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Abstract: Heated glass can be applied to improve windows’ condensation resistance and indoor
thermal comfort in buildings. Although this applied technology has advantages, there are still some
concerns in practical applications, such as additional energy consumption and control issues. This
study evaluates the effectiveness of a heated window heating (HWH) system in terms of thermal
comfort and heating energy performance (HEP). The simulation-based analysis is performed to
evaluate the effectiveness of the HWH using a residential building model and to compare it with
radiant floor heating (RFH) and hybrid heating (HH) systems (i.e., combined HWH and RFH). This
study also investigates the peak and cumulative heating loads using HWH systems with various
scenarios of control methods and setpoint temperature. The predicted mean vote (PMV) is used as an
indoor thermal comfort index. The ratio of cumulative thermal comfort time to the entire heating
period is calculated. The results show that HWH and HH can reduce the heating load by up to
65.60% and 50.95%, respectively, compared to RFH. In addition, the times of thermal comfort can be
increased by 12.55% and 6.98% with HWH and HH, respectively. However, considering the social
practices of South Korea, HH is more suitable than HWH. Further investigations for HH show that
a surface setpoint of 26 °C is proper, considering both heating demands and thermal comfort. In
addition, the setpoint temperature should be determined considering HEP and the thermal comfort
for HWH, and the optimal setpoint temperature was suggested under specific conditions.

Keywords: heated window heating; radiant floor heating; thermal comfort; predicted mean vote;
control method

1. Introduction

According to a 2022 UN report, approximately 34% of the global energy consumption
in 2021 was attributed to buildings and construction, of which about 30% was consumed
for heating, cooling, water heating, lighting, and cooking in buildings. In the buildings’
part, 21% was consumed by residential buildings [1].

To improve the energy performance of buildings, the Republic of Korea has strength-
ened the thermal insulation performance of each part of the building. The country also
implemented a zero-energy building certification system in 2020 to enhance the overall
energy performance rather than that of specific building parts [2]. Currently, residential
buildings in Seoul, Republic of Korea, must achieve a thermal insulation performance of at
least 0.15 W/m?2-K for exterior walls and 0.9 W/m?2 K for windows. These performances
are similar to the level for passive house standards (i.e., wall: 0.15 W/m?-K, window:
0.8 W/m?K) [3]. Although the thermal insulation performance of windows has been
substantially improved, they are still the thermally weakest part of the building envelope
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when compared with the walls, roofs (0.15 W/ m?-K), and floors (0.15 W/m?-K), which also
constitute the envelope.

Windows with relatively poor thermal insulation degrade buildings” energy perfor-
mance [4]. They also cause lower surface temperatures than the walls, roof, and floors,
which negatively affects the thermal comfort of occupants owing to cold drafts [5]. Raising
the heating setpoint to improve this situation increases energy consumption [6]. More-
over, low surface temperatures increase the probability of condensation on the window
surface [7], obstructing the occupant’s view of the outside [8].

One method to prevent condensation is to control the window’s surface temperature
to an appropriate level [4] by applying heated glass [9]. Heated glass is implemented by
inserting a heating wire into the glass or using a transparent conductive coating layer on
the glass surface [10]. When current is applied to the heated glass implemented with a
heating wire or transparent conductive coating (TCC), heat is generated through electrical
resistance. In architecture, the transparent conductive coating layer is widely used as
opposed to heating wire insertion owing to its superior light transmittance and visibility,
and research on this is actively underway.

Kurnitski et al. [9] investigated a method for estimating the efficiency and thermal
transmittance of heated glazing by using the heat transfer theory. For typical glazing,
the thermal transmittance can be determined as a single value under specific conditions
depending on the glass, coating, air layer thickness, and composition of gas forming the
air layer. However, for heated glazing, the thermal transmittance varies because different
amounts of heat pass through the glazing depending on the temperature of the heated
glass. Thus, researchers proposed a method for estimating the thermal transmittance and
efficiency that reflects this feature. Lee et al. [10] experimentally measured the internal
and external surface temperatures and heat flux of vacuum-heated glazing applied to
residential buildings. These are measured by dividing to the center and edge of a large-
area heated glazing. They also analyzed the heat gain and overheating tendencies based
on measured data. The results were examined to identify the considerations for heated
glass. They stressed that to prevent overheating, the temperature must be appropriately
set depending on the purpose of the heated glass (condensation, comfort, heating, etc.)
and to solve the difference in operating temperature between the center and the edge of
a large-area heated glass. Cako et al. [11] measured the thermal comfort of heated glass
using two devices and analyzed the results according to the surface temperature and
distance. In conditions where the metabolic rate is 1.0 MET, and the clothing insulation
is 1.0 clo, the surface temperature of heated glass for thermal comfort is at least 40 °C.
The authors stated that the required setpoint temperature for thermal comfort might vary
with the experimental conditions (e.g., distance to an occupant, etc.), and stressed that
thermal comfort is improved by using the heated glass. Lee et al. [12] used a simulation
program to evaluate the heating energy performance of heated windows according to
the improvements in the thermal insulation performance of building envelopes, such as
the outer walls, floors, and windows in South Korea. They compared the performance
with those of air-based heating and radiant floor heating and found that as the thermal
insulation performance improved, the heating methods showed similar annual heating
energy consumption. Based on these results, they noted the usefulness of heated glass for
the heating system. To investigate the efficiency curves of heated glazing, Lee et al. [13]
conducted both experimental and analytical studies to examine the heat fluxes under
heating conditions of heated glass. Based on the results, they derived the efficiency curves
according to the setpoint of the heated glass and the difference in air temperature between
the internal and external. Moreau et al. [6] used an analytical method to evaluate the heating
energy characteristics of heated windows. They found that the heating energy consumption
was lower than required for typical double-glazed windows. They also emphasized that
the effect was greater when the heated windows were installed on the east or west side
than on the south side. Borys et al. [14] proposed a numerical analysis model based on
the heat transfer for heated windows’ indoor and outdoor heat flow and experimentally
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validated the model. Krukovski et al. [15] performed an analytical method to evaluate the
appropriate capacity for a heated window heating system in Ukraine. Mitsui and Sato [16]
investigated the sheet resistance according to the materials and coating thickness used for
the transparent conductive coating and experimentally derived the appropriate coating
thicknesses of the materials.

