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Despite significant advancements in building technologies, a critical gap exists in understanding how
Solar Heat Gain and the Cooling Effect of Ventilation (CEV) interact in high-rise residential buildings.
These two factors, which are crucial for achieving thermal comfort, operate in opposing directions:
Solar Heat Gain leads to heat retention and an increase in indoor temperature, while CEV promotes
cooling and reduces indoor temperature. This contradiction creates a complex thermal dynamic

that is not well-understood, particularly in the context of high-rise bedrooms with varying window
configurations. This study addresses this gap by investigating the seasonal interplay between Window
Opening Area (WOA), Solar Heat Gain, and CEV, explicitly focusing on their seasonal variability and
the impact of different glazing configurations (double- and triple-glazed windows). This research is
conducted in Dongguan, China, and employs field measurements from seven high-rise bedrooms in
winter and summer. The study uses advanced instruments such as pyranometers and anemometers to
capture precise data on solar radiation, indoor temperature, and airflow, enabling a detailed analysis of
the thermal effects of WOA and glazing configurations. The results reveal distinct seasonal behaviours
of Solar Heat Gain and CEV. Solar Heat Gain dominates in winter, with heat retention critical for
indoor comfort. Smaller WOAs enhance net heat gain, especially in triple-glazed configurations,
where Solar Heat Gain values for a 0.32 m? WOA reached 281-387 W, yielding a positive Net Thermal
Effect of up to + 204 W. Conversely, larger WOAs during winter facilitated minimal cooling through
ventilation, reducing Net thermal effect and compromising warmth. In summer, the emphasis shifts to
ventilation cooling, with CEV becoming the primary driver of thermal comfort. For a fully open WOA
(1.3 m?), double-glazed rooms demonstrated significant cooling, with CEV values reaching 1327 W,
resulting in negative Net thermal effect values of - 41 to - 60 W. Triple glazing, while reducing Solar
Heat Gain to 1001 W offered less effective natural cooling, with CEV peaking at 1179 W. Regression
analysis underscores the strong positive correlation between WOA, Solar Heat Gain, and CEV, with
double-glazed systems exhibiting higher sensitivity to WOA changes. The Net thermal effect analysis
highlights the necessity of adjusting WOAs seasonally—smaller openings in winter maximise heat
retention, while larger openings in summer optimise ventilation cooling. This study bridges critical
knowledge gaps in thermal comfort optimisation for high-rise residential buildings, emphasising the
dynamic balance required between glazing types and seasonal WOA adjustments. The findings provide
actionable insights for architects and engineers, supporting adaptive design strategies that balance
solar heat gain and ventilation cooling, aligning with sustainability goals and energy-efficient urban
living.

Keywords Thermal performance, Window opening area (WOA), Solar heat gain, Cooling effect of
ventilation (CEV), Double glazing, Triple glazing, Net thermal effect, Seasonal thermal dynamics

The concept of thermal comfort in high-rise residential environments is increasingly critical in addressing
the challenges of modern urbanization'>. With the proliferation of high-density living spaces®®, particularly
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in rapidly urbanising regions such as South China, ensuring adequate thermal performance in buildings has
emerged as a pivotal concern®. Urbanization in subtropical regions has significantly accelerated over the past
few decades, leading to rapid increases in high-rise residential developments®. This trend has brought thermal
comfort to the forefront of architectural and engineering challenges’~*. Thermal comfort, as defined by Standard
55, refers to “the condition of mind that expresses satisfaction with the thermal environment'%-!2” It is essential
in ensuring the well-being and productivity of occupants'*!4, particularly in high-density living spaces, where
the interplay of heat gain, ventilation, and energy efficiency becomes increasingly complex!.

