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Abstract: Energy loss through windows can be high relatively compared to other opaque surfaces
because insulation performance of fenestration parts is lower in the building envelope. Electrically
heated window systems are used to improve the indoor environment, prevent condensation, and
increase building energy efficiency. The purpose of this study is to analyze the thermal behaviors of a
heated window under a field experiment condition. Experiments were conducted during the winter
season (i.e., January and February) with the energy-efficient house that residents occupy. To collect
measured data from the experimental house, temperature and heat flux meter sensors were used for
the analysis of heat flow patterns. Such measured data were used to calculate heat gain ratios and
compare temperature and dew point distribution profiles of heated windows with input power values
under the changed condition in the operating temperature of the heated glazing. Results from this
study indicated that the input average heat gain ratio was analyzed to be 75.2% in the south-facing
and 83.8% in the north-facing at nighttime. Additionally, compared to January, reducing the operating
temperature of the heated glazing by 3 ◦C decreased the input energy in February by 44% and 41%
for the south-facing and north-facing windows, respectively. Through such field measurement study,
various interesting results that could not be found in controlled laboratory chamber conditions were
captured, indicating that the necessity of establishing various control strategies should be considered
for the development and commercialization of heated windows.

Keywords: heated window; heat flow pattern; field experimental; temperature distribution; operating
temperature; input energy; energy efficiency

1. Introduction

Windows are one of the most important architectural elements in a building and
an important factor in building energy performance. Windows play a crucial role in
determining visual comfort by providing views to the outside and spatial comfort through
ventilation for the occupants [1] and introducing natural light. Today, curtain walls are
becoming increasingly popular for aesthetic reasons, as most people prefer office space with
a view [2]. In typical residential buildings, large windows or balcony windows without
railings are often installed in living rooms for visual comfort. Large windows are commonly
designed on the south-facing walls of passive houses in the Northern Hemisphere to obtain
as much solar heat as possible [3,4].

However, an increase in the relative window area causes various problems. Condensa-
tion on the glazing surface is relatively frequent because energy loss through windows is
more than 30% which is the most vulnerable part of the building envelope to poor heat insu-
lation [5]. Condensation mainly occurs when hot and humid air in the indoor space comes
into contact with an inner window surface that is below the dew point [6]; this reduces
the scenic views and visibility, which are the most important functions of a window [7].
For this reason, occupants report feeling more uncomfortable with condensation than heat
loss [8]. An increase in the relative window area also means an increase in the close area of
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the window frame, which is highly related to energy loss in the building envelope [9,10].
This is the reason various studies are being conducted to reduce energy loss by window
frames [11–13] However, the most significant problem with large windows is the formation
of cold indoor airflow in winter due to radiation transfer through the cold glazing surface
caused by cold drafts, which lowers the thermal comfort levels of occupants [14,15]. To
address this problem, an appropriate selection of various high-performance windows
is crucial [16]. Malvoni et al. [17], by emphasizing the importance of a window design
strategy for high-energy performance building, analyzed heat loss viathe characteristics
of the window frame through the thermal performance evaluation of the window frame
according to UNI EN ISO 10077-2. As alternatives to typical window glazing, Low-e coat-
ings, gas-filled windows, vacuum windows, and double- or triple-glazed windows can be
used [18–21]. Additionally, heating technology can be combined with these glazing types
to more effectively address the problems mentioned above.

Heated glazing, where the glass surface is heated by applying electric power to the
electrically conductive coating on one side of the glass, is mainly used to prevent con-
densation in buildings and other applications, such as food storage and automobiles, and
aviation [22]. In previous research, Kurnitski et al. [23] analyzed the efficiency and practical
application of heated glazing and confirmed that windows with high heat insulation exhibit
high efficiency and depend on the heat flux from the outer surface (U-value). Moreau
et al. [24] developed a building energy analysis model for heated glazing and found that
energy saving was possible via the installation of heated glazing on the northern or eastern
sides, contrary to the expectation that heated glazing would increase building energy
consumption. Cakó et al. [25] researched thermal comfort according to the measured
distance from heated glazing using predicted mean vote measurements and an experimen-
tal manikin, and found that the dissatisfaction index was less than 5% when the surface
temperature was present approximately 40 ◦C or higher. Furthermore, Kaboré et al. [26]
emphasized the various benefits of heated glazing and proved its ability to reduce heating
energy by up to 13% through experiments.