The previous studies can be broadly divided into four categories. The first group of
studies examined the sheet resistance of the transparent conductive coating layer, including
the coating materials and thickness. The second group of studies researched the efficiency
related to the internal and external heat flux of heated glazing. The subjects of the third and
fourth groups are thermal comfort and the heating system as the research of architectural
usefulness. Despite extensive research, few studies have comprehensively examined
heating performance and thermal comfort for practical applications in buildings. Moreover,
the perspectives of occupant comfort and energy use have not been adequately studied.
To improve the thermal comfort of occupants close to the window, typically in the winter
season [17], heating appliances underneath exterior windows are generally used. However,
an inappropriate setpoint temperature of the heating appliances causes overheating [18],
which is neither efficient for thermal comfort nor efficient for the energy consumption of
buildings. It is necessary to evaluate the usefulness by comprehensively considering the
thermal comfort and energy performance of heated windows.

Therefore, this study was conducted to comprehensively evaluate the usefulness of
heated windows considering thermal comfort and energy performance. The evaluation
was performed by modeling the living room of a residential building using a simulation
program, and the region and weather conditions of Gangneung in South Korea. To evaluate
the effectiveness of heated windows, the thermal comfort and energy performance were
compared with the radiant floor heating. In this study, the usefulness of heated windows
as a heating appliance was proven, and finally, a setpoint temperature was proposed by
comprehensively considering thermal comfort and energy performance in the condition of
this study.

2. Methodology

The effectiveness of the heated window system was evaluated by assessing heating
loads and indoor thermal comfort behaviors based on the simulation-based analysis of
residential zones. Three different heating systems (i.e., radiant floor heating, heated window
heating, and hybrid heating systems) were considered to carry out the comparative analysis
of each heating system. This section describes the features of the heated window system
used in this study, details of the analysis model, and the evaluation method.

2.1. Properties of Heated Glass

Heated glass is implemented through three main methods. The first method involves
inserting a nichrome heating wire into a typical glass, such as clear glass. This method is
used in the rear windows of automobiles to ensure visibility by removing accumulated
snow or frost. The second method involves attaching a heating film to the glass to generate
heat [19], and the third method uses a TCC on a substrate. This method uses sputter-
coating [12] or pyrolytic-coating to form TCC on the glass. The heated glass used in this
study is manufactured using a atmospheric pressure chemical vapor deposition (AP-CVD)
during glass manufacture. [20]. In the heated glass, glass is used as the substrate and
is coated with a transparent conductive oxide to form the TCC layer. Suitable materials
include indium tin oxide and fluorine-doped tin oxide (FTO). The heated glass used in this
study was coated with FTO [20].

Figure 1 shows the transmittance and reflectance of heated glass [21] according to the
wavelength measured with a solar spectrometer [22]. In the solar spectrometer, tungsten-
halogen and deuterium lamps are used as a light source to measure reflectance and trans-
mittance according to the wavelength. Table 1 shows the optical properties of the heated
glass, calculated according to ISO 9050 [23] and KS L 2514 [24] based on the measurements
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in Figure 1. Light transmittance and reflectance were calculated using the measured trans-
mittance and reflectance by the solar spectrometer and the daylight spectrum as Dgs5 [25],
provided by the International Commission on Illumination. As a result, the ratio of the
total transmitted energy or the total reflected energy to the total energy of Dgs becomes the
visible light reflectance or visible light transmittance. The other optical properties were cal-
culated using transmittance and reflectance of the solar spectrometer and weighting factors
for each wavelength. The heated glass showed high light transmittance of 82.5%, whereas
the emissivity of the coated side was 0.16, approximately 20% that of the glass side. The
results in Table 1 were input to the simulation program. The heated window was composed
by assembling one heated glass and two low-emissivity glasses in the simulation program.

Transmittance - - -Front(Glass) Reflectance - Rear(FTO) Reflectance
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Figure 1. Transmittance and reflectance of heated glass at various wavelengths.
Table 1. Optical properties of heated glass.
. Light Total Solar s
Light o Total Solar o uv Emissivity (-)
Transmittance Reflectance (%) Transmittance Reflectance (%) Transmittance Y
(%) Glass Side  FTO Side (%) Glass Side  FTO Side (%) Glass Side  FTO Side
82.5 104 11.3 69.7 10.6 11.6 52.5 0.84 0.16

2.2. Simulation Model for Analysis of Heating Load and Thermal Comfort

This study used ESR-r (i.e., Environmental System Performance-reference) [26], a
dynamic simulation program for assessing building energy, to analyze the heating load and
thermal comfort when a heated window was used for heating supply. A feature of ESP-r
that defines the heating at a specific node was used to evaluate the application of heated
glass to heating. Figure 2 shows the building model and the cross-section of the heated
glazing in ESP-r. In Figure 2b, the thick lines represent the low-e coating and TCC, and the
dots are the nodes that can be defined as the heating surface of the window in ESP-r. The
red node is the heating surface of the model in this study. Since this method of modeling
heated windows in EPS-r has already been used and validated in a previous study [13], an
additional verification process was not performed in this study.

