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Abstract: The aim of the present study was to investigate the thermal performance of window
systems using full-scale measurements and simulation tools. A chamber was installed on the balcony
of an apartment to control the temperatures which can create condensation on the interior surfaces of
window systems. The condensation process on the window was carefully scrutinized when outdoor
and indoor temperature and indoor relative humidity ranged from −15 ◦C to −20 ◦C, 23 ◦C to
24 ◦C, and 50% to 65%, respectively. The results of these investigations were analyzed to determine
how the moisture is influenced by changing temperatures. It appears that the glass-edge was highly
susceptible to the temperature variations and the lowest temperature on the glass edge was caused
by the heat transfer through the spacer, between the two glass panels of the window. The results
from the simulation used in this study confirm that the thermal performance of window systems
can be improved the use of super insulated or thermally broken spacers. If the values of the indoor
humidity and temperature are given, then the outdoor temperature when condensation forms can
be obtained by using Temperature Difference Ratio (TDR). This methodology can be employed to
predict the possible occurrence of condensation.
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1. Introduction

Window systems in buildings have an impact on the occupants’ thermal comfort [1]. The energy
flow by solar radiation primarily occurs through windows and the solar heat gain strongly affects the
building heating and cooling demand [2,3]. In addition, window systems have negative effects on the
thermal behaviors in building envelopes because of their poor thermal insulation performance [4].
The insulation performance of window systems is influenced by many factors such as glass type,
the thermal breaker in the frame, the spacer types, etc. [5–9]. As a result, they are susceptible to heat
transitions, which increases the risk of inside surface condensation. This inside surface condensation
problem in window systems causes issues such as view obstruction, damage to the interior finish,
freezing in a colder climate, mold growth risks, etc. [10–14].

In South Korea, apartment buildings account for more than 58% of the total residential buildings
and, in most of the units of these apartment buildings, the living room area has been expanded to
include the balcony space. This causes thermal discomfort and a demand for heating and cooling
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energy. Window condensation problems have also often been reported in apartment buildings in the
winter [15–18].

Heat and moisture transfers in the building envelopes are complex issues. Many studies
have conducted investigations using software and experiments in order to understand the thermal
performance of building envelopes. Bellia and Minichiello [14] investigated the thermal and moisture
performance of building exterior walls using a software tool. They found that condensation in
building components such as fibrous materials is influenced by the outdoor climatic conditions
and indoor moisture production. In addition, Ge et al. [19] investigated thermal performance in
the building envelope using simulation tools such as THERM and eQUEST. Koci et al. [20] also
conducted a computational analysis to investigate the thermal insulation for building envelopes under
various climatic conditions of Europe. In another study [21], experimental studies were carried out
on heat, air, and moisture transfer through a full scale building envelope wall under atmospheric
conditions. Harrestrup and Svendsen [22] conducted full-scale post-renovation measurements of
a heritage building, focusing on energy savings and moisture reduction. The obtained data were also
validated with numerical simulations. These studies revealed that factors such as ambient air condition
and building envelope systems affect the thermal and moisture behavior and cause heat and moisture
transfer through building envelope systems. The negative effects such as condensation were caused
by this heat and moisture transfer, which worsens the indoor environmental qualities in buildings.
With regard to this condensation issue, these above studies have attempted to reduce the moisture
formation in buildings using superinsulation, extreme air tightness, high performance windows, etc.

Some studies have investigated surface condensation problems in window systems. Glaser and
Ulrich [23] identified the key parameters influencing the condensation on the outdoor surface of
window glazing in buildings. They concluded that weather resistant low-e coatings can prevent
frost and dew occurrence on the outdoor surface of glazing. Experiments were conducted by Werner
and Roos with glass samples of three different thermal emissivity values in order to recognize the
condensation patterns on the different thermal emissivities [24]. In the experiments, they found
that the surface coating can strongly influence the formation of water condensation on the glass
surface. Moreover, a double window system with improved thermal performance and ventilation
slits was investigated in order to overcome the window surface condensation problems in apartment
buildings [15]. It was demonstrated that the double window system can reduce the frequency of
condensation occurrence. Another study by Ge et al. [19] investigated the impact of thermal bridges in
residential buildings, which increases the risk of condensation and mold growth.