Nevertheless, further research is required to improve functional windows’ technical
capability and marketability to balance the aforementioned benefits and limitations [27].
Moreover, research on the practical application of such operating windows is required to
integrate high-performance window systems and large window areas in modern building
interiors [28]. However, few studies have analyzed the application of heated glazing to ac-
tual buildings; thus, additional research is still required to satisfy the aesthetic, thermal, and
visual comfort functions of heated windows in buildings. Therefore, this study analyzes the
heat flux patterns of heated glazing in a typical residential building under actual operating
conditions instead of limited experimental conditions, which is important for evaluating
the optimal control method and design of heated glazing. Experiments were performed in
a detached house with occupants in Gwangju-si, Gyeonggi-do, South Korea (latitude: 36◦,
longitude: 127◦), with heated glazing installed on the southern and northern sides of the
house. The experiments include the influence of internal heating elements, such as human
bodies, lighting, electrical devices, cooking, and heating. Experiments were conducted for
2 months from January to February 2021. The experiment in January was conducted under
different heated glazing operating temperatures, whereas the experiment in February was
performed at a fixed operating temperature. The main purpose of this study was first to
understand the characteristics of heated windows through the comparative analysis of
thermal characteristics and energy input requirement of heated windows according to the
set temperature. In order to find a way to maximize window efficiency, it was judged that
it is a very basic and essential research step to analyze the basic heat flow according to the
surrounding conditions.
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2. Methodology
2.1. Overview of Heated Window Systems

Heated glazing methods mainly involve inserting either heating film or heating wires
and a conductive film coating. The transparent conductive film, a representative heating
film, is made by depositing silver nanowire (AgNW) on the base film [29]. It is used for
display glass due to its high transmissivity and is generally utilized in fields that operate
with a low input voltage [30]. Conversely, heated glazing based on electrically resistant
nichrome heating wires is mainly used to prevent frost on the rear glass of automobiles. In
this study, we employed heated glazing made by depositing a transparent conductive oxide
film consisting of fluorine tin oxide (FTO), heated through sheet resistance by forming a
heating layer on one side of the glazing and connecting electrodes [31]. The basic structure
of the FTO-coated heated window is shown in Figure 1. Glass with a Low-e coating was
used to minimize heat flow to the outside, and the cavity was filled with gas with low
thermal conductivity, that is, argon. Recently, the related research for quality improvement
of graphene materials is being actively conducted [32], its utilization is expected to be very
high, and the possibility of practical use has been proven through producing a uniform
large-area graphene glass [33]. Graphene is emerging as a core material for the development
of heated windows due to its high utility in electrical applications such as exceptional
conductivity and thermal superiority [34,35].
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Figure 1. Schematic diagram of the heated window employed in this study.

2.2. Method and Process

Figure 2 depicts the flow chart of the analysis process for this study. First, temper-
ature sensors and heat flow meters were installed for each location, and pre-testing was
performed to check the operation of the sensor. Network function providing equipment
and internet router was installed to enable real-time monitoring and data collection. At
the same time as the experiment, the outdoor air temperature and irradiance data were
collected and then used for the analysis of thermal behaviors and heat flow patterns.

2.3. Description of the Heated Window System Applied to a Zero-Energy House

A residential building located in Gwangju-si, Gyeonggi-do, Korea was used as a case
study for the experiments. This building is an all-electric zero-energy detached house with
a floor area of approximately 98 m2. Detailed technical information on this building and
the applied passive and active elements can be found in Lee et al. [36]. The experiments
were performed in winter to analyze the heat flux patterns of the heated windows. The
operation of the heated window was controlled according to the temperature set directly
by the user.
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Figure 2. Flow chart of the study.