The building simulation model for the analysis included three zones: the glass zone
located on the southernmost side, followed by the room zone and the common zone. There
was no physical zone division between the glass zone and the room zone. Since the analysis
program does not allow the use of multiple heating systems in a zone, this study assumed
the zone (i.e., the domestic area) was divided into two zones, including room and glass
zones. The building was modeled with the size of a living room in a 100 m? apartment
house, the standard housing area in the laws for a place in South Korea [27]. The floor area
of the building model, excluding the common zone, was 24 m?2, the window area on the
south side was 9.6 m?, and the window-to-floor ratio was 40%.
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Figure 2. Illustration of the model and heated glazing in the simulation program. (a) The building
model in the simulation program; (b) The section layout of heated glazing.

The boundary conditions for the analysis model’s side walls (east-facing and west-
facing walls) were modeled under the adiabatic with no heat flow, assuming they are
in contact with the adjacent households. The boundary condition for the north wall of
the room zone was modeled to be in touch with common spaces (corridors, stairwells,
etc.), thus creating a heat flow even though it was not directly exposed to the outdoor
air. Two models with different floor boundary conditions were generated to evaluate the
effect of heat loss through the ground. Model 01 used a boundary condition that assumed
contact with the ground. Model 02 used the adiabatic boundary condition with no heat
flow between households, assuming the household was located on an intermediate story.
The thermal insulation performance of each component (i.e., walls, roofs, floors, etc.) was
modeled to meet Korean regulations. The thermal transmittance of typical windows and
windows with heated glass was identically defined. Since the optical properties of heated
windows differ from those of typical windows, a heating function was added. Table 2
summarizes the main aspects of the analysis model.

Table 2. Details of the simulation model.

Category and Items Model 01 (Ground Floor) Model 02 (Typical Floor)
Floor area (m?) 24
Window area (m?) 96
Window-to-floor ratio (%) 40
Exterior wall 0.129
Interior wall 0.184
Thermal Window 0.721
transmittance
(W/m?2 K) Heated window 0.721
Between floors - 0.782
Ground floor 0.147 -
Zone Glass Room Common Glass Room Common
Roof (ceiling) Similar current Adiabatic
Wall (east, west) Adiabatic Exterior Adiabatic Exterior
Eg;lgictlfgr}: Wall (south) Exterior Zone (Glass) (I%::;) Exterior Zone (Glass) (I%::;)
Wall (north) (I%c?;ri) ( Cozn(igeon) Exterior (Ii;):ri) ( Cozrrcirrfon) Exterior
Floor Ground Adjiabatic
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Radiant Floor
Heating System

To focus the evaluation on the effect of applying the heated glass to heating, internal
heat gain elements such as occupants, lighting, and devices were not modeled. The
heating setpoint was set to 22 °C, and the heating systems worked to control the indoor
air temperature. The heating device capacity of each system was determined based on
auto-sized values automatically calculated with the design-day condition. Radiant floor
heating and heated window heating were applied to analyze the performance variations
between the two methods. Table 3 and Figure 3 show each heating method’s heat source
locations and indoor air-temperature sensor locations.

Table 3. Sensor, actuator, and setpoint of each heating system.

Hybrid 01
Radiant Floor Heated Window 5 :
Radiant Floor Heated Window
Sensor Dry bulb Dry bulb Dry bulb Dry bulb

temperature temperature temperature temperature

Sensor location Room zone Glass zone Room zone Glass zone

Actuator Room zone Glass zone Room zone Glass zone

Setpoint (°C) 22
Heating period January to March, September to December

Air Temperature Air Temperature Air Temperature

Control Control Control

Heated Window Hybrid
Heating System Heating System

Figure 3. Heating surface and air temperature sensing point of each heating system.

The weather data for the Gangneung region in South Korea were used to investigate
the heating load and thermal comfort, which were included in the simulation tool. The data
from the International Weather for Energy Calculations 1.1, created and provided by the
American Society of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE),
were used as the weather data. Table 4 presents the monthly characteristics of each mete-
orological item. Since the ground temperature was not included in these meteorological
data, the ground temperature was defined based on the average ground temperature from
1981 to 2010, which was provided by the Korea Meteorological Administration [28].

Figure 4 depicts the location and climate classification of Gangneung, South Korea,
using the Koppen—Geiger climate classification map [29]. The climate classification of South
Korea, including Gangneung, belongs to the humid continental climate. The northern
states of the United States, and the border area between Europe and Russia, show the same
climatic characteristics.
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Table 4. Weather data used in the simulation model.

Month

Dry Bulb Temperature (°C)

Relative Humidity Wind Speed Ground Temperature (Depth: 1.5 m)

Avg Max Min (%) (m/s) Q)
January 0.4 10.7 —-9.8 46.8 3.0 9.1
February 22 13.6 -85 56.6 2.6 7.1
March 5.6 15.4 -3.5 54.4 2.7 72
April 124 27.0 1.7 58.6 29 9.3
May 18.0 34.0 6.9 62.5 2.7 12.6
June 20.6 29.9 14.3 73.9 1.6 16.0
July 24.0 34.1 17.2 77.4 2.2 19.3
August 249 37.1 16.5 78.3 15 21.7
September 20.1 28.5 14.2 729 1.9 22.0
October 15.2 25.7 53 66.6 2.3 19.9
November 9.0 19.6 —4.8 54.6 3.1 16.5
December 3.1 12.1 —6.2 50.6 3.3 12.6

90°
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-30°

-60°

-90°

-180° -150°

-120° -90°

Gangneung
in South Korea‘ i

3 B
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Figure 4. Location and climate classification of Gangneung in the Koppen-Geiger climate classifica-
tion map [29].