Dongguan, a city in South China characterized by its hot and humid subtropical climate'®!/, serves as an
ideal setting to examine these challenges. The region experiences prolonged periods of high temperatures and
intense solar radiation, which exacerbate heat gain in buildings'®. The built environment in Dongguan, much like
other rapidly urbanizing cities, has seen a proliferation of high-rise residential buildings!°. In these buildings,
fenestration systems—specifically windows—play a pivotal role in determining the thermal performance of
indoor spaces'>!”. Window configurations, including glazing types and opening areas, significantly influence
both Solar Heat Gain®* and the cooling effect of ventilation (CEV)!*2!, critical parameters for maintaining
thermal comfort in subtropical climates.

The importance of window design in high-rise residential buildings cannot be overstated”?. Glazing systems
are the primary interface between indoor and outdoor environments, mediating solar radiation, heat transfer,
and natural ventilation??4, Recent advancements in glazing technologies, such as double and triple glazing”?°,
have shown promise in enhancing thermal insulation and reducing energy consumption!®?>. Double glazing,
commonly used in subtropical regions, provides moderate insulation while allowing sufficient natural light*.
Although more commonly utilized in colder climates, triple glazing has garnered attention for its superior
insulation properties'®. However, the application of triple glazing in subtropical climates remains controversial
due to concerns about cost, the risk of indoor overheating, and reduced daylight transmittance!>?.

Previous studies have extensively explored the thermal performance of glazing systems under controlled
conditions?”?. The ability of double and triple glazing to reduce U-values, which represent the rate of heat
transfer through a material?»*. Lower U-values indicate better insulation, leading to reduced energy loads for
cooling and heating®. Studies have also highlighted the significance of the solar heat gain coefficient (SHGC),
a measure of the fraction of solar radiation admitted through a window?!?>. While these parameters are well-
understood, their dynamic interaction with window opening area (WOA) in real-world scenarios, particularly
in subtropical high-rise buildings, has not been adequately addressed.

Despite significant advancements in building technologies and increasing attention to sustainable building
design, key gaps remain in understanding the complex thermal dynamics within high-rise residential buildings,
particularly regarding the interplay between Solar Heat Gain® and CEV?. These factors are essential for achieving
thermal comfort and function in opposing directions, with solar radiation contributing to heat retention and
elevated indoor temperatures®®, while CEV facilitates cooling and temperature reduction?'. The interaction
between these forces is not sufficiently explored, especially in high-rise bedroom environments, where window
configurations and glazing types (such as double- and triple-glazed windows) introduce additional complexities.
Most existing studies have not adequately accounted for how varying WOA influences this dynamic across
different seasons, limiting our ability to optimize thermal comfort and energy efficiency. Furthermore, the
seasonal variability in Solar Heat Gain and CEV, and their dependence on both glazing configurations and WOA,
is under-researched, particularly when it comes to understanding the trade-off between achieving warmth in
colder months and cooling in the summer. While seasonal studies provide partial insights, few investigations
have quantitatively assessed how these parameters interact across a full seasonal spectrum, especially in regions
with diverse climatic conditions. This gap in the literature leaves a significant challenge for designing effective
window systems and HVAC strategies tailored to the thermal comfort needs of high-rise residents in various
climates. This study aims to fill this void by exploring the seasonal interaction between WOA, Solar Heat Gain,
and CEV, emphasizing the need for a nuanced approach to glazing configurations and ventilation strategies that
can simultaneously address energy demands and occupant comfort.

Moreover, the interaction between glazing type, WOA, and environmental factors is further complicated
by user behaviour. Occupants™ preferences for natural ventilation, shading, and air conditioning significantly
influence the overall energy performance and thermal comfort of buildings®**!. While adaptive thermal comfort
models have been developed to account for these factors®>-4, their application in high-rise residential settings
remains limited. Most existing studies focus on office buildings or low-rise dwellings**?°, leaving a significant
research gap in understanding the unique challenges posed by high-rise residential environments.

The Yunyuetai residential project in Dongguan was selected as the case study site for this investigation. The
project comprises multiple high-rise buildings equipped with double- and triple-glazed windows, providing an
ideal setting for comparative analysis. Field measurements were conducted during distinct seasonal periods to
capture the variability in thermal performance across different climatic conditions. Key parameters measured
included solar radiation, indoor and outdoor temperatures, relative humidity, and ventilation rates. Advanced
monitoring equipment, such as pyranometers and temperature-humidity loggers, was deployed to ensure the
accuracy and reliability of data collection.