The heated glazing analyzed in this study was located in one window in the living
room on the south-facing side of the house and in one window in the utility room on the
north-facing side of the house, as shown in Figure 3. As the experimental environment of the
south-facing window was the living room and kitchen space, it was affected by floor heating,
intermittent cooking, lighting, and heat from human bodies. The utility room on the
northern side of the house was affected by a small amount of heat from the refrigerator but
no floor heating and was used for storage. The heating energy accounted for approximately
41% (3071 kWh/a) of the total annual energy consumption of the target house (7483 kWh/a).
During the experimental period, the average indoor air temperature was maintained at
28 ◦C or higher, which was somewhat higher than the generally recommended indoor
temperature in winter (20 ◦C). Figure 4 shows the experimental setup and a schematic
diagram of the layers in the target windows. The south-facing window area was 4.32 m2

(2.4 m ∗ 1.8 m) and that of the north-facing window was 1.08 m2 (1.2 m ∗ 0.9 m). The
applied heated window combined low-e coated glass with a vacuum window, exhibiting
significant insulation performance with a U-value of 0.532 W/m2·K. To analyze the heat
flow of the heated windows, heat flux meters were installed at the center of the inner and
outer surfaces of the south-facing and north-facing windows.
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Figure 4. Inside and outside views of (a) the south-facing window and (b) the north-facing window;
(c) schematic diagram of the vacuum-heated window.

2.4. Temperature and Heat Flux Measurement

Figure 5 shows the temperature measurement points. The glass’s inner and outer sur-
face temperatures were measured, and each room’s air temperature and relative humidity
were also considered for the measurement. In addition, a temperature sensor was installed
to measure the air temperature at a distance of 5 cm from the indoor glass surface, that is,
the radiation temperature from the surface of the heated window. Thws, the temperature
sensor for controlling the heated window was located at the upper edge of each window.
Table 1 shows the EKO heat flux meter (MF-200) [37] used in the experiments. The heat
flow of this sensor was calculated using Equation (1).

Q = E/K (1)

where Q is the heat flow flux (W/m2), E is the output voltage from the sensor (mV), and K
is the sensitivity of the sensor (mV/W·m−2).
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Table 1. Sensor specifications of the heat flux meter.

Characteristics Low Thermal Resistance (Thin Type) Compact

Operation temperature (◦C) −20 to +120 (sensor); −25 to +60 (cable)
General sensitivity (mV/W·m−2) 0.006

Repeatability (%) ±2
Internal resistance (Ω) 15–30

Thermal resistance (m2·◦C/W) 3.04 × 10−3

Dimensions (mm) 50 × 50 × 0.7

2.5. Measurement Procedure and Outdoor Conditions

The experiments were conducted in winter (January and February). In January, an
experiment was conducted under three temperature conditions to analyze the heat flux
patterns of the heated windows according to the setpoint temperature by selecting repre-
sentative dates for the entire analysis period. Each experimental temperature condition
was maintained for a week. In February, a month-long experiment was conducted at a
fixed setpoint temperature. Table 2 summarizes the experimental conditions. According to
ISO 9869-1 ‘Data acquisition’ [38], the test period was at least 7 days.

Table 2. Experimental conditions employed in this study.

Month Case Tsat (◦C) Measurement Period (days) Rated Power (W)

January
1 30 7

3002 29 7
3 28 7

February 4 27 28 300

Figure 6 is a conceptual diagram of the heat flow from the heated window, where
.

W is
the input power for window heating.

.
Qin is the amount of heat flow measured through the

internal heat flow meter, which is always positive because the heat flow meter is turned
on for 24 h, and the glass surface temperature is always higher than the surrounding
temperature.

