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Abstract: This study analyzed the heating and cooling performance of an office building in
Daegu, Korea, equipped with amorphous-Si (a-Si) building-integrated photovoltaic (BIPV) windows.
EnergyPlus was used to simulate and compare the heating and cooling loads of models for clear
glass double-layer, heat-absorbing glass double-layer, and low-emissivity (low-e) glass double-layer
windows. In addition, the impact of changes in building operation time, temperature settings,
air infiltration from the entrances, and internal load were also analyzed as these all have a large
impact on heating and cooling loads. Finally, three types of heating and cooling equipment were
tested, and their power and primary energy consumption analyzed, to determine the actual energy
used. Under baseline conditions, there was an 18.2% reduction in heating and cooling loads when the
BIPV model was used compared to when the clear glass double-layer window was used. In addition,
increases in temperature settings and air infiltration from the entrances had a negative effect on the
reduction of the heating and cooling loads demonstrating a need for intensive management of these
features if a-Si BIPV windows are installed in a building.

Keywords: a-Si; BIPV window; temperate climate; office building; EnergyPlus; operating conditions

1. Introduction

Saving energy in buildings and an increase in the use of renewable energy are being promoted
worldwide as measures to combat climate change [1]. Korea has enacted a policy that makes it
mandatory for buildings to be zero-energy by 2025, spurring active research into the component
technologies of these kinds of buildings [2].

Zero-energy buildings minimize energy consumption and convert any remaining energy from
fossil fuels to renewable energy annually [3]. A building’s energy consumption differs according to
climatic conditions and the its purpose, design specifications, and operating conditions [4]. Therefore,
to minimize energy consumption in buildings, various new technologies, including highly efficient
equipment, are being developed to improve building components such as insulation, airtightness,
and solar control and research on integrated economic design techniques is underway [5]. Renewable
energy sources for buildings include biomass, geothermal, solar, and wind power there have been
proposals to develop and apply technology to convert these energy sources into those suitable for local
needs [6].

Among these, building-integrated photovoltaic (BIPV) technology has attracted attention for its
ability to reduce energy consumption and generate renewable energy simultaneously [7]. BIPV differs
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from building-attached photovoltaic (BAPV) technology that replaces the exterior material of a
building [8]. The former generates power and has a large influence on how a building is cooled,
heated, and lit [9]. BIPV components can be classified as roof, outer wall, window, and shading types
depending on their shape and purpose of installation. BIPV windows, in particular, have thermal and
optical properties that differ from those of conventional windows and thus have a great impact on
building energy consumption [10].

BIPV technologies and products are currently in active development [11]. In addition, various
studies are being conducted on their effects on energy generation and energy consumption in buildings
based on their application [12]. Their power generation efficiency and energy impacts have been
analyzed according to inclined angle, direction, and installation location [13,14]. Energy consumption
vary largely in buildings, depending on their purpose and the climate of the region where they
are located; these factors have also been analyzed [15]. In Singapore, which has a tropical climate,
micromorphic silicon (µc-Si) BIPV windows are more economical than conventional windows relative
to power generation, lighting, and reducing energy spent on cooling [16]. In the United Arab Emirates
(UAE), BIPV windows are installed in outer walls to reduce the cooling load by at least three times the
power generation [17]. In the United States, the results of a simulation in which amorphous-Si BIPV
(a-Si BIPV) windows were used in buildings in six cities with different climate conditions showed that
the energy used for heating and cooling was largely reduced in a cooling dominant regions. However,
heating and cooling energy consumption increased in heating dominant regions [18]. Analysis of
energy reduction via the use of BIPV windows have also been applied to the atria of university
buildings in the United Kingdom [19]. In Brazil, BIPV windows were applied in different regions
and the generation performance and the impact of building heating and cooling were analyzed [20].
A method by which to analyze overall energy performance based on EnergyPlus simulation of the
application of semitransparent photovoltaic (STPV) technology in the region of Hong Kong was
proposed; the feasibility of this analysis was proved by comparing it with other windows [21,22].
The effect was analyzed by using the Energy Balance Index (EBI), which comprehensively analyzes
changes in power generation, heating and cooling, and lighting energy consumption based on the
optical properties of four types of Si PVs with different light transmittance levels [23]. In addition,
the effect of direction of installation was analyzed by comparing an a-Si PV and a dye-sensitized solar
module (DSM) with reference glass (RG), based on the window standards used in different regions of
Italy [24]. The effect of a-Si BIPV with different light transmittance levels in different building design
conditions such as room depth, room height, room width, window height, and window-to-wall ratio
(WWR) under the climatic conditions in central region of China was also analyzed [25]. These studies
conducted their analyses by comparing the type of STPV used, climate conditions, and change
in building design conditions with RG. Their results showed the effect of saving heating/cooling
energy from application of STPV technology in a climate and under design conditions that mostly
required cooling.