Based on the gaps identified previously and the project selected, here are three research questions that the
study aims to address:

16,17

1. How do different WOA influence the seasonal interaction between Solar Heat Gain and CEV in high-rise
residential bedrooms?

2. How can the seasonal variability of Solar Heat Gain and CEV affect the Net Thermal Effect in high-rise bed-
rooms, and how can this variability be managed to optimize thermal comfort across winter and summer?
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3. How can WOA and glazing configuration be optimized to balance energy efficiency and thermal comfort in
high-rise residential buildings?

The findings of this study are expected to contribute to the growing body of knowledge on adaptive thermal
comfort in high-rise residential buildings. Specifically, the research attempts to provide actionable insights
into optimising window design for subtropical climates, balancing the dual objectives of energy efficiency and
occupant comfort. By addressing the interplay of glazing type, WOA, and seasonal variability, this study seeks
to inform the development of more sustainable and resilient building practices in rapidly urbanizing regions.

This investigation represents a critical step toward bridging the knowledge gap in fenestration performance
for subtropical high-rise residential buildings. By combining empirical field data with advanced analytical
techniques, the study advances the understanding of thermal comfort dynamics and offers practical
recommendations for improving building design in similar climatic contexts.

Method

Statement: This study confirms that all methods were carried out per relevant guidelines and regulations. Beibu
Gulf University’s institutional and licensing committee approved all experimental protocols. Informed consent
was obtained from all subjects and legal guardian(s).

This study’s methodological framework involved meticulously controlled field measurements across seven
bedrooms in the Yunyuetai project. These rooms, equipped with varying glazing configurations, provided a
robust basis for analysing WOA's influence on Solar Heat Gain and CEV across winter and summer conditions.
By employing advanced instruments such as pyranometers and temperature sensors, the research ensured high
accuracy in capturing the thermal interactions associated with different WOA settings. Regression analysis and
heatmaps were utilised to elucidate the relationships between variables, offering quantitative insights into their
implications for thermal performance.

Location and climatic conditions

This case study is in Humen Town, Dongguan, China (Fig. 1). The base is located in the subtropical region of
South China, experiencing a hot and humid climate throughout the year. The average temperature ranges from
14.8 to 29 °C, with daily highs reaching 35 °C during summer!. The relative humidity is generally high, averaging
between 71 and 82% from January to April. The city receives ample solar radiation, contributing to significant
heat gain in urban areas®®. During the summer, high temperatures and humidity create uncomfortable living
conditions, necessitating the examination of building materials and designs to enhance thermal comfort, mainly
focusing on glazing systems that impact indoor thermal environments***%7.

Buildings and respondents

The Yunyuetai residential project was selected for this study, specifically referring to the two buildings highlighted
within the red rectangular frame in Fig. 2. It is situated in Humen town, Dongguan, and this residential complex
consists of two distinct blocks: the northern and southern plots. The selection of residential high-rise buildings
equipped with two or three layers of glass meets China’s national definition of high-rise structures, with heights
ranging from 27 to 100 m and 7 to 30 storeys. The buildings had been fully constructed and operational for
over one year, ensuring stable thermal performance and eliminating the influence of recent construction
activities. Additionally, due to the complex’s proximity to the highway and the broader downturn in China’s real
estate market>**%3, 82% of units on this floor have remained unsold, making them ideal for occupancy-free
monitoring.

Although the use of triple glazing may seem unconventional for a region with hot and humid summers®*?’,
it is important to clarify the specific context of the study location, situated adjacent to the highly trafficked
Guangzhou-Shenzhen Expressway, as shown on the left side of Fig. 2. This area experiences significant vehicular
noise, particularly from heavy traffic. For example, noise levels measured in the bedroom on the 10th floor of a
residential building facing the highway average around 75-80 dB during peak traffic hours, which is well above
the recommended levels for a comfortable living environment (approximately 35-40 dB for bedrooms).