.
Qout is the value measured through the external heat flow meter, which is

negative when heat is lost to the outside or positive when heat is gained to the inside under
the influence of high solar irradiation and outdoor air temperature. Therefore, when the
value of

.
Qout was positive, the heated window efficiency was assumed to be 100% because

heat was obtained from both the inner and outer surfaces of the room. When the value
of

.
Qout was negative, heat was lost to the outside and the efficiency (ηgain) was derived

through Equation (2).

ηgain =
Qin

Qin + Qout
× 100% (2)

Dew point temperature analyses were performed to confirm the presence of condensa-
tion during the experiment period and to analyze the change in dew point temperature
according to the operating temperature of the heated windows. The dew point (D.P) of the
heated window was derived through Equation (3) [39], which is a function of the relative
humidity of the room (RH) and the inner surface temperature of the glass (T):

D.P =
243.12×

{
ln
(

RH
100

)
+ 17.62×T

243.12+T

}
17.62−

{
ln
(

RH
100

)
+ 17.62×T

243.12+T

} (3)

Figure 7 shows the test area and detailed information using the Köppen–Geiger climate
map [40]. Köppen climate classification is a very useful and widely used stable data [41].
Climate conditions such as temperature and irradiation were reviewed through the actual
data of the region, as shown in Figure 8.
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Figure 8 shows the outdoor temperature and solar irradiation during the experimental
period. January and February are generally the coldest months of the year in South Korea,
and the coldest days were selected for the experiments because the heated window is
favorable for heating. As a result during the experimental period, the average daily
irradiation and outdoor air temperature were 142.3 Wh/m2 and −3.8 ◦C in January and
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249.8 Wh/m2 and 0.4 ◦C in February, indicating a slightly milder climate in February than
in January.

3. Results and Discussion

First, we discuss the analysis results according to the operating temperature of the
heated window in Section 3.1. For each case, the average heat flow and temperature distri-
bution values during the analysis period were analyzed, where the raw data were measured
every minute; periods that exhibited measurement errors during the measurement period
were excluded from the analysis. Daytime and nighttime were distinguished based on
the irradiation values (irradiation = 0 W/m2: nighttime, irradiation 6= 0 W/m2: daytime).
Table 3 summarizes each case’s daytime, nighttime, and daily average values according to
the setpoint temperature. We then compare the average results from January with those
from February in Section 3.2.

Table 3. Thermal analysis results of the heated windows for each case.

Period Qin [W/m2] Qout[W/m2] Tis [◦C] Tisa [◦C] Tia [◦C] D.P [◦C]

Case 1
south-facing

window

daytime 97.4 −32.9 38.0 29.7 28.6 16.9
nighttime 115.7 −31.9 38.6 29.1 28.2 17.0

all day 107.6 −32.4 38.4 29.3 28.4 16.9
Case 1

north-facing
window

daytime 141.6 −24.4 37.5 24.0 20.1 16.4
nighttime 149.1 −28.8 38.2 24.0 20.0 15.7

all day 145.8 −26.8 37.9 24.0 20.1 16.0
Case 2

south-facing
window

daytime 90.7 −27.0 36.6 28.9 27.1 16.0
nighttime 95.3 −26.4 36.4 28.4 27.1 15.7

all day 93.2 −27.7 36.5 28.6 27.1 15.8
Case 2

north-facing
window

daytime 126.0 −21.2 35.5 23.2 19.7 14.1
nighttime 129.1 −24.1 36.2 23.6 20.1 14.1