As a peninsula located at the intersection of the Asian continent and the Pacific Ocean, Korea is in
a temperate climate zone and consumes a high amount of energy for both heating and cooling [26].
Given existing research, the effects of applying BIPV windows in Korea are expected to vary according
to the design and operating conditions of particular buildings.

Accordingly, this study simulated a case in which a-Si BIPV windows were installed at an office
building in Daegu, Korea, to investigate the differences caused to the heating and cooling loads by
changes in building operating conditions when different types of windows were installed. The models
used for comparison included those based on clear, heat-absorbing (tinted), and low-emissivity (low-e)
glass windows. In addition, the main operating conditions that affected heating and cooling loads were
set as variables for operating time, temperature settings, air infiltration from entrances, and internal
loads, thus following previous research [27]. This study also included an interview with a building
operations manager.
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The purpose of this study was to compare the impacts of a-Si BIPV windows in office buildings
with those of office buildings using other windows, and to use this data to analyze the characteristics
of heating and cooling loads and evaluate how reductions therein varied according to building
operating conditions. In addition, the data from this study could serve as baselines for proper
operations management for cases in which a-Si BIPV windows are applied to office buildings in
temperate climates.

2. Materials and Methods

2.1. Office Building with Amorphous-Si (a-Si) BIPV Windows

The building used in this study is a small-scale office building with one underground floor and
five floors above ground. Floors 1–2 are exhibition spaces used for selling automobiles, whereas floors
3–5 are office spaces for various businesses [28].

This building has a curtain wall exterior. To reduce the heating and cooling loads, the west, north,
and a part of the east side of the building were designed as insulated walls, whereas windows were
installed on the south and east sides of the office spaces to provide daylight and a view. The installed
windows combine a double layer of a-Si PVs and a double layer of clear glass. As a BIPV window is
less than 10% transparent, clear glass double-layer windows were installed in some areas to provide
daylight and views (Figure 1).

As shown in Figure 1, the building includes windows consisting of four layers; on each floor,
one (two) layer(s) of clear glass windows were installed on the south (east) side.

The a-Si windows installed are translucent; an a-Si photovoltaic module with an output of 44 Wp
was fabricated as a multilayer module with a configuration of 27 mm, including a 10 mm a-Si laminated
module, 12 mm of air, and 5 mm of clear glass. The specifications and generation performance of the
a-Si module applied have been described in previous studies [29–31].

The specifications and standards of the applied a-Si module, fabricated by Kaneka in Japan,
are shown in Figure 2. Further building specifications are given in Table 1. Of the total area of each of
the third to fifth floors that are the subject of this study, the public zone consists of a non-air-conditioned
area of bathrooms, corridors, and stairs while the office zone is air-conditioned area. The floor plans of
floors 3–5 are shown in Figure 3.

Figure 1. Outer and inner surfaces of an office building using amorphous (a)-Si building-integrated
photovoltaic (BIPV) windows.
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Figure 2. Specifications of the a-Si photovoltaic (PV) module used in this study.

Table 1. Specifications of the office building studied.

Location Daegu, Korea (35.84◦ N, 128.62◦ E)

Purpose of the building Sales, corporate space

Total area (m2) 3944.2

Floors 3–5
Area (m2) 682.8

Public zone (m2) 175.5
Office zone (m2) 507.2

Total stories 1 underground floor, 5 above ground

Figure 3. EnergyPlus simulation model (A) and perspective view (B).

2.2. Building Model for Simulation

EnergyPlus 8.6, a dynamic energy analysis program developed by the U.S. Department of Energy,
was used to analyze the heating and cooling performance of the building. EnergyPlus uses a heat
balance equation to analyze heat transfer and energy consumption, and also reflects the detailed
properties of a window to enable analysis of its transfer and consumption of energy [32]. It also used
hourly climate data for the period of simulation, which was January to December 2014. The climate
data was taken from the Korea Meteorological Administration and converted into the type of input file
required by EnergyPlus.

The analysis was based on a simulation of floors 3–5 of the building, on which BIPV windows
were installed to investigate their effects. The southern and eastern BIPV windows in the simulation
model reflected the actual building design conditions. The western and northern envelopes were
designed insulated walls (Table 2). In addition, adiabatic conditions were set for the third floor.
The heating and cooling loads were calculated using IdealLoadAirSystem, which measures these
factors without considering the efficiency of the equipment used. Figure 3 shows the building model
used for simulation.
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Table 2. U-value of exterior wall and roof.