2.3. Description of Indoor Thermal Comfort

The predicted mean vote (PMV), the thermal comfort index used in this study, was
proposed in an experimental study by Fanger at the Technical University of Denmark. It
expresses the average thermal sensation experienced by people in a given environment [30].
The PMYV can be used as an index to evaluate the comfort level of indoor environments
in residential buildings, offices, hospitals, etc., and to control the heating and cooling
facilities. It has been introduced as a thermal comfort index in ISO 7730 [31] and ASHRAE
55 [32], which are international standards. PMYV is calculated by considering the heat
transfer between the body and surrounding environment using two parameters of the
occupant (i.e., metabolic rate and insulating of clothing) and four parameters of the indoor
environment (i.e., air temperature, mean radiant temperature (MRT), air velocity, and
humidity). Additionally, as shown in Table 5, PMYV is calculated as a value ranging from
+3 to —3, which is the range of thermal sensation from hot to cold. Values closer to —3
indicate a thermal comfort level where the occupants feel colder, whereas values closer
to +3 indicate an environment where occupants feel hotter. Hence, a PMV of 0 represents
the optimal comfort level; statistically, 95% of the occupants are satisfied with the indoor
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environment. ISO 7730 [31] and ASHRAE 55 [32] recommend a PMV range of —0.5 to 0.5
to provide indoor comfort.

Table 5. Seven-point thermal sensation scale.

Hot Warm Slightly Warm Neutral Slightly Cool Cool Cold
+3 +2 +1 0 -1 -2 -3

The input variables were set to evaluate the thermal comfort according to each heating
method, as shown in Table 6. The input meteorological data and model characteristics
were reflected to calculate the air temperature, relative humidity, and MRT in the analysis
program. In addition, the air velocity, metabolic rate, and insulation of clothing values were
direct inputs into the simulation program. A value of 0.1 m/s was input for the air velocity
considering the indoor conditions, whereas those for metabolic rate and clothing insulation
were 1.5 MET and 0.7 clo, respectively. According to ISO 7730, insulation of clothing of
0.7 clo signifies wearing undergarments, shirts, trousers, socks, and shoes, and a metabolic
rate of 1.5 MET designates standing and light activity (shopping, laboratory work, light
industry). The PMYV of the glass zone and room zone were calculated every hour using the
analysis program, based on which the cumulative hours in each PMV range were analyzed
to evaluate thermal comfort behaviors.

Table 6. Input values to calculate the PMV.

Air Relative Mean Radiant Air Velocity Metabolic Rate Cloth
Temperature (°C) Humidity (%) Temperature (°C) (m/s) ) )
Value calculated by the simulation model 0.1 1.5 0.7

3. Heating Load and Thermal Comfort of Heating Systems
3.1. Heating Load Comparison for Each Heating System

As shown in Figure 3, in radiant floor heating, the room zone and glass zone are
heated via room zone heating, whereas in heated window heating, they are heated via
glass zone heating. Therefore, the indoor air temperature may differ between the heating
zone and adjacent zones, and the accuracy of the analysis model used in this study will
deteriorate if the temperature difference is large.

Figure 5 shows each model’s indoor air temperatures of the glass zone and room zone
according to the floor boundary condition and heating system. The top graph presents the
indoor air temperature over time for each model, and the scatter plots below this present
the indoor temperature distribution of the room zone to the glass zone for each model.
According to the graphs of radiant floor heating and hybrid heating, the air temperature of
the room zone with respect to the glass zone was controlled at a low level. The times were
observed in which the air temperature of the glass zone was high owing to daytime solar
radiation, which caused a difference in the air temperature between the two zones. Since
these times are different from the times needed for heating in the model, it is expected to
have no substantial impact on the results of this study.

Figure 6 presents the heating load concerning the outdoor air temperature for each
heating method. The load is depicted only for outdoor air temperatures lower than the
heating setpoint (22 °C). In Figure 6a, the floor boundary condition is the ground, whereas
Figure 6b shows the adiabatic, which relates to the floor between two stories. Radiant
floor heating showed the highest peak heating load under both floor boundary conditions,
followed by hybrid heating and window heating. Table 7 presents the peak heating load of
each heating method.
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Figure 5. Outdoor air temperature (OAT) and indoor air temperature (IAT) of the glass zone (G) and
room zone (R) of simulation models according to the floor boundary condition (ground floor: Gr,
typical floor: Ty) and heating system.
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Figure 6. Variation in heating load with outdoor air temperature for each simulation model.
(a) Ground floor; (b) Typical floor.
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Table 7. Peak heating load and cumulative heating load of each simulation model.
Boundary Condition Ground Floor Typical Floor
. Hybrid . Hybrid
Heating System R;;iol ::? ‘ ‘,I\,-Ii;a‘;z(:v Radiant Heated R;{iol 2;1 ‘ ‘,\I—,Iiia;zjv Radiant Heated
Floor Window Floor Window
Peak Load (kW) 5.04 1.70 2.47 0.85 4.62 1.62 2.21 0.95

January 395.78 266.83 231.45 114.81 327.78 233.5 186.11 103.65

February 318.90 213.66 188.58 92.51 249.03 178.34 144.24 78.27

March 327.06 223.02 196.55 92.09 253.96 184.14 152.17 76.98
April - - - - - - - -
May - - - - - - - -
Cumulative June - - - - - - - _
e
(kWh) August - - - - - - - -
September - - - - - - - -

October 23.62 11.93 12.68 5.5 5.37 2.62 2.88 1.59

November 188.52 122.17 109.82 53.91 147.83 97.11 85.8 40.15

December 320.15 210.05 192.31 86.92 259.03 180.78 156.09 74.03

Annual 1574.03 1047.66 931.39 445.74 1242.99 876.49 727.29 374.67

Compared with the ground floor model (ground floor boundary condition), the peak
heating load of the typical floor model (adiabatic floor boundary condition) was small.
Under radiant floor heating, heated window heating, and hybrid heating, the peak heating
load was reduced by approximately 8.33%, 4.71%, and 12.17%, respectively. This trend is
because the typical floor model has no heat loss through the floor.