all day 127.7 −22.7 35.8 23.4 19.9 14.1
Case 3

south-facing
window

daytime 68.8 −24.5 35.3 29.3 28.7 17.1
nighttime 65.6 −23.2 33.9 28.3 28.5 15.6

all day 67.1 −23.8 34.6 28.8 28.6 16.3
Case 3

north-facing
window

daytime 88.8 −18.0 33.4 24.5 23.3 18.7
nighttime 95.0 −21.0 34.0 24.5 23.1 18.3

all day 92.2 −19.6 33.7 24.5 23.2 18.5
Case 4

south-facing
window

daytime 72.0 −26.1 34.8 28.9 28.2 16.5
nighttime 58.4 −22.0 32.5 27.4 28.2 14.2

all day 65.0 −24.0 33.6 28.1 28.2 15.3
Case 4

north-facing
window

daytime 83.6 −15.6 32.1 23.6 23.0 18.3
nighttime 93.2 −20.3 33.1 23.8 23.0 19.2

all day 88.5 −18.0 32.6 23.7 23.0 18.8

3.1. Effect of the Setpoint Temperature

In case 1, the operating temperature of the heated window (Tsat) was set to the highest
value of 30 ◦C. During the analysis period, the average irradiation was 163.2 W/m2. The
average daily outdoor air temperatures were −10.5 ◦C during the nighttime and −7.0 ◦C
during the daytime; thus, the experiments were conducted under the lowest outdoor air
conditions during the entire analysis period. The Tis value of the south-facing heated
window increased to a maximum of 46 ◦C under the influence of daytime irradiation;
however, similar temperatures (approximately 38 ◦C) were maintained for both the north-
facing and south-facing heated windows during the nighttime, which were approximately
8 ◦C higher than Tsat. The average outer surface temperature of the glass, Tos, for the south-
facing heated window was −3.3 ◦C; therefore, the temperature difference between the
inner and outer surfaces was approximately 41.7 ◦C or more. The indoor air temperature,
Tia, of the living room on the southern side of the house was 28.4 ◦C, and the inner surface
air temperature at a distance of 5 cm from the glass, Tisa, was approximately 1 ◦C higher
(29.3 ◦C). The average daily temperature difference between Tis and Tisa was 9.0 ◦C for the
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south-facing heated window and 13.9 ◦C for the north-facing heated window, indicating
a larger temperature difference on the northern side of the house. For the north-facing
heated window, Tos was −5.7 ◦C and the temperature difference between the inner and
outer surfaces was approximately 43.6 ◦C, which was larger than that for the south-facing
heated window. The average air temperature of the utility room on the northern side
of the house was approximately 4 ◦C less than Tisa. Moreover, the energy input of the
north-facing heated window was approximately 51.2% larger than that of the south-facing
heated window.

In case 2 (Tsat = 29 ◦C), the average irradiation of the analysis period was 141.4 W/m2,
and the average daily nighttime and daytime outdoor air temperatures were −5.9 ◦C and
−2.3 ◦C, respectively, which were approximately 5 ◦C higher than those in the previous
analysis period, despite the lower irradiation. Tis for the south-facing and north-facing
heated windows during the nighttime was approximately 36 ◦C, which was approximately
7 ◦C higher than Tsat. The average Tos for the south-facing heated window was 1.7 ◦C. The
temperature difference between the inner and outer surfaces was approximately 34.8 ◦C,
which was less than that in case 1. The temperature difference between Tia and Tisa was the
same as that in case 1 for the south-facing heated window but was approximately 3.5 ◦C
for the north-facing heated window. The average daily temperature difference between Tis
and Tisa was 7.8 ◦C for the south-facing heated window and 12.4 ◦C for the north-facing
heated window. For the north-facing heated window, the average Tos was −1.1 ◦C and the
inner surface temperature of the glass was 35.8 ◦C, resulting in a temperature difference
of 36.9 ◦C, which was slightly larger than that for the south-facing heated window. The
energy input of the north-facing heated window was approximately 50.0% larger than that
of the south-facing heated window.