Division Material U-Value

Exterior wall 6 mm metal cladding + 87 mm Polystyrene + 13 mm gypsum board 0.354

Roof 19 mm asphalt + 122 mm Polystyrene + 13 mm fiber board 0.252

The internal loads, which play a major role in the energy consumption of office buildings,
were determined by comparing the specifications of the equipment installed in the building with actual
electricity consumption and by confirming the number of occupants of the building (Table 3).

Table 3. Internal loads of the simulation building model.

Load Type Zone Value

Light (W/m2)
Public zone 3
Office zone 4

Equipment (W/m2) Office zone 6
Occupancy (m2/person) Office zone 9

The clear glass, heat-absorbing glass, and low-e glass window models were then applied and
compared. All the glass, except that including the a-Si module, was 6 mm thick, according to the
International Glazing Database (IGDB), whereas the double-layer window contained a 12 mm layer of
air. The results of previous studies were used in the specifications of the a-Si module [28].

The thermal and optical properties of the selected glass materials, including those of the
double-layer window obtained from the calculation in EnergyPlus [33], are shown in the Table 4.
For the a-Si windows, the 6 mm clear glass used based on IGDB guidelines for double layering was
slightly different from that used in the actual building, which was 5 mm thick.

Table 4. Properties of glass used for comparison of window models.

CL a-Si TI LE

IGDB Name Generic CLEAR Not included KCC SOLAR 6T Generic LoE CLEAR

Thickness (mm) 6 10 6 6

Conductivity (W/m·K) 0.900 1.000 1.000 0.900

Solar transmittance 0.775 0.081 0.375 0.600

Outside solar reflectance 0.071 0.222 0.054 0.170

Inside solar reflectance 0.071 0.203 0.054 0.220

Visible transmittance 0.881 0.082 0.702 0.840

Outside visible reflectance 0.080 0.10 0.070 0.055

Inside visible reflectance 0.080 0.166 0.070 0.078

Infrared (IR) transmittance 0.000 0.000 0.000 0.000

IR outside emissivity 0.840 0.840 0.837 0.840

IR inside emissivity 0.840 0.840 0.837 0.100

The ASI28 and CL24 windows were combined for the BIPV model applied to the actual building.
The values of the CL24 and ASI28 windows were also applied in the simulation, each to their respective
window layers in the BIPV model, and analyzed (Table 5).
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Table 5. Specifications of the double-layer window models used in the simulation.

Window Type Configuration U-Value Solar Heat Gain Coefficient Tvis

CL24 Clear glazing Clear + clear 2.685 0.703 0.781
BIPV Window model applied to actual office building: mixture of ASI28 + CL24
TI24 Heat-absorbing glazing Tinted + clear 2.687 0.435 0.618
LE24 Low-emissivity (low-e) glazing Single low-e + clear 1.771 0.568 0.745
ASI28 a-Si glazing a-Si (10 mm) + clear 2.662 0.189 0.073

To select the building operating conditions for the simulation, we reviewed studies in the
literature [27,34,35] and conducted interviews with building operation managers.

Floors 3–5 of the building were leased to various business, such as an insurance sales firm, a city
gas utility management company, a construction firm, and an automobile sales company. Even when
an electric heat pump (EHP) was used for heating and cooling, each office freely set their own operation
times and temperatures without a central control system. In addition, the power usage was measured
collectively rather than by individual offices, and the usage was distributed according to the number
of employees for each company. This led to excessive heating and cooling.

Moreover, because most of the companies in the building were engaged in both sales and customer
service, customers and employees were entering and exiting frequently. Without a design to reduce
air infiltration from entrances such as revolving doors, vestibules, or air curtains, air infiltration from
the entrances has a significant impact. The light and equipment power density in this building are
4 W/m2 and 6 W/m2, respectively, which is lower than that for other office buildings [34].

With these building properties under consideration, the operation time, temperature settings,
air infiltration, and internal loads were selected as the variables for the operating conditions, and the
consumption of energy for heating and cooling was analyzed based on these (Table 6).

Table 6. Proposed cases for simulating building operating conditions.