The peak heating load ratio of each heating model to the radiant floor heating model
was analyzed among the same boundary conditions of the floor. First, for the model with
the ground floor, the peak heating load ratio relative to radiant floor heating was 33.73%
for heated window heating and 60.32% for hybrid heating, whereas for the model with the
typical floor, the ratios were 35.06% and 57.79%, respectively.

Table 7 presents each model’s peak heating load and monthly and annual cumulative
heating loads. The incremental heating loads exhibited the same trend observed in the
above peak heating load analysis. Compared with the ground floor results, the typical floor
showed small monthly and annual cumulative heating loads, and window and hybrid
heating showed lower cumulative heating loads than radiant floor heating. However,
compared with the reduction in the peak heating load by applying heated windows, the
reduction in the cumulative heating load was small. For the ground floor model, the
annual cumulative heating load ratio relative to radiant floor heating was 66.56% for heated
window heating and 87.49% for hybrid heating, whereas the ratios were 70.51% and 88.65%,
respectively, for the typical model.

According to the above analysis, the peak and cumulative heating loads were reduced
when heated window heating was applied. This was because heating is provided via the
heated window, which has the lowest thermal insulation performance (0.721 W/ mz) among
the envelope components where heat is exchanged with the outdoor air or a common
zone. The inner surface temperature of the heated window on heating is higher than
the outdoor air and indoor temperatures, thus preventing heat loss through the window
and reducing the heating load. Figure 7 shows the window’s outdoor air temperature,
indoor air temperature, and inner surface temperature in December for radiant floor
heating and heated window heating in the typical floor model. As explained, under heated
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window heating, the window’s inner surface temperature was higher than the indoor
air temperature. In contrast, under radiant floor heating, the window’s inner surface
temperature was lower than the indoor air temperature at night but higher during the
daytime. This trend was also observed in the ground floor model.
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Figure 7. Outdoor air temperature (OAT), indoor air temperature (IAT), and interior surface tem-
perature (IST) of window and floor for the ground floor model. (a) Radiant floor heating system;
(b) Heated window heating system.
Under hybrid heating, the peak and cumulative heating loads were lower than those of
radiant floor heating, although the heating load was higher than in heated window heating.
The annual cumulative heating load was 31.9% and 25.8% higher than in heated window
heating for the ground floor and typical floor, respectively. Figure 8 shows the analysis
results for the typical floor. Figure 7a shows the cumulative heat fluxes for the window,
south wall (glass zone), and north wall (room zone) of each model at night (00:00-04:00),
that is, without the influence of solar radiation. Positive values indicate heat gain, whereas
negative values indicate heat loss. Figure 7b shows the difference in indoor air temperature
between each model’s room zone and common zone for one week in December.
DORadiant Floor EHeated Window B Hybrid Radiant Floor Heated Window —— Hybrid
_ 200 23
Z1s0 o
fal J MO YN A A A
g 100 2 19 ~ VAVA
g 50 ui
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South Wall North Wall Time [Day]
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Figure 8. Inner surface conduction and difference in air temperature between room and common
zones. (a) Cumulative conduction on inner surfaces of window, south wall (glass zone), and north
wall (room zone) for each heating system at night (00:00-04:00); (b) Difference in air temperature
between room zone and common zone for each heating system for one week (1-7 December).

According to Figure 7a, the heat fluxes of the window varied with the heating method,
whereas the heat flux of the south wall did not greatly vary with the heating method.
However, the heat flux of the north wall greatly varied with the heating method. As
the thermal transmittance and boundary condition of the north wall were identical for
each model, they should not differ according to the heating method; however, this study
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observed a difference. As shown in Figure 3, the temperature sensor and heating surface
location varied for each model according to the heating method. In the hybrid heating
model, because temperature sensing and heating were applied in the room zone and glass
zone, the air temperature of the room zone was formed according to the setpoint of 22 °C.

Conversely, in the heated window heating model, temperature sensing and heating
were applied to the glass zone; hence, the glass zone and room zone had similar air
temperatures, whereas the air temperature in the room zone was a little lower than 22 °C.
This caused a difference in the air temperature variation and, consequently, a heat flux
difference between the room zone and the common zone for each model. Figure 7b shows
the air temperature difference between each model’s room zone and common zone, which
was larger in the hybrid heating model than in the heated window heating model.

3.2. Thermal Comfort Comparison for Each Heating System

Figure 9 and Table 8 show the ratio according to each PMV range for each model over
the entire analysis period. The glass zone and room zone results for each model under
both floor boundary conditions are presented. Since heating was applied, the PMV was
never lower than —0.5 and was occasionally higher than 1.0. The hours when the PMV was
outside the thermal comfort range and evaluated as “warm” or “hot” were attributed to
irradiance during the daytime.

