basis of secondary energy 
in the target building. The energy independence rate in the 
items is calculated as the ratio of energy production to energy 
consumption as presented in Eq. (3), which is a key item in 
the energy performance evaluation in ZEBs. The higher the 
energy independence rate is, the more energy is produced than 
energy consumed. That is, energy performance is better as the 
energy independence rate nears 100%. The renewable energy 
productions through simulation and measured data were 
886.7 MWh and 890 MWh respectively. The annual energy 
independence rates calculated through the simulation analysis 
and measured data were 107.23% and 123.05%, which satisfied 
the requirements of ZEBs.

The error of simulated and measured values of renewable is 
0.37%, net energy consumption is -12.46% and energy indepen-
dence rate is 14.75%.

Table  12.  Energy independence rate comparison

Categories
Renewable 

energy
 [MWh]

Net energy 
consumption

[MWh]

Energy 
independence 

rate [%]

simulation 886.7 826.9 107.23

Measuring data 890 723 123.05

4.5 Investigation of carbon emissions
To investigate the carbon emission levels, due to power usage 

in the target building, the 0.4585 tCO2/MWh of carbon dioxide 
emission factor was applied (KPX, 2011).

The annual energy production from renewable energy 
sources on the premise was 890 MWh, which was converted 
to a reduction in carbon emission of 408.07 tons. If no energy 
was produced on the premise, the supplied energy from the 

external power system would be 723 MWh. Since the target 
building employed only power from external energy, the 
amount of carbon emission was converted to 331.5 tons. Thus, 
when comparing the carbon reduction (408.07 tons) due to 
energy production on the premise and carbon generation (331.5 
tons) through externally supplied power, the carbon reduction 
exceeded the carbon generation, which satisfied the carbon zero 
requirement.

5. CONCLUTIONS

This study evaluated the energy performance of actual 
operation records quantitatively through the comparative 
analysis between simulation values and energy consumption 
and production generated in the operational phase in a building 
from May 14, 2012 through May 15, 2013.

The annual production amount from renewable energy 
sources was 886.7 MWh and the building energy consumption 
was 826.9 MWh in the simulation results. Thus, the energy 
independence rate was 107.23%. In the one-year measurement 
d at a ,  t he  pro duc tion amount  was  890 MWh and t he 
consumption was 723.9 MWh, so in that case the energy 
independence rate was 123.05%. Since the annual energy 
independence rate (123.05%) calculated through the measured 
data was larger than that of the simulation analysis (107.23%), it 
achieved the goal of zero energy. In addition, when comparing 
the carbon reduction (408.07 tons) due to energy production 
on the premise and carbon generation (331.50 tons) through 
externally supplied power, the carbon reduction exceeded 
the carbon generation, which also satisfied the carbon zero 
performance.
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