Variable Case 1 Case 2 Case 3 Case 4

Operation time 09:00–17:00
(8 h)

09:00–18:00
(9 h)

08:30–18:30
(10 h)

08:30–19:30
(10 h)

Temperature setting Heating: 20 ◦C
Cooling: 26 ◦C

Heating: 22 ◦C
Cooling: 26 ◦C

Heating: 22 ◦C
Cooling: 24 ◦C

Heating: 24 ◦C
Cooling: 24 ◦C

Entrance air
Infiltration (ACH) 0.5 1.0 1.5 2.0

Internal load

Lights/equip.:
10 W/m2

Occupants:
0.11 person/m2

Lights/equip.:
15 W/m2

Occupants:
0.15 person/m2

Lights/equip.:
20 W/m2

Occupants:
0.20 person/m2

Lights/equip.:
25 W/m2

Occupants:
0.25 person/m2

Air infiltration from entrance doors was assumed to occur during operation times. Constant
infiltration through the exterior walls or windows was determined to be 0.5 air changes per hour
(ACH) based on the literature [27].

The operation time and heating and cooling temperature settings were selected based on the
general case in Korean office buildings. The following values were selected as baseline operating
conditions. Operation time from 09:00–18:00 local time (9 h); heating and cooling temperature settings
of 26 ◦C and 20 ◦C, respectively; air infiltration from entrance doors of 0.5 ACH; light/equipment load
of 10 W/m2; and occupancy of 0.11 persons/m2. The changes in annual heating and cooling loads
were analyzed according to the changes in each of these variables.

The heating and cooling loads of the window models were first compared to the baseline operating
conditions in the simulation. Next, the variations in heating and cooling loads according to changes in
each operating condition variable in the baseline operation combination were examined.
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Following this, mixed combination cases were created in addition to the base combination;
the heating and cooling energy reduction effect of the a-Si BIPV window was examined using
these cases.

Finally, the actual energy consumption for heating and cooling was compared to the primary
energy consumption when several different types of heating and cooling equipment were used in
the building.

3. Results and Discussion

3.1. Measuring Data of the Test Site Building

During the study period, we measured the power generated from BIPVs and that used for lighting,
electric equipment, and by the EHP to heat and cool an actual building. The alternating current (AC)
power measured with the inverter was used to generate BIPV power. The monthly power usage by
lighting, other equipment, and EHP for each floor was measured with an energy meter.

The total capacity of a-Si BIPV windows is 15.31 kWp, of which 10.56 kWp was on the south face
and 4.75 kWp was on the east face. The annual generated power measured during the test period was
8617 kWh (Figure 4).

Figure 4. Photovoltaic (PV) power generated on south- and east-facing a-Si BIPV windows.

Power generation was high from October to March, when the solar altitude was low, and the
average annual reference yield was 1.54 h/day. For the south face, the total annual power generated
was 7093 kWh, and the average annual reference yield was 1.84 h/day.

The PV module installed on the east face generated a total of 1524 kWh of power with an
average annual reference yield of 0.88 h per day; these results are lower than those on the south
face. The generated on the south face varied greatly throughout the year, showing a higher value of
819.4 kWh in January, when the solar altitude was low. This result is nearly 2.59 times higher than the
power generated during the summer, particularly the August value of 316.9 kWh.

The capture loss (Lc) from partial shading and the system loss (Ls)-based inverter efficiency of the
BIPV windows installed in the building were analyzed in detail in a previous study [31]. Therefore,
the power generation performance was not analyzed in this study.

The annual power usage of the building was measured at 132,058 kWh (Figure 5). The lighting
and office equipment used 45,585 kWh/year, or 34.5% of the total power usage, with a monthly average
of 3798 kWh/month. There was not much difference in the monthly variation in the power usage of
the lighting and office equipment.
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Figure 5. Monthly power consumption measured in the office building.

The power used by the EHP for heating and cooling was measured at 86,473 kWh/year, or 65.5%
of the total; the highest values were 10,522 kWh in January (during winter) and 9722 kWh in August
(during summer), respectively.

3.2. Comparing Measured Data and Simulated Results

The building measurement data were analyzed in comparison with the simulation results.
The exact operating conditions could not be identified because the heating and cooling temperatures
were controlled independently by the occupants of each office according to their working hours:
there was no centralized control. Therefore, we conducted three rounds of interviews with the building
manager as well as an on-site inspection, and the operating conditions were applied based on those
results, as follows.

In the simulation, the usage of power for lighting and office equipment was reflected in the input
values. An interview with a building manager revealed that the average operational timings of the
building were 08:30–19:30 local time (11 h) in 2014. The power density values for light and equipment,
as shown in Table 3, were applied to reflect the corresponding operation time while considering how
the building’s lighting and office equipment was used. The results of the simulation showed an annual
lighting and office equipment power usage of 44.7 MWh, which is approximately 98% of the actual
power usage of 45.6 MWh (Figure 6).