Ground Floor Typical Floor
100% I — ___ _ 1 T 1
90% + [ L H T H e
80% — ] H | | ®20<PMV<3.0
70% | I | — B1.0<PMV<20

g 60% | 00.5<PMV=1.0

o 50%

E 40% | — O00.0<PMV<=<0.5
30% L E-0.5<PMV<0.0
20% k|| B-1.0<PMV<-05
10% ] B-2.0<PMV<-1.0

0% L L L L L L L L L L B-3.0<PMV=<-20
5z 3 8 5 £ B 3 % 8 B %
@ *F a s a w @ 7 la w 5 '
Figure 9. Ratio of comfort time for each model.
Table 8. Cumulative hours for various ranges of PMV and comfort ratio (—0.5 < PMV < 0.5).
Ground Floor Typical Floor
PMYV Range Radiant Floor Heated Window Hybrid Radiant Floor Heated Window Hybrid
G R G R G R G R G R G R
20<PMV <30 - - - - - - 2 - 2 - 2 -

1.0<PMV <20 293 80 171 60 227 70 426 179 286 170 359 177

0.5<PMV <1.0 934 897 793 392 891 534 1000 1003 8872 479 971 699

0.0<PMV <0.5 2336 3391 3403 1984 3247 3764 2423 3186 3208 2605 3036 3492

—05<PMV <0.0 805 - 1 1932 3 - 517 - - 1114 - -

Comfort Ratio 7191 77.63 77.93 89.65 74.40 86.19 67.31 72.94 73.44 85.14 69.51 79.95

First, differences were observed in the PMV according to the floor boundary condition.
Compared with the ground floor, the ratio of time that PMV was lower than 0 was higher
on the specific model with the typical floor because heat loss through the floor did not
occur during heating. Additionally, the ratio of time that PMV was higher than 0.5 was
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higher in all models with the typical floor because heat loss through the floor did not occur
under overheating caused by irradiance.

Heated window heating and hybrid heating exhibited better thermal comfort than
radiant floor heating. According to the PMV analysis results for the typical floor, 70.12%
(glass zone: 67.31%, room zone: 72.94%) of the total 4368 h of radiant floor heating was in
the thermal comfort range in terms of the PMV. Under heated window heating and hybrid
heating, 79.29% (glass zone: 73.44%, room zone: 85.14%) and 74.73% (glass zone: 69.51%,
room zone: 79.95%) were in the thermal comfort range, respectively. Hence, the heating
methods, including heated windows, were more advantageous than radiant floor heating
in terms of thermal comfort.

For the typical ground condition, the ratio of time of thermal comfort according to
the heating method was compared based on the room zone. The ratio showed that heated
window heating and hybrid heating were approximately 16.73% and 9.60% higher than
radiant floor heating. This indicates that heated window heating improves the occupants’
thermal comfort.

Among the factors determining the PMV, the MRT can be influential depending
on the heating method. Except for radiant floor heating, other heating methods have
heated window heating; therefore, when heat is generated from windows with low surface
temperatures in winter, relatively high window surface temperatures are formed. This
results in a higher MRT than that achieved in radiant floor heating. Figure 10 presents
the MRT of the glass zone for each model under the typical floor condition from 1 to 14
December. The MRT in the daytime was increased because of irradiance. At night, when
there is no influence of irradiance, the MRT varied with the heating device, and it was
approximately 22.5 °C under radiant floor heating and about 24 °C under heated window
heating, which is a difference of roughly 1.5 °C. The MRT of hybrid heating was also below
that of heated window heating, although it was higher than that of radiant floor heating.

Radiant Floor Heated Window ——Hybrid
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T
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Figure 10. Mean radiant temperature of the glass zone of each model under the typical floor condition.

Radiant floor heating is the traditional and typical heating method for residential
buildings in South Korea. This is related to the Korean custom of not wearing shoes in
residential spaces. Hence, the floor surface temperature is a major factor determining the
occupants’ thermal comfort. Figure 11 shows the floor surface temperature of the room
zone for the period of 1-7 December for each model. Under heated window heating, the
floor surface temperature was distributed from approximately 22 to 23 °C. In contrast, the
surface temperature was higher than 25 °C during the heating period under radiant floor
heating and hybrid heating. In the area shaded in red, the temperature difference between
heated window heating and hybrid heating was approximately 5 °C, which is greater than
that with radiant floor heating.
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Figure 11. Each model’s floor surface temperature (FST) and the indoor air temperature (IAT) of each
model. (a) Ground Floor; (b) Typical Floor.

Considering the results of the heating load and thermal comfort from the previous
analysis, heated window heating appears to be the most appropriate heating method.
However, as explained above, the floor surface temperature is important in Korea. In a
previous study [2] that applied a low-temperature radiant floor heating system using an
air-source heat pump, the indoor air setpoint was set to 2628 °C to increase the floor
surface temperature. Therefore, hybrid heating combining heated window heating with
radiant floor heating is considered suitable for such a case.

4. Comparative Study Based on Control Method of the Hybrid Heating System

The heating load and thermal comfort according to the control method of hybrid
heating, which combines radiant floor heating with heated window heating, were evaluated.
Figure 12 shows the models of two hybrid heating systems. Figure 12a shows the air-
temperature sensing model for heated window systems in the hybrid heating system. It
is the same hybrid heating system as that used in Section 3. Figure 12b shows the model
of surface-temperature sensing for the hybrid heating system’s heated window heating
system. The difference between the two models is only the temperature sensing location
to control the heated window heating system. In addition to the temperature sensing
location for controlling the operation of the heated window, the setpoint for controlling
the surface-temperature sensing was changed from 22 to 36 °C, and the heating load
and thermal comfort characteristics were comparatively analyzed. The floor boundary
condition applied here was the same as that of the typical floor.