In response, the developer installed triple-glazed windows on the bedroom walls facing the highway to provide
enhanced sound insulation and improve the marketability of the residential units. Compared to single-glazed
or double-glazed windows, triple-glazing significantly reduces external noise transmission*’. Noise reduction
measurements show that triple-glazed windows can reduce noise by approximately 40-45 dB, whereas double-
glazing typically reduces it by about 30-35 dB*!*2. This difference is significant in high-frequency sounds, such
as traffic noise, which triple-glazing blocks more effectively.

Therefore, the decision to incorporate triple glazing was driven by the need for thermal insulation and the
desire to mitigate the disruptive effects of noise pollution. This addition helps create a more peaceful living
environment for residents, making the units more attractive to potential buyers, especially those sensitive to
noise.

This strategic use of multilayer glazing aligns with the developer’s aim to offer high-quality residential units
in an otherwise challenging acoustic environment. It also plays a crucial role in enhancing the competitiveness
of properties near the expressway by providing residents with a quieter, more comfortable living experience.

The selected apartments for testing on the north and south sides are consistently sized at 95 square meters
and have the same master bedroom plan. Figures 3, 4 and 5 illustrate the site plan, where the red-highlighted area
represents a specific building, and the right-side diagram shows the corresponding floor plan. The images were
created using AutoCAD version 2024. Each plan presents the distribution of double- and triple-glazed windows
in 1# Block, 2# Block, and 3# Block, respectively.
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Fig. 1. Map of the project site. {Software information and data source: Map generated using ArcGIS version
10.8 (https://www.esri.com/en-us/arcgis/products/arcgis-desktop). The map was clipped from a publicly
available China administrative boundary dataset. (Source: iGISMap, https://www.igismap.com/download-china
-administrative-boundary-gis-data-for-national-province-and-more/).}

The rooms chosen for comparative analysis are two units equivalent in area and floor level, except for the
layers of glazing of each symmetrical household (Fig. 6), ensuring uniformity in the testing conditions. To
conduct scientifically rigorous and convincing measurements and evaluations of indoor thermal comfort, the
middle floors of each building were selected for testing to minimise the potential extremes often associated with
the top and bottom floors. For a northern residential building with 19 floors, the 10th floor was chosen; for a
17-story building, the 8th floor was selected. Table 1 illustrates the coding of seven selected master bedrooms.

Before commencing the fieldwork, an inventory study was conducted to document the design and
characteristics of fourteen bedrooms in three blocks of selected residential projects. Table 2 outlines the other
basic scenarios of practical environments of the Yunxiwan Project regarding their glazing types and attributes,
respectively.

In addition to the glazing property, Table 3 compares the performance parameters of different window
configurations, highlighting their thermal, optical, and functional characteristics.

Impact of WOA on solar heat gain and CEV

This session is divided into four key sections: Temperature measurement, analysis of the impact of WOA on
Solar Heat Gain, evaluation of WOA’s effect on CEV, and a combined analysis of Solar Heat Gain and CEV to
determine their overall influence on indoor thermal comfort.

Temperature measurement method

Data collection was conducted during two distinct seasons in 2024, representing the winter and summer
periods. The Weather by Month was provided by https://weatherandclimate.com/china/guangdong/donggua
n (“Appendix” section). The winter data collection occurred between January and February 2024, while the
summer data was collected between July and August 2024. The first phase of data collection was conducted from
Ist January to 28th February, and the second phase from 1st July to 31st August. Measurements were taken daily
for 24 h. All instruments were positioned at a height of 1.1 m above the floor level, following ISO 7726:20217:15,
The air temperature was recorded and uploaded consistently through the Technology Cloud Platform (built by
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Fig. 2. The Yunyuetai residential project in Dongguan.

instrument)**~** for 120 days. This approach ensured a consistent data flow from the seven bedrooms over the
120-day collection period during the winter and summer seasons.