Figure 6. Measured vs. simulated data of power consumed by lighting and equipment.
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Operational conditions determined according to the on-site inspections were input into the
simulation for comparison with the power used for heating and cooling. The annual power
consumption for heating and cooling obtained by simulating operational hours of 08:30–19:30 (11 h),
a heating and cooling temperature of 24 ◦C and 24 ◦C, respectively, and 2.0 ACH of air inflow based
on entries and exits from the door of 79.9 MWh, which was 92.4% of the actual measured value of
86.4 MWh (Figure 7). When the monthly data were compared, there were differences between July and
December, which is the vacation season. During these months each company in the building went on
vacation as a group for one week, thus resulting in the low energy consumption for heating and cooling.
Taking into consideration the fact that the measured and simulated results showed similar tendencies,
the next step in the simulation was to apply and analyze the proposed operating conditions.

Figure 7. Measured vs. simulated data for monthly power consumption.

3.3. Results of Operations under Baseline Conditions

The monthly heating and cooling loads when the baseline operating conditions were applied
(Figure 8) were compared to determine these properties for the four window models. As the heating
and cooling loads were obtained using the IdealLoadAirSystem module in EnergyPlus, the energy
efficiency of the heating and cooling equipment was not reflected.

Figure 8. Monthly heating and cooling load at baseline operating conditions.

The baseline operating conditions were selected as follows: an operation time from 09:00–18:00
local time (9 h); heating and cooling temperatures of 26 ◦C and 20 ◦C, respectively; base infiltration
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of 0.5 ACH, air infiltration from the entrances of 0.5 ACH; and internal loads of 10 W/m2 and
0.11 person/m2.

The schedule for applying the heating and cooling equipment, lighting, office equipment, and air
infiltration values matched the operation time set in the simulation.

For all window models, the annual cooling load were larger than the annual heating load.
For CL24, the baseline model, the annual heating load was 6103 kWh while the annual cooling load
was 88,163 kWh, or 93.5% of total load, which is an overwhelming proportion. Similarly, the LE24
model had an annual heating load of 6697 kWh and an annual cooling load of 79,711 kWh, or 7.8%
and 92.2%, respectively, of the total loads. The BIPV and TI24 models had respective annual heating
load of 19,100 kWh and 16,339 kWh, or 24.7% and 22.7% of their totals. These are higher ratios than
those of the CL24 and LE24 models (Figure 9).

Figure 9. Annual heating and cooling loads at baseline operating conditions.

We then compared the window and solar heat gain, which also affect the heating and cooling
loads (Figure 10). For all window models under the baseline operating conditions, there was a large
difference between the CL24 model and the others in terms of these two factors.

Figure 10. Heat gain (loss) at base operating conditions: (A) window heat gain and (B) solar heat gain.

3.4. Results of Simulating Different Operating Conditions

We conducted simulations for the four variables of operating condition, i.e., operation time,
temperature settings, air infiltration from the entrances, and internal load by comparing them with
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baseline operating conditions and then analyzed each of the results. Figure 11 shows the analysis for
changes in operation time.

Figure 11. Heating and cooling load for operation time cases.

For the CL24 model, as the operation time increased the heating load increased from 5765 kWh
in Case 1 (09:00–17:00 local time; 8 h) to 7061 kWh in Case 4 (08:30–19:30 local time; 11 h), which is a
growth rate of 22.5%. The cooling load increased from 80,757 kWh in Case 1 to 100,630 kWh in Case 4,
which is a growth rate of 24.6%. The BIPV model had heating and cooling load growth rates of 17.4%
and 28.2%, respectively, for Case 4 compared with Case 1, indicating that the cooling load had a higher
growth rate.

Compared with CL24, the heating and cooling loads reduction was the highest in Case 4 at
18,664 kWh for the BIPV model. For the TI24 model, Case 1 showed a reduction of 15,110 kWh,
whereas the reduction was 18,035 kWh in Case 4. The reduction in the LE24 model was smaller than
that in the BIPV or TI24 models.

Figure 12 shows the reduction in the heating and cooling loads for the CL24 model based on the
changes in heating and cooling temperature settings.

Figure 12. Heating and cooling load for temperature setting cases.