The aim of this current paper is to investigate the thermal performance of window systems using
full-scale measurements and building simulation tools. The building simulations such as THERM and
WINDOW were used to determine the temperature distributions on the window system and full-scale
field measurements were conducted in order to observe the dew occurrence in an apartment building.
In the balcony of the apartment, a chamber was installed to control the temperatures which can create
condensation on the interior surfaces of window systems. This paper describes the experimental
results, focusing on surface temperature distributions for interior window systems. The results of these
investigations were analyzed to determine how the moisture is influenced by changing temperatures.

2. Field Measurements

2.1. The Study Building

Full scale measurements of thermal performance were taken at an apartment building in South
Korea. The apartment building is a seven-story reinforced concrete building, constructed in 2013.
The building has a rectangular floor plan and its area is 180 m2, with a 3 m floor height. The apartments
comprise three bedrooms, two living rooms, a kitchen, and two bathrooms. A plan of the apartment
building used for the measurements is shown in Figure 1. The thermal performance measurements
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were taken over five days from 1 to 5 November. During this period, the outdoor temperature and
relative humidity ranged from 7 ◦C to −20 ◦C and 27% to 70%, respectively.

The Ministry of Land Infrastructure and Transport of South Korea has set a design standard to
prevent condensation on window systems. According to the standard, the condition of the outdoor
temperature must be −20 ◦C, and the indoor relative humidity should be 50%. Generally, the humidity
levels in residential buildings vary according to the activities of the occupants. Although the humidity
level may be set to 50% in order to prevent condensation, the housing can have higher humidity levels.
The indoor humidity levels ranged from 50% to 65% and thus, the occurrence of condensation was
observed during the experiment in this study.
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Figure 1. Plan of the apartment building and the location of the external chamber.

2.2. Window System

The window system used for this study was positioned in the main living room (Figure 1).
This window system has four windows and each window is rectangular in shape, with dimensions of
2.4 m height × 0.9 m width as shown in Figure 2. The interior frame of the window system is wood
and the exterior frame is aluminum. The glass panels consist of a double glazing system with 13 mm
Argon between the glass panels, where the external glazing is 6 mm low-e coated glass and the internal
glazing is 6 mm clear glass. Between the glass panels, a thin-walled stainless-steel spacer was used to
tightly seal the argon gas. Thermal properties and other relative parameters are presented in Table 1.
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Figure 2. An elevation and section of the window system.

Table 1. Thermal properties of the window system and other relevant parameters.

The Window System Values

U-factor of the window (W/m2·K) 1.90
Area of glazing (m2) 7.28
Area of frame (m2) 1.36

U-factor of the double glazing with low-e coating (W/m2·K) 1.56
Solar heat gain coefficient (SHGC) 0.65

Shading coefficient (SC) 0.75
Visible light transmission (VLT) (%) 77.6

2.3. Measurement Setup

2.3.1. External Chamber

In the study, particular attention was paid to the control of the environment of the window system
by varying the temperature from −15 ◦C to −20 ◦C in an external chamber system. To this aim,
an external chamber was installed in the balcony space (Figure 3). The chamber, with dimensions of
1 m width, 3.8 m length, and 3.0 m height was tightly lined with 12.5 mm gypsum board and a 65 mm
layer of insulation. In the chamber, the temperature in the balcony space was controlled using liquid
nitrogen. Liquid nitrogen was set to be released in order to decrease the temperature by 10 ◦C every
hour. By using liquid nitrogen, the temperature was determined so that condensation on the inside
surface of the window system would occur in a steady state condition. During the measurement
period, three 200 L cylinders of liquid nitrogen were used and each lasted approximately 4 h. A small
fan was installed to mix the nitrogen gas with the air in the chamber.

2.3.2. The Location of Sensors

As shown in Figure 3, two hygro-thermometers were located in the living room and the chamber
to measure the air temperature and humidity. For the window system, 14 thermocouples were used
and each of the seven sensors was located in the same position of the exterior and interior surfaces of
the window system (Figure 4). On each surface of the glass, five sensors (sensors 1 to 5) were mounted
on the glass and two sensors (sensors 6 and 7) were located on the glass bead and frame, respectively.
These measurements were taken every 5 min.
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Figure 4. Location of thermocouples on the window system.