Air Temperature Surface
Control Temperature
Control

Hybrid
Heating System
(a) (b)

Figure 12. Heating surface and temperature sensing point of hybrid heating systems. (a) Air-
temperature sensing model; (b) Surface-temperature sensing model.
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4.1. Heating Load Comparison According to Control Method and Setpoint

Figure 13 shows the variation in the heating load under hybrid heating according to the
control method of the heated window and the setpoint. “Air” indicates the air temperature
control method, as in Figure 12a, and “Sur” indicates the surface temperature control
method, as in Figure 12b. First, the hybrid heating model using the air temperature control
method with a setpoint of 22 °C showed an annual cumulative heating load of 1101.96 kWh.
When the temperature sensing location was changed to the glass surface while maintaining
the setpoint, the annual cumulative heating load increased by approximately 6.60% to
1174.65 kWh. The annual cumulative heating load changed as the setpoint of the heated
window surface increased, with the lowest cumulative heating load observed at a setpoint
of 30 °C. The annual cumulative heating load was 1063.17 kWh, approximately 5.52% lower
than that in the air temperature control model and 9.49% lower than that in the surface
temperature control model with a setpoint of 22 °C. The load tended to increase at setpoints
higher than 30 °C.
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Figure 13. Variation in monthly heating load according to the control method and setpoint.

Figure 14 shows the ratio of the monthly heating load to the annual cumulative
heating load of each model. By month, from January to March and October to December,
the hybrid heating model using air temperature control with a setpoint of 22 °C showed
ratios of 26.29%, 20.19%, 20.79%, 0.41%, 11.43%, and 20.88%, respectively. The total annual
cumulative heating load increased when the temperature sensing location was changed
to the glass surface while maintaining the setpoint. However, there was no significant
difference in the ratio. As the setpoint of the surface temperature control method increased,
the monthly ratio changed; in January, February, and December, it tended to decrease as the
setpoint increased. In contrast, as the setpoint increased in October, the ratio continuously
increased from 0.61% to 8.93%. In March and November, it tended to increase after showing
the lowest ratio at a specific setpoint. In March, the annual cumulative heating load was
approximately 19.12% at the lowest setpoint of 30 °C; in November, it was about 10.70%
at27 °C.

Figure 15 shows the ratio of the heating load to the annual cumulative heating load
of each heating system for each model. First, in the air temperature control model with a
setpoint of 22 °C, radiant floor heating showed a ratio of approximately 66.0%, whereas
that for heated window heating was about 34.0%. In the surface temperature control model
with the same setpoint, radiant floor heating and heated window heating showed ratios of
82.94% and 17.06%, respectively. As the heated window setpoint increased, the heating load
of radiant floor heating tended to decrease, and the heating load ratio was approximately
0.14% at 34 °C.
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Figure 14. Ratio of monthly heating load to annual heating load.
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Figure 15. Ratio of heating load to annual heating load for each heating system.

The surface setpoint at which the heating load ratios to the heating systems” total
heating load were the most similar to “Air_22 °C” was 25 °C; at this setting, the load
ratios of floor heating and window heating were 63.26% and 36.74%, respectively. This
was because the air temperature control method with a setpoint of 22 °C and the window
surface temperature control method with a setpoint of 25 °C had a similar inner surface
temperature of the heated window. Figure 16 presents the inner surface temperatures
of the heated window in the air temperature control model with a setpoint of 22 °C and
the surface temperature control model with setpoints of 22 °C, 25 °C, and 28 °C, from
1 to 14 December. During the daytime when the window temperature increased owing
to irradiance, the same temperature was observed regardless of the control method and
setpoint. During the nighttime, each model showed different inner surface temperatures
of the heated window, and the model of the air temperature control and the model of the
surface temperature control with a setpoint of 25 °C exhibited the most similar surface
temperature trends.
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4.2. Thermal Comfort Comparison According to Control Method and Setpoint
The thermal comfort of the hybrid heating models was analyzed. The thermal comfort
in the glass and room zones was analyzed, and the ratio of the time for cumulative analysis
for each PMV range to all periods was examined.
Figure 17 shows the thermal comfort analysis results in the glass zone of each model.
As heated window heating was applied to the glass zone, the changes in the PMV were
sensitive to the heated window setpoint. In the air temperature control model, the cumula-
tive time for thermal comfort (—0.5 < PMV < 0.5) was 3036 h, approximately 69.51% of the
total time (4368 h). The time for thermal comfort tended to decrease as the setpoint of the
heating window increased, and it sharply decreased from a specific temperature.
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Figure 17. Ratio of cumulative time for each range of PMV for the glass zone.

Figure 18 presents the glass zone’s air temperature and heated window inner surface
temperature for the air temperature control model with a setpoint of 22 °C and the surface
temperature control model with various setpoints. The figure shows the temperature
distribution for one week from 1 to 7 December. The air temperature of the glass zone for
the air temperature control model was similar to the air temperature control model with a
surface setpoint of 22 °C and 25 °C. However, suppose that the surface setpoint is higher
than 30 °C. In that case, the glass zone’s air temperature for the surface temperature control
model is higher than the air temperature control model during daytime and nighttime. It
means that the air temperature is higher than the air setpoint of the room zone.
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Figure 18. Air temperature of the glass zone and the inner surface temperature of the window.
(a) Air temperature of glass zone; (b) Window inner surface temperature.
Figure 19 shows the cumulative time ratio according to the thermal comfort range
in the room zone. Overall, the cumulative time ratio of the thermal comfort range
(—=0.5 < PMV < 0.5) was higher than that of the glass zone. In the air temperature control
method, the time for thermal comfort was 3492 h, approximately 79.95% of the total time.
In contrast, the surface temperature control method with the same setpoint was about 3%
lower, at 76.85%.
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Figure 19. Ratio of cumulative time for each range of PMV for the room zone.