In Case 1, the heating temperature was 20 ◦C and cooling temperature setting was 26 ◦C. In Case 2,
the heating temperature setting was increased to 22 ◦C and the same cooling temperature was retained.
Given these conditions, the results show that the change in the cooling load of each model was
insignificant; conversely, the heating load increased for each model and were particularly large for the
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BIPV and TI24 models. The reduction in their heating and cooling loads decreased from 17,078 kWh
and 16,521 kWh to 12,587 kWh and 12,678 kWh, respectively. For the LE24 model, the reduction in the
heating load increased from 7857 kWh to 9374 kWh.

In Case 3, the heating and cooling temperatures were set to 22 ◦C and 24 ◦C, respectively;
the cooling load increased because the lower cooling temperature in this case was 2 ◦C lower than
that in Case 2. For the CL24 model, the cooling load grew 28.8% over the study period, while the
growth rates of the cooling load for the BIPV, TI24, and LE24 models were 24.4%, 25.0%, and 25.4%,
respectively. Thus, when the cooling temperature was lowered, the reduction in both the heating and
cooling loads of the BIPV, TI24, and LE24 models increased.

For Case 4, in which the heating temperature was increased to 24 ◦C in line with the results of
Case 2, the heating load of the BIPV and TI24 models increased greatly compared to the results of the
CL24 model, whereas the reduction in the heating and cooling loads decreased further. As shown by
these, the increases in heating temperature had negative effects on the energy reduction of the BIPV
and TI24 models whereas decreases in cooling temperature increased the energy reduction.

We next examined the energy reduction and the heating and cooling loads of the window models
based on changes in the air infiltration from the entrance doors (Figure 13).

Figure 13. Heating and cooling load for entrance air infiltration cases.

We observed large differences in the energy reduction among the window models when the air
infiltration from the entrance door was altered to 0.5, 1.0, 1.5, and 2.0 ACH.

For the CL24 model, an increase in air infiltration from the entrance door resulted in increases
in the heating load but slight decreases in the cooling load. Similar results were noted for the LE24
model. On the contrary, the heating load increased, although the cooling load showed no significant
changes, in the BIPV and TI24 models. A comparison of Cases 1 and 4, which had the smallest and
largest air infiltration from the entrance door, respectively, revealed that the increase amount of heating
and cooling loads of the CL24, BIPV, TI24, and LE24 models are 14,455 kWh, 23,950 kWh, 22,939 kWh,
and 12,327 kWh respectively.

There were large increases in the heating and cooling loads of the BIPV and TI24 models compared
to the results of the CL24 model. Moreover, while the reduction of the heating and cooling loads in
the former two models was low in Case 4, the LE24 model had a smaller increase in its heating and
cooling loads than the CL24 model did; therefore, the overall reduction in the heating and cooling
loads increased.

Our final analysis considered the reductions in heating and cooling loads based on changes caused
by lighting, office equipment, and occupancy on the internal loads (Figure 14).
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Figure 14. Heating and cooling loads given changes in internal load.

For all window models, the heating load decreased and the cooling load increased as the
internal loads increased. A comparison of Case 1 (10 W/m2; 0.11 person/m2) and Case 4 (25 W/m2;
0.25 person/m2) revealed that the decrease amount of heating load of the CL24, BIPV, TI24,
and LE24 models in Case 4 are 994 kWh, 3579 kWh, 3052 kWh, and 1065 kWh comparing to Case 1,
respectively, whereas their increase amount of cooling load are 19,566 kWh, 16,833 kWh, 17,265 kWh,
and 19,498 kWh, respectively.

A comparison of the BIPV and TI24 models with the CL24 model showed that there were large
decreases in heating load and small increases in cooling load in the former, leading to increase in
reduction of the heating and cooling loads. In Case 4, the reduction of the heating load in the BIPV,
TI24, and LE24 models comparing to CL24 was 33,611 kWh, 30,156 kWh, and 8691 kWh, respectively.

Thus far, we have examined the changes in the heating and cooling loads of the window models
and compared the energy reduction of other window models to CL24 according to changes in the
four operating variables of operation time, heating and cooling temperature settings, entrance air
infiltration, and internal heat load.

As the operation time increased, all the window models showed a similar rate of increase for
their heating and cooling loads, indicating that the reduction in the heating and cooling loads of other
models increased relative to CL24.

As heating temperature increased, the heating loads of the BIPV and TI24 models increased
compared with those of the CL24 model and a decrease in the reduction in the heating and cooling
loads. When the cooling temperature was lowered the reductions in the heating and cooling loads of
the BIPV, TI24, and LE24 models increased compared to the CL24 model.