In case 3 (Tsat = 28 ◦C), the average irradiation of the analysis period was 176.5 W/m2,
and the average daily nighttime and daytime outdoor air temperatures were −2.2 ◦C and
2.2 ◦C, respectively. Thus, the irradiation and outdoor air temperatures were higher than
those in case 2. The nighttime Tis of the south-facing and north-facing heated windows
was approximately 36 ◦C, which was about 8 ◦C higher than Tsat. Tos was 5.3 ◦C for the
south-facing heated window, which was higher than that in case 2. The average daily
temperature difference between the inner and outer surfaces was approximately 31.6 ◦C,
which was less than that in case 2. The average daily temperature difference between Tis
and Tisa was 5.8 ◦C for the south-facing heated window and 9.2 ◦C for the north-facing
heated window. The energy input of the north-facing heated window was approximately
45.9% larger than that of the south-facing heated window.

Case 4 shows the analysis results from the experiments in February, when the heating
window’s operating temperature was fixed at 27 ◦C. The experiment was performed under
higher average irradiation and outdoor air temperatures than the January experimental
period (cases 1 to 3). Nighttime Tis values for the south-facing and north-facing heated
windows were approximately 33 ◦C, which were about 6 ◦C higher than Tsat. The Tos
value for the south-facing heated window was 6.0 ◦C and the average daily temperature
difference between this value and the inner surface temperature of the glass was 27.7 ◦C,
which was much smaller than the values recorded in January. The temperature difference
between Tia and Tisa was 5.5 ◦C for the south-facing heated window and 8.6 ◦C for the north-
facing heated window. Moreover, the energy input of the north-facing heated window was
approximately 41.6% larger than that of the south-facing heated window.

3.2. Comprehensive Analysis

The above results were then comprehensively analyzed. Figure 9 shows a comparison
of the heat gain ratio and input energy between south-facing and north-facing heated
windows. Only the nighttime results were compared to exclude the influence of irradiation.
As a result, an average heat gain ratio was analyzed 75.2% for the south-facing and 83.8%
for the north-facing. No significant difference was observed in the heat gain ratio between
cases for both south-facing and north-facing heated windows. However, the input energy
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for heating in February (case 4) was reduced by up to 44.6% from case 1 for the south-
facing heated window and by 41.3% for the north-facing heated window. Figure 10 shows
the outdoor air temperature and the temperatures at each measurement point in January
and February. Temperatures were often higher for the north-facing heated window than
for the south-facing heated window; this phenomenon was observed more frequently in
February than in January. This is because the heated glazing system of the south-facing
heated window was mostly turned off during the daytime; thus, the temperature of the
glass naturally rose to the maximum temperature then dropped rapidly at sunset. This
phenomenon was observed as the setpoint temperature of the heated window decreased.
Conversely, the heated glazing system of the north-facing heated window was mostly
turned on during both the daytime and nighttime, allowing the temperature of the glass
surface to be maintained at room temperature.

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 17 
 

 
Figure 9. Comparison of the nighttime heat gain ratio and input energy of heating windows between north-facing and 

south-facing windows and among the four cases. 

 
Figure 10. Temperature variations at each measurement point on the heated windows: a) January (case 1–3); b) February 

(case 4). 

3.3. Heated Window Heat Flux Patterns 
The heat flux patterns of the heated windows were analyzed according to the oper-

ating period. As the influence of irradiation differs depending on the installation orienta-
tion of the window, the heat flux patterns of the north-facing and south-facing heated 
windows were analyzed separately. In addition, as the on-off status was changed contin-
uously according to the temperature, and more detailed pattern analysis was possible 
when the analysis was conducted in minutes rather than in hours, the analysis was con-
ducted using data acquired every minute. As a result, three heat flux patterns were ob-
served during the entire analysis period, which occurred on a daily basis. 

The south-facing and north-facing heated windows exhibited three heat flux patterns 
per day, as shown in Figure 11 and Figure 12. For pattern (a), which was observed between 
00:00 and 07:00 and between 18:00 and 23:00 (irradiance = 0 W/m2), the sensitivity analysis 

Figure 9. Comparison of the nighttime heat gain ratio and input energy of heating windows between
north-facing and south-facing windows and among the four cases.