2.4. Other Measurement Conditions

As can be seen in the Table 2, three small humidifiers were located to control the indoor relative
humidity by 50%–65% and the indoor temperature was maintained at 23 ◦C to 24 ◦C during the
measurement period in the living room and kitchen. In the chamber, the temperature was decreased to
−8 ◦C on the second day of the measurement and was decreased to −15 ◦C, −18 ◦C, and −20 ◦C on
the third day. On the fourth day, the temperature of −18 ◦C to −20 ◦C was maintained and the indoor
humidity was increased to observe the condensation on the interior surface of the window system.
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Table 2. Measurement conditions.

Condition First Day Second Day Third Day Fourth Day

Indoor 22 ◦C
30%

23 ◦C–24 ◦C
50%–60%

23 ◦C–24 ◦C
55%–60%

23 ◦C–24 ◦C
60%–65%

Chamber (Outdoor) 15 ◦C −8 ◦C −15 ◦C, −18 ◦C, −20 ◦C −18 ◦C to −20 ◦C

2.5. Simulation for the Thermal Performance of Window Systems

Before the field measurements were taken, the surface temperatures of the window systems were
obtained from WINDOW and THERM, according to the changing outdoor temperatures. THERM is
an analysis tool for measuring the two-dimensional (2D) heat transfer effects in building components
under steady-state and WINDOW is used for calculating window thermal performance [4,19,25].
Both tools were developed at the Lawrence Berkeley National Laboratory. In this study, the frame was
represented in THERM by adding glazing layers created by WINDOW simulation. The interior and
exterior boundary conditions are specified in Table 3.

Table 3. Boundary conditions for THERM.

Part Conditions

Indoor Temperature 23.5 ◦C
Inside Film Coefficient 3.0 W/m2·K
Outdoor Temperature −15 ◦C, −18 ◦C, −20 ◦C

Outside Film Coefficient 24.0 W/m2·K
Glass cutting plane Adiabatic

Spacer Stainless steel

3. Results and Discussion

3.1. Measured Temperature and Relative Humidity

The measured time responses of temperature and humidity in the living room of the full-scale
apartment building are presented in Figure 5. In addition, the temperatures of the chamber in the
balcony were plotted.
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Note that the initial levels of humidity and temperature in the living room were 6.2 gw/kgda and
22 ◦C, respectively, and the temperature in the chamber was 15 ◦C on the first day of measurement.
On the second day, the temperature in the living room was maintained at 23.5 ◦C and the humidity level
was increased using small humidifiers and was maintained within the range from 6.2 to 12.6 gw/kgda.
For the chamber, the temperature was decreased gradually and reached −9 ◦C by releasing liquid
nitrogen on the second day. On the third day, the condensation on the interior surface was observed,
which decreased the temperature in the chamber from −9 ◦C to−20 ◦C from 16 h to 21 h. Moreover,
increasing the humidity level in the living room, the occurrence of condensation on the interior glass
was monitored from 23 h to 24 h in the fourth day of measurement.

3.2. Occurrence of Condensation under the Various Temperature Conditions in the Chamber

As can be seen in Figure 6, the temperature in the chamber was decreased gradually from −5 ◦C at
14 h to −9 ◦C at 16 h and it reached −15 ◦C at approximately 17 h. In the living room, the temperature
was set at 23.5 ◦C but it was decreased to 1 ◦C as the temperature in the chamber was decreased.
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Figure 6. Indoor surface temperature under various outdoor temperature conditions in the chamber
on the third day of measurement.

Table 4 shows the interior surface temperature on the glass according to the variation of the
temperature in the chamber. It can be seen that the temperature on the glass-edge was the lowest
among the three surface temperatures on the interior surface of the window, when the temperature in
the chamber was approximately −20 ◦C. The temperature on the glass was 2 ◦C to 3 ◦C higher than
that on the frame and 4 ◦C to 5 ◦C higher than that on the glass-edge.

Table 4. Temperature on the interior surface of the window system with varying temperatures in
the chamber.