When air infiltration from the entrance door increased, the heating load of all the window models
also increased, although the BIPV and TI24 models had higher growth rates than that of the CL24 model.
The cooling load decreased in the CL24 and LE24 models and increased slightly in the BIPV and TI24
models. Therefore, it is clear that increases in air infiltration from the entrance door decreased the
reduction in the heating and cooling loads in the BIPV and TI24 models compared to the CL24 model.
However, this reduction increased in the LE24 model.

When the internal heat load increased, the heating load decreased and the cooling load increased
in all the window models. The BIPV and TI24 models showed large decreases in their heating load
compared to CL24, whereas increases in the cooling load were small. This resulted in an overall
increase in the reduction of the heating and cooling loads.

Based on these results, operational management of the heating temperature and air infiltration
is necessary to increase the reduction of the heating and cooling loads via the BIPV model. For the
temperature settings, a building energy management system is essential and can be expected to enable
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efficient management in the future. Previous studies have demonstrated that the air infiltration from
the entrance door can be reduced greatly by installing revolving doors, vestibules, and air curtains [36].
Therefore, with efficient operation management and improvements in the facility, the BIPV model will
have a higher reduction in the heating and cooling loads compared to the other window models.

3.5. Heating and Cooling Energy Consumption for the Mixed Operating Conditions

In this section, we compare annual heating and cooling loads under combined operating
conditions and analyze the primary energy consumption according to the heating and cooling
equipment used.

We first created a combined set of conditions in which all operating conditions increased as the
heating and cooling loads increased. Cases 1–4 in Table 6 show that the heating and cooling loads
for all conditions tended to an increase; thus, all operating conditions were combined in the same
case number.

The mixed operating conditions in Case 1 thus used the following variables: an operation time
of 09:00–17:00 local time (8 h); heating and cooling temperatures of 20 ◦C and 26 ◦C, respectively; air
infiltration from the entrances of 0.5 ACH; lighting equipment use of 10 W/m2, and occupant power
use of 0.11 person/m2. Other cases were constructed in the same way.

The results from the simulation are shown in Figure 15. In all the cases for all the window
models, the heating and cooling loads increased. Both the operation time and the heating and cooling
temperatures increased the heating and cooling loads, whereas an increase in the air infiltration
increased the heating load. Increases in the internal loads decreased the heating load and increased the
cooling load. A comparison of Cases 1–4 revealed that even when the internal heat gain was increased
more than the heat loss from infiltration, the heating load still increased. This can be attributed to
the large impact of the increase in heating temperature (Figure 16). An examination of the variations
in the heating and cooling loads for each case revealed that the heating load increased the most in
Cases 2 and 4, in which the heating temperature setting increased by 2 ◦C. The cooling load increased
the most in Case 3, in which the cooling temperature setting decreased by 2 ◦C. The reduction in the
heating and cooling loads were low in Cases 2 and 4, which had larger heating loads than the other
cases did.

Figure 15. Heating and cooling loads for cases of mixed operation conditions.

For the LE24 model, the reduction in the heating and cooling loads showed a slight increase
compared to the CL24 model. Consequently, the amount of energy saved by the LE24 model in
Cases 3 and 4 was larger than achieved by the BIPV and TI24 models for the same cases.

The heating and cooling loads of the building were converted to energy by the heating and
cooling equipment; therefore, energy consumption varies with the performance of the equipment [37].
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In addition, if the energy sources are different, they must be converted to a primary energy source to
enable accurate comparisons.

This study applied and analyzed the EHP, ground source heat pump (GSHP), and boiler + EHP
configuration currently used in many office buildings.

The coefficients of performance (COP) of each piece of heating and cooling equipment were
determined on the basis of research on Korean climate conditions.

Figure 16. Annual heat gains in cases of mixed operation conditions.

Heating and cooling EHPs have recently become widely used as the equipment used to generate
power for office buildings. In this study, we applied the COP of EHP in the Daegu region determined
through the simulation while considering Korean climate conditions [38]. We then applied the COP of
a GSHP, obtained by simulating an office building [39]. A gas boiler and cooling EHP combination
are also very widely used conventionally in office buildings. Therefore, regulations on promoting the
supply of high-efficiency energy equipment, as set by the South Korean government, were used to
measure gas boiler heat efficiency [40]. The EHP was analyzed using the cooling COP, which is the
same as that used for heating and cooling EHPs (Table 7).

Table 7. Coefficients of performance (COP) of heating and cooling systems.

Heating and Cooling System Heating COP Cooling COP

Heating and cooling electric heat pumps (EHPs) 2.27 2.51
Ground source heat pump 3.37 4.28
Gas boiler + cooling EHP 0.88 2.51

EHPs and GSHPs use electricity, but the gas boiler + EHP system uses electricity and gas.
The energy consumption of all heating and cooling equipment was then converted to primary energy
and the different usages were compared. The primary energy conversion factor proposed in the
Korean Government Regulation on the Energy Efficiency Rating Certification System for Buildings [41]
was used for this purpose (Table 8).