Figure 20 shows the combined annual cumulative heating load and the ratio of time
for thermal comfort of the air temperature control and surface temperature control models.
As analyzed above, when the surface setpoint was 30 °C, the heating load was the lowest
at 1063.17 kWh. Therefore, a surface setpoint of 30 °C was found to be the most suitable for
the heating load. In contrast, the time for thermal comfort was the highest in both the glass
and room zones when the air setpoint was 22 °C. Table 9 summarizes the optimal setpoints
and differences in the parameters according to the control method.
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Figure 20. Annual heating load and ratio of time for thermal comfort.
Table 9. Setpoint, heating load, and thermal comfort for each control method.
Optimal Annual Heating Ratio of Time for Thermal Comfort (%)
Setpoint (°C) Load (kWh) Glass Zone Room Zone
Air temperature control 22 1101.96 69.51 79.95
Heating load 30 1063.17 50.80 68.59
Surface Thermal comfort 22 1174.65 68.22 76.85
temperature control
Optimal control 26 1109.26 64.4 76.08

In surface temperature control, the heating load of the model optimized for heating
load was 9.05% lower than the model optimized for thermal comfort, and the ratio of time
of the thermal comfort was also 25.54% and 10.75% lower in the glass zone and room zone,
respectively. In contrast, for the model for thermal comfort, the heating load increased by
approximately 10.49%, and the ratio of time for thermal comfort improved by 33.29% and
12.04% in the glass and room zones, respectively.

To propose the optimal surface setpoint by synthesizing the heating load and thermal
comfort, it is necessary to find the surface setpoint that maximizes the decrease in heating
load while minimizing the reduction in the ratio of the time of thermal comfort. Based
on Figure 19, the setpoint can be estimated by comprehensively considering the heating
load and thermal comfort. Up to a setpoint of 26 °C, the reduction in the ratio of time
for thermal comfort in the glass zone and room zone was not large, and the heating load
was improved.

5. Conclusions and Discussion

This study evaluated the effectiveness of the heated window heating system in a typical
residential building in South Korea. This study compared the heating load and thermal
comfort of three different heating system types (i.e., radiant floor, heated window, and
hybrid heating systems) in the Gangneung location, South Korea. The surface temperature
variations of the heated window were investigated to determine appropriate setpoint
temperatures regarding indoor thermal comfort and energy consumption.

The compared results of heating loads for each heating system indicated that applying
the heated window heating method decreased the peak and cumulative heating load. The
window surface was heated by the heated window system, which caused an increase in
the surface temperature of the glass. Theoretically, if the indoor surface temperature of the
heated window system is higher than the indoor air temperature, the heat loss through the
window is zero, which is advantageous regarding the heating load.
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Compared to the heating load for radiant floor heating, the heating reductions were
about 34.40% (ground floor: 3.73%, typical floor: 35.06%) and 59.05% (ground floor: 60.32%,
typical floor: 57.79%) for the heated window and hybrid heating systems, respectively. In
addition, the ratios of time for thermal comfort in the glass zone and room zone were 72.45%
(ground floor: 74.77%, typical floor: 70.12%) for radiant floor heating, 81.54% (ground
floor: 83.79%, typical floor: 79.29%) for heated window heating, and 77.51% (ground floor:
80.29%, typical floor: 74.73%) for hybrid heating.

Such results demonstrated that the heated window heating system could present
better performance compared to the existing radiant floor heating method regarding the
heating load and thermal comfort. However, because the floor surface temperature was
lower under the heated window heating system than in the radiant floor heating system,
the hybrid heating system is more suitable for residential household types in South Korea.

A suitable control method and setpoint were estimated by evaluating the heating load
and thermal comfort according to the control method in the hybrid heating system. The
annual heating load was the lowest when the heated window surface temperature was set
to 30 °C. However, operating at a surface temperature of 30 °C caused the indoor space
to overheat, which was disadvantageous in terms of indoor thermal comfort levels. In
the case of the air temperature being set to 22 °C, the time ratio for the indoor thermal
comfort increased when compared with the surface temperature control. However, by
comprehensively considering the heating load and thermal comfort to estimate the control
method and setpoint, the heating load and thermal comfort levels were enhanced when the
heated window surface temperature was controlled to 26 °C.

This study has proved the effectiveness of the heated window systems as a building
heating appliance. Although the thermal insulation performance of windows has substan-
tially improved, the windows continue to be a thermally weak component of the building
envelope. Heat loss and condensation occur in thermally inefficient windows, and cold
drafts can affect the occupant’s thermal comfort. Hence, adding a heating functionality to
these windows should not only prevent condensation and improve thermal comfort, but
can also make them applicable to indoor heating. It was confirmed that the control of the
heated windows for the thermal comfort of occupants close to the heated windows could
adversely affect the thermal comfort of occupants far from the heated windows. In addition,
the optimal setpoint temperature for the thermal comfort and energy performance under
the conditions of this study (i.e., type of building, the region and the climate, internal gain,
thermal insulation performance of building element) was also proposed. However, since
the building model and area for evaluation of usefulness was limited to one, additional
research is needed to generalize the optimal setpoint temperature.

This study used a heating load to assess the effectiveness of heated windows as an
index. The primary energy consumption and carbon emissions can vary according to the
energy source of the heating system (electricity, gas, etc.). Furthermore, because this study
only utilized simulation-based analysis, future work should include experimental analysis
and evaluation through full-scale mock-ups and their application in a practical manner.
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