Outdoor Temp. (◦C) −15 −18 −20

Glass-edge (◦C) 14.4–15.6 13.5–14.1 12.5–13.5
Glass (◦C) 18.8–19.1 17.9–18.3 17.2–17.8
Frame (◦C) 16.6–17.6 14.8–15.8 14.4–14.6
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The occurrence of condensation on the interior surface of the glass was observed at −15 ◦C,
−18 ◦C, and −20 ◦C and each temperature was maintained for at least an hour. Figure 7 presents
the pictures taken during the experiment of the occurrence of condensation on the interior surface of
the window through the effect of the temperature variations in the chamber. As shown in Figure 7a,
the moisture started to condense when the temperatures of the glass edge and living room were 14.6 ◦C
and 23.2 ◦C, respectively, and the humidity of the living room was 57%.
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Figure 7. Occurrence of condensation on the glazing under various outdoor temperatures. (a) Chamber
−15 ◦C, Indoor 23.2 ◦C/57%, Glass edge 14.6 ◦C (17:45 on the third day); (b) Chamber −15.6 ◦C, Indoor
23.2 ◦C/57%, Glass edge 13.2 ◦C (18:15 on the third day); (c) Chamber −17.1 ◦C, Indoor 22.6 ◦C/55%,
Glass edge 12.8 ◦C (19:30 on the third day); (d) Chamber −19.1 ◦C, Indoor 22.5 ◦C/57%, Glass edge
12.6 ◦C (19:45 on the third day); (e) Chamber −19.9 ◦C, Indoor 22.6 ◦C/57%, Glass edge 11.8 ◦C
(20:00 on the third day); (f) Chamber −20.5 ◦C, Indoor 22.8 ◦C/57%, Glass edge 11.7 ◦C (20:15 on the
third day).
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From the glass edge, a thin moisture film was formed and the length of the film is approximately
15 mm. As the temperature of the chamber was decreased from −15 ◦C to −15.6 ◦C, the moisture
turned into water droplets from 18 h. In addition, Figure 7c,d clearly show water drops on the interior
glass surface when the temperature of the chamber was maintained at −18 ◦C from 19 h to 20 h, while
the temperature and humidity in the living room remained in the range of 22.5 ◦C to 22.6 ◦C and 55%
to 57%, respectively. When the temperature of the chamber decreased to −20 ◦C, water droplets of
approximately 10 mm in length were clearly observed on the interior glass surface and the length of
the thin moisture film increased to 40 mm (Figure 7e,f).

3.3. Occurrence of Condensation with the Increased Indoor Humidity

From 21 h to 24 h on the last day of measurement (Figure 8), the temperature in the living room
was maintained to within the range of from 23 ◦C to 23.5 ◦C with the increase of humidity from 61% to
63%. In addition, the temperature ranges on the glass, the glass-edge, and the frame were 18 ◦C to
19 ◦C, 12.5 ◦C to 13.5 ◦C, and 14.6 ◦C to 16.6 ◦C, respectively, while the temperature in the chamber
was maintained to below −18 ◦C. The occurrence of condensation on the interior glass surface was
observed when the temperature of −18 ◦C was maintained in the chamber for 2 h from 22 h.
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Figure 8. Temperature distribution on the glazing with the increased indoor humidity.

Figure 9 shows the occurrences of condensation on the interior glass surface every 15 min from
23 h. As can be seen in Figure 9a, a thin moisture film on the interior glass surface was also created
when the temperature of the chamber was −17.7 ◦C and the temperature and humidity in the living
room were 23.4 ◦C and 61%, respectively. The length of the thin moisture film from the glass-edge
was approximately 40 mm. As the temperature in the chamber falls to −18 ◦C, the length of the thin
moisture film from the glass-edge increased to 50 mm (Figure 9c). The water droplets begin to form on
the interior surface at approximately 24 h, as shown in Figure 9e.
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Figure 9. Occurrence of condensation on the glazing with the increased indoor humidity from 23 h
to 24 h on the fourth day of measurement. (a) Chamber −17.7 ◦C, Indoor 23.4 ◦C/61%, Glass edge
13.4 ◦C (23:00 on the fourth day). Length of thin moisture film: 40 mm; (b) Chamber −18.7 ◦C, Indoor
23.3 ◦C/62%, Glass edge 12.8 ◦C (23:15 on the fourth day). Length of thin moisture film: 45 mm;
(c) Chamber −17.9 ◦C, Indoor 23.2 ◦C/62%, Glass edge 12.5 ◦C (23:30 on the fourth day). Length of
thin moisture film: 50 mm; (d) Chamber −20.6 ◦C, Indoor 23.2 ◦C/62%, Glass edge 12.2 ◦C (23:45 on
the fourth day). Length of thin moisture film: 50 mm; (e) Chamber −19.1 ◦C, Indoor 23.3 ◦C/63%,
Glass edge 12.2 ◦C (24:00 on the fourth day). Length of thin moisture film: 60 mm, water droplets:
5 mm; (f) Chamber −17.8 ◦C, Indoor 23.4 ◦C/63%, Glass edge 12.2 ◦C (24:15 on the fourth day). Length
of thin moisture film: 70 mm, water droplets: 5 mm.