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 17 
 

 
Figure 9. Comparison of the nighttime heat gain ratio and input energy of heating windows between north-facing and 

south-facing windows and among the four cases. 

 
Figure 10. Temperature variations at each measurement point on the heated windows: a) January (case 1–3); b) February 

(case 4). 

3.3. Heated Window Heat Flux Patterns 
The heat flux patterns of the heated windows were analyzed according to the oper-

ating period. As the influence of irradiation differs depending on the installation orienta-
tion of the window, the heat flux patterns of the north-facing and south-facing heated 
windows were analyzed separately. In addition, as the on-off status was changed contin-
uously according to the temperature, and more detailed pattern analysis was possible 
when the analysis was conducted in minutes rather than in hours, the analysis was con-
ducted using data acquired every minute. As a result, three heat flux patterns were ob-
served during the entire analysis period, which occurred on a daily basis. 

The south-facing and north-facing heated windows exhibited three heat flux patterns 
per day, as shown in Figure 11 and Figure 12. For pattern (a), which was observed between 
00:00 and 07:00 and between 18:00 and 23:00 (irradiance = 0 W/m2), the sensitivity analysis 

Figure 10. Temperature variations at each measurement point on the heated windows: (a) January
(case 1–3); (b) February (case 4).



Sustainability 2022, 14, 481 11 of 16

3.3. Heated Window Heat Flux Patterns

The heat flux patterns of the heated windows were analyzed according to the operating
period. As the influence of irradiation differs depending on the installation orientation of
the window, the heat flux patterns of the north-facing and south-facing heated windows
were analyzed separately. In addition, as the on-off status was changed continuously
according to the temperature, and more detailed pattern analysis was possible when the
analysis was conducted in minutes rather than in hours, the analysis was conducted using
data acquired every minute. As a result, three heat flux patterns were observed during the
entire analysis period, which occurred on a daily basis.

The south-facing and north-facing heated windows exhibited three heat flux patterns
per day, as shown in Figures 11 and 12. For pattern (a), which was observed between
00:00 and 07:00 and between 18:00 and 23:00 (irradiance = 0 W/m2), the sensitivity analysis
results for the outdoor air temperature and heat gain ratio showed that the efficiency of the
heated window decreased as the outdoor air temperature increased. For pattern (b), which
was observed between 08:00 and 10:00, the efficiency of the heated window increased as the
outdoor air temperature increased. There was no significant correlation between outdoor
air temperature and heat flow for pattern (c), which occurred between 11:00 and 17:00,
with the highest average irradiation of approximately 340 W/m2. Figures 13 and 14 show
the analysis results per minute for a representative day; on this day, the three heat flux
patterns were most clearly identified due to the most stable irradiation. From 11:00 to
17:00, the south-facing heated window was not in operation during the daytime due to
high irradiation, and the inner surface temperature of the glass increased to a maximum
of 46 ◦C. At the same time, the temperature of the glass on the northern side increased
to a maximum of 33 ◦C, but the heated window was continuously operated. Large input
energy was required to increase the temperature of the glass lowered by repeated on-off
operation. The peak load in the corresponding period was 356 W/m2, which was higher
than the peak load during the nighttime (331 W/m2). The heated window efficiency when
the window was not in operation, i.e., during the nighttime, tended to increase as both the
inner surface temperature of the glass and the temperature difference with the indoor air
temperature increased. Figure 15 shows the outdoor conditions and heat flux patterns of
the south-facing and north-facing heated windows on the representative day. The same
heat flux patterns were observed during both the January and February analysis periods.
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4. Conclusions

In this study, the heat flux patterns of heated windows were investigated in an occu-
pied house over two months according to the installation location, window orientation,
and operating temperature. Heat flux meters were installed for heat flow analysis, and
temperature sensors were installed at each location for temperature analysis. The heat
gain to the indoor space was expressed as the efficiency of the heated window. The key
outcomes of this study are as follows.