The DECEMTHMH 1 tester was chosen for indoor temperature collection due to its high sensitivity
(£0.1 °C accuracy) and fast response time (< 1s) in temperature measurements. Its advanced sensor technology
ensures precise (resolution of 0.01 °C) and real-time temperature detection, making it ideal for monitoring
subtle thermal variations within indoor environments. The device provides a broad operational scope suitable
for various climatic conditions with a temperature measurement range of —40 to 125 °C. These characteristics
ensure reliable and consistent temperature data, making it a valuable instrument for this study.

Measuring the impact of WOA on solar heat gain

To measure the impact of WOA on solar heat gain, the process involves monitoring how much heat enters a room
through windows due to solar radiation?**%4” and tracking the resulting changes in indoor temperature**-*°. The
size of the window opening affects the amount of sunlight entering the room and how it interacts with indoor
surfaces?®®!, ultimately influencing the thermal conditions of the space®.

For this assessment, pyranometers and temperature sensors are the selected instruments. A pyranometer
measures the solar radiation entering bedrooms*”>2. TBQ-2-B pyranometers comply with World Meteorological
Organization (WMO) specifications, are suitable for various harsh environments and are widely used in
environmental monitoring, so it was selected for the current research. Use this device to quantify how much
solar energy is transmitted through the window under different opening configurations (fully closed, 25%, 50%,
75% open, and closed), as Fig. 7 depicts the sliding mechanism employed in the double-glazed and triple-glazed
window systems.

To ensure accurate solar radiation measurements, two pyranometers are used: one positioned outside
the building at a distance of 0.5 m from the window to capture direct solar radiation (S_,.). Another was
placed inside the room, 0.2 m from the window, to validate how much solar energy enters the space, including
effects like re-radiation from the glass. This setup captures the distinct effects of solar radiation through the
window’s glass and open portions, enabling precise calculation of the total solar heat gain into the room. For
each configuration, the instruments record data continuously for 30 min, ensuring the system reaches thermal
stability before readings are considered valid. Measurements are taken at 5-min intervals within this 30-min
period to capture variations and ensure an accurate average is calculated for each configuration.

The experiment begins by taking measurements with the sliding window fully closed to establish baseline
conditions—this shows how much solar radiation enters the room through the glass alone. Next, sliding windows
are opened to 25%, 50%, and 75% gradually to assess the effect of partial openness on solar heat gain. Finally, the
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Main bedrooms with double layers glazing.
Main bedrooms with triple layers glazing.

Fig. 3. Distribution of double- and triple-glazed windows rooms in 1# Block. {Technical notes: Image
generated using AutoCAD version 2024 (https://www.autodesk.com/products/autocad/overview). Additional
symbols and legends were added to the images.}

window is fully opened, and solar radiation is measured again to observe how a larger WOA affects the amount
of sunlight entering the room. A 10-min waiting period is maintained between each configuration change to
allow the thermal environment to stabilise, ensuring consistent and comparable readings. Typically, larger
WOASs allow more direct sunlight, producing higher solar heat gain, particularly during peak sun hours®?.
However, a partially open window may still let in indirect or diffuse sunlight, contributing to heat gain even
without full exposure to direct sunlight?®.

Technically, calculating solar heat gain through a window involves contributions from the solar radiation
transmitted through the glass and the radiation entering through the open sections of the window™>>. Solar Heat
Gain through windows systems is calculated following the standard procedure outlined in ASHRAE-201310:55:56
and ANSI/NFRC 200-2017%. The total Solar Heat Gain (Q,y,) is described by the following Eq. (1):

Qiotal = SHGC x A x 1 (1)

where Q, ., is the total solar heat gain (Watts, W). SHGC is the Solar Heat Gain Coefficient, representing the
proportion of solar radiation transmitted through the window into the indoor space (range: 0 to 1). A is the
window area (unit: square meters, m?). I refer to the incident solar radiation intensity (unit: Watts per square
meter, W/m?).