Energies 2016, 9, 979 11 of 16

3.4. Estimation of the Occurrence of Condensation through TDR Analysis

The Temperature Difference Ratio (TDR), a ratio of the temperature difference between the indoor
and indoor surfaces to the temperature difference between the indoor and outdoor, is a dimensionless
number and the value of TDR is obtained from 0 to 1. Note that the thermal resistance of the glazing
is increased, where the value of TDR is close to 0. On the other hand, the thermal resistance can be
decreased, where the TDR reaches 1. TDR can be calculated using the following Equation (1):

TDR =
Ti − Tis
Ti − To

(1)

where TDR = temperature difference ratio; Ti = indoor temperature (◦C); To = outdoor temperature
(◦C); Tis = indoor surface temperature (◦C).

In this study, the values of TDR were obtained using the measurement temperature data on
the glass, glass-edge, and frame as shown in Figure 10 during the third day of measurement. Thus,
the average values of TDR on the glass, glass-edge, and the frame were 0.11, 0.21, and 0.16 for various
temperatures in the chamber.
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Figure 11 shows the indoor surface temperature and the outdoor temperature through the average
values of TDR for the three locations, whereby condensation occurs when the indoor humidity and
temperature change. Note that the dew-point temperature was 15.3 ◦C, where the indoor temperature
and humidity were 23.5 ◦C and 60%, respectively. In the case 1, the temperature on the glass-edge was
below 15.3 ◦C and the condensation on the glass-edge occurs when the temperature in the chamber
was below −14.5 ◦C. In addition to the case 2, the condensation occurs where the indoor surface
temperature drops below 18◦C with indoor temperature of 25 ◦C and relative humidity of 60%. In this
case, the condensation occurs on the frame and the glass-edge if outdoor temperature falls below
−10 ◦C and −5 ◦C, respectively, while this temperature condition cannot create the condensation
on the glass. Therefore, the results achieved from the TDR calculations showed the interactions
between indoor and outdoor thermal conditions and can predict the occurrence of condensation on
a window system.
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3.5. Simulation Results with the Window System and Various Spacers

Figure 12 presents the temperature distributions on the interior surface of the window systems
with various outdoor temperatures of −15 ◦C, −18 ◦C, and −20 ◦C. At the interior glass surface,
the temperatures on the glass, glass edge, and frame were observed. The interior temperatures on the
glass were measured as 15.3 ◦C, 14.6 ◦C, and 14.2 ◦C when the outdoor temperatures were −15 ◦C,
−18 ◦C, and −20 ◦C, respectively. The temperatures at the frame were 16.8 ◦C, 16.3 ◦C, and 16.0 ◦C
when the outdoor temperatures were −15 ◦C, −18 ◦C, and −20 ◦C, respectively. At the glass edge,
the lowest temperatures were observed among these three locations. With the outdoor temperature of
−20 ◦C, the interior temperature on the edge reached 8.2 ◦C. The other two cases were 10 ◦C and 8.9 ◦C
with the outdoor temperatures of −15 ◦C and −18 ◦C, respectively. The comparisons of measured and
simulated data are presented in Table 5.
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Table 5. Comparison between measured and simulated data.