Table 8. Primary energy conversion factors for Korea.

Energy Source Primary Energy Conversion Factor

Fuel 1.1
Electricity 2.75

District heating 0.728
District cooling 0.937
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The energy consumptions of the three heating and cooling systems (EHP, GSHP, and gas
boiler + EHP), were then converted into primary energy and were compared (Figure 17).

In Figures 15 and 17, which show the heating and cooling loads and the heating and cooling energy
consumption, respectively, both the EHP and GSHP have higher cooling COPs than heating COPs.
Therefore, there was a larger decrease in power consumption in the CL24 and LE24 models, which
have higher cooling load ratios than the other models. Accordingly, the primary energy reduction of
other window models (as shown in Figure 17) was lower than the reduction of heating and cooling
loads relative to CL24, as shown in Figure 15.

For the BIPV model, the heating and cooling loads were reduced by 15,881 kWh, 12,735 kWh,
19,318 kWh, and 16,576 kWh, respectively, for each of the four cases; the highest reduction was noted in
Case 3. The TI24 model also showed the highest reduction in Case 3, whereas the LE24 model showed
the highest reduction in Case 4.

Figure 17. Primary energy consumption of different heating and cooling systems.

4. Conclusions

This study simulated three different window models—CL24, a clear glass double-layer window;
TI24, a heat-absorbing double-layer window; and LE24, a low-e glass double-layer window—to
investigate the effects of a-Si BIPV windows on the heating and cooling energy performance of an
office building under temperate Korean conditions. We also analyzed the heating and cooling loads
and actual energy consumption of the building according to changes in operation time, heating and
cooling temperatures, air infiltration from the entrances, and internal heat load, as these four operating
conditions affect the use of energy to heat and cool the buildings. The results are summarized below.

(1) The simulation conducted under baseline operating conditions showed that the cooling load
in the CL24 window model predicted 93.5% of the annual heating and cooling loads, indicating that
the power load is dominated by energy used for cooling. Therefore, in other window models with low
solar heat gain coefficients, the annual heating and cooling loads decreased based on reductions in
the solar heat gain. The BIPV, TI24, and LE24 models showed heating and cooling load reductions of
18.1%, 17.5%, and 8.3%, respectively, compared to the CL24 model.

(2) When the operation time increased under the baseline operating conditions, all the window
models had higher growth rates for cooling load compared to heating load. All the window models
demonstrated increases in the amount of energy saved, following the rise in the heating and cooling
loads, compared to the CL24 model.

(3) When the heating and cooling temperature settings were changed in the baseline operating
conditions, the heating and cooling loads for all window models increased more when the cooling
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temperature dropped than when the heating temperature rose. On the contrary, raising the heating
temperature had a larger impact on the reduction of the heating and cooling loads.

(4) Increased air infiltration from entrance doors caused an increase in the heating load of all the
window models under the baseline operating conditions. The BIPV and TI24 models, in particular,
showed large increases in heating load compared to the CL24 model, whereas the reduction of the
heating and cooling loads in the former decreased significantly.

(5) Three heating and cooling systems were used—EHP, GSHP, and gas boiler + EHP—and their
energy consumptions were converted to primary energy. All the simulated window models showed
a gradual decline in the reduction of the primary energy consumption, compared to the CL24 model,
whereas the actual decline was highest for the BIPV and TI24 models in Case 3 and the LE24 model in
Case 4.

This study, the BIPV model using a-Si module was compared with other window models under
various operating conditions. The results confirm that the BIPV model attains a high heating and
cooling energy reduction even when the operating conditions are changed. In addition, analysis of
various operating conditions shows that the amount by which energy consumption is reduced in
the case of air infiltration from the entrances and rises in heating temperature decreases significantly
when the BIPV windows are used. Therefore, we expect that the effect of heating and cooling using
BIPV windows can improve energy reduction through efficient designs and controls focusing on
these factors.

Previous studies analyzed energy performance by focusing on types of semitransparent
photovoltaics (STPV), construction designs, and climate conditions, with operating conditions set
differently according to regional characteristics. The result of this study showed that operating
conditions exert significant influence on the heating or cooling performance of STPVs in a temperate
climate. Therefore, the results of this study suggest the need to analyze operating conditions and
construction conditions in detail in future evaluations and analyses of STPV performance.
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