• A comparison of the orientation of the heated window revealed that the south-facing
heated window located in the living room, with high irradiation and many internal
heating elements, required smaller energy input. However, the measured heat gain
ratio was higher for the north-facing heated window in the utility room.

• There was no significant difference in the heat gain ratio according to the operating
temperature for either the south-facing or north-facing heated window. However,
a reduction in the operating temperature by 3 ◦C reduced the input energy by up
to 44.6% for the south-facing heated window and up to 41.3% for the north-facing
heated window.

• The heated windows operated at a much higher temperature than the setpoint tem-
perature due to the position of the temperature sensor for heated window control.
A temperature difference of approximately 7 ◦C or more was observed between the
position of the temperature sensor used to determine the on/off status of the heated
window and the center of the glass where sensors were installed for the experiments
in both January and February. No condensation problem was observed because tem-
peratures were maintained at approximately 20 ◦C higher than the average dew point
of the glass surface for both the south-facing and north-facing heated windows. This
indicates when installing a heated window for the primary purpose of preventing
condensation, it is necessary to derive an appropriate set temperature to prevent
excessive energy consumption.

• Three heat flux patterns of the heated window were observed each day. In pattern (a),
the efficiency increased as the outdoor air temperature decreased. In pattern (b), the
efficiency increased as the outdoor air temperature increased. In pattern (c), which
was observed during the daytime, the heat flow was unstable, and no correlation was
observed with the outdoor air temperature. These daily patterns occurred in both
January and February.

This study confirmed that the heated window operation method must consider the
basic heated window type and the dominant function required from the heated window.
Specifically, it is necessary to consider an appropriate setpoint temperature according to the
purpose of the heated window, such as condensation prevention, heating, or indoor comfort.
In addition, the significant difference observed between the temperature measured by the
temperature sensor for heated window control and the average temperature at the center of
the heated window may lead to excessive energy use; therefore, it is necessary to consider
the position of the temperature sensor for heated window control or employ a setpoint
temperature that takes this temperature difference into account. Finally, we confirmed
that the energy input might vary depending on the operating temperature, even in the
same winter period. This suggests that the setpoint temperature should be specifically
planned according to the installation purpose of the heated window. Therefore, a suitable
operating schedule (e.g., daytime operation, nighttime operation, and monthly, daily, and
hourly operation) should also be considered. Furthermore, various scenarios for setting the
operating temperature should be designed according to the purpose of the heated window,
and continuous research is required to establish optimal strategies, including the ideal
heated window operation method for reducing the energy input according to the setpoint
temperature, and combining the use of heated windows with renewable energy.

These analysis results can confirm various results that could not be found in conven-
tional controlled laboratories. It was discovered that problems that may occur when the
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actual commercialized model is applied (e.g., deviation from the set temperature according
to the position of the operating temperature sensor) were discovered, and it was found
that excessive energy may be input than expected due to this. In addition, it was possible
to confirm various heat flow patterns due to the ever-changing external air conditions.
Based on these results, various variables to be considered for future research on the devel-
opment and commercialization of heated windows were presented, and it was confirmed
that it was necessary to establish a diversified strategy for the optimal operation of the
heated windows.
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Nomenclature

D.P. dew point [◦C]
HW heated window
on heating on
off heating off

.
W input power for window heating [W/m2]
Qin inside surface heat flux [W/m2]
Qout outside surface heat flux [W/m2]
Shw south-facing heated window
Nhw north-facing heated window
Tia indoor air temperature [◦C]
Tis inner surface temperature of glass [◦C]
Tisa inner surface air temperature (at a distance of 5 cm from the glass) [◦C]
Toa outdoor air temperature [◦C]
Tos outer surface temperature of glass [◦C]
Tsat setpoint temperature for heated window control [◦C]
4T temperature difference [◦C]
ηgain efficiency of heated window; heat gain ratio [%]
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