Outdoor Temp. (◦C) −15 −18 −20

Measured Simulated Measured Simulated Measured Simulated

Glass-edge (◦C) 14.4–15.6 10.0 13.5–14.1 8.9 12.5–13.5 8.2
Glass (◦C) 18.8–19.1 15.3 17.9–18.3 14.6 17.2–17.8 14.2
Frame (◦C) 16.6–17.6 16.8 14.8–15.8 16.3 14.4–14.6 16.0

According to Table 5, it showed the large temperature difference on the glass-edge between the
full-scale measurements and the simulation since it was difficult to maintain the target temperature
constantly in the chamber. In addition, this temperature difference was led by the data created from
the steady-state simulation conditions and the relatively short period of measurements. While heat
was easily transferred through the aluminum frame, the double glazing filled with argon gas delayed
heat transfer. In addition, it is clear that the temperature on the glass-edge was the lowest among
three locations, where the condensation can be first occurred based on the results of the full-scale
measurements and the simulation. A thin moisture film was first created on the glass-edge and it
began to form water droplets as the temperature in the chamber was decreased. It can be seen that the
glass-edge was highly susceptible to the temperature variations and the lowest temperature on the
glass edge was caused by the heat transfer through the spacer, between the two glass panels of the
window [26,27].

A previous study was performed for the evaluation of surface condensation with various
spacers [4], in which the thermal performances of two insulation spacers were compared with
conventional aluminum spacers. The results showed that these insulation spacers were able to
prevent inside surface condensation. In the current study, the thermal performances of a conventional
aluminum spacer, a thermally broken aluminum spacer, and a thick-walled plastic spacer were
compared with that of a stainless-steel spacer by using THERM. The thermal conductivity of the
spacers is specified in Table 6.

Table 6. Thermal property of spacers.

Spacer Value (W/m·K)

Steel-Stainless 17
Aluminum 160

Thermally broken 0.20
Thick-walled plastic 0.16

Figure 13 shows the simulation results of the three spacers under the indoor and outdoor
temperature of 23.5 ◦C and −15 ◦C and the boundary conditions were shown in Tables 3 and 6.
For the result of the aluminum spacer in Figure 13, the temperature on the glass-edge, the glass,
and the frame were 9.1 ◦C, 15.2 ◦C and 16.4 ◦C, respectively. It can be seen that the low temperature
on the outside had an influence on the indoor glass-edge and the frame through the aluminum spacer.
In the case of the thermally broken aluminum spacer, the temperature on the glass-edge was 3.4 ◦C
greater than that for the aluminum spacer. The temperature on the glass-edge and the frame of the
thermally broken aluminum spacer were 12.5 ◦C and 18.2 ◦C, respectively. Moreover, the temperature
distribution of the thick-walled plastic spacer showed little difference with the thermally broken
aluminum spacer. The temperature on the glass-edge and the frame of the thick-walled plastic spacer
were 12.6 ◦C and 18.3 ◦C, respectively.
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4. Conclusions

In this paper, the occurrence of condensation on a window system was observed during field
measurements in an apartment building. In order to create the condensation, the thermal performance
of the window system was fully controlled in a chamber installed in the balcony of the residential
building, while other studies have conducted measurements in the chamber in experimental facility or
in buildings under their climatic conditions. By varying the temperatures between −15 ◦C, −18 ◦C
and −20 ◦C in the chamber, the occurrence of condensation was observed. A thin moisture film on the
glass-edge was formed and turned into water droplets as the temperature in the chamber decreased.
When the temperature in the chamber was −15 ◦C, −18 ◦C and −20 ◦C, the temperature on the
glass-edge was 14 ◦C, 12.7 ◦C and 11.7 ◦C, respectively. From the analysis of the measurements, it can
be seen that the glass-edge is the most susceptible to heat transfer among the other locations including
glass and frame. Moreover, this paper also reveals the conditions for the occurrence of condensation in
the window system through the TDR analysis under various indoor temperatures, humidity levels,
and outdoor temperature conditions. This methodology can be employed to predict the possible
occurrence of condensation when the information about outdoor temperature, indoor temperature,
and humidity is given. Furthermore, various spacers under the same conditions were investigated
using THERM simulation to improve the thermal performance on the window systems. In order to
avoid the occurrence of condensation, it is worth investigating and developing super insulated or
thermally broken spacers for the control of condensation.
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