This formula quantifies the total solar heat gain based on the transmissivity and window area that allows
sunlight to enter the room. Once the data has been collected, the relationship between WOA and Solar Heat
Gain can be analysed by linear regression!®*%. By comparing solar radiation data for fully closed, partially open,
and fully open windows, it becomes clear how increasing the WOA affects the amount of sunlight and heat
entering bedrooms®. The temperature data is then correlated with the pyranometer readings to determine how
solar heat gain influences the room’s temperature under different window configurations.

Measuring the impact of WOA on CEV

Assessing the cooling effects of ventilation and the impact of various WOAs on airflow and temperature
reduction requires quantifying how different WOAs facilitate the entry of fresh air and the expulsion of hot air,
leading to a cooler space!*?*. Existing research shows that larger WOA improves airflow, enhancing the cooling
effect?”. However, detailed measurements and analysis of this relationship, especially in subtropical and tropical
regions, remain necessary.

Scientific Reports |

(2025) 15:7890 | https://doi.org/10.1038/s41598-025-92600-w nature portfolio


https://www.autodesk.com/products/autocad/overview
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Main bedrooms with double layers glazing.

Main bedrooms with triple layers glazing.

Fig. 4. Distribution of double- and triple-glazed windows rooms in 2# Block. {Technical notes: Image
generated using AutoCAD version 2024 (https://www.autodesk.com/products/autocad/overview). Additional
symbols and legends were added to the images.}

For this session, the key instruments to assess ventilation’s cooling effects include anemometers and
temperature sensors. Anemometers are deployed to measure air velocity and the amount of airflow entering
and exiting the room through windows®®*. TA641A anemometers, which measure wind speed and direction
accurately, were confirmed for monitoring current thermal parameters. Temperature sensors track changes in
room temperature over time, showing how effectively the ventilation cools the space?!.

Anemometers were placed directly at the opening window’s centre, positioned at the mid-height of the
window, and approximately 20 cm away from the window to avoid boundary layer effects while still capturing
representative airflow. The air velocity was measured at regular intervals, every 10 min, for at least 30 min after
adjusting the window opening to capture airflow dynamics over time.

As for window opening configurations, start by measuring the indoor environment with the window fully
closed to establish baseline conditions for temperature. Then, open the window gradually and take readings with
the same instruments to observe changes in air velocity and temperature. Finally, fully open the window and
repeat the measurements. Temperature sensors will capture how fast the room cools as air flows through the
window. Once the data is collected, it is essential to analyse the correlation between air velocity and the decrease
in temperature.

To calculate the CEV based on different WOA configurations, this study used the formula Eq. (2), which
considers airflow, air mass, and temperature change. This cooling effect of ventilation was calculated using the
mass flow rate of air and temperature difference, following the approach described by the Handbook of energy
systems in green buildings®.

CEV =m-c, AT (2)

where CEV represents the cooling capacity resulting from natural ventilation, m is the mass flow rate of air
(kg/s), which depends on the airflow through the window. Cp is the specific heat capacity of air (approximately
1005 J/kg K). AT is the temperature difference (°C) between the air entering and inside the room.

Specifically, following ASHRAE Handbook - Fundamentals’>>® and CIBSE Guide A: Environmental
Design®-%3, breaking down the above Eq. (2) (CEV = m-cp-AT), (1) Mass flow rate (m) used following Eq. (3):

m=pQp-v: Avwindow (3)

where p is the air density (about 1.225 kg/m?), v is the air velocity (measured by an anemometer in m/s).
is the window opening area (in m?) based on the WOA configuration.

(2) AT in Eq. (2) refers to the temperature change inside the room, measured by the temperature sensor as
the airflow cools the space. It is calculated as Eq. (4), the same source as Eq. (3):

Awindow

AT = Troom - Toutside (4)
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Main bedrooms with double layers glazing.
Main bedrooms with triple layers glazing.
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Fig. 5. Distribution of double- and triple-glazed windows rooms in 3# Block. {Technical notes: Image
generated using AutoCAD version 2024 (https://www.autodesk.com/products/autocad/overview). Additional
symbols and legends were added to the images.}

where T isthe temperature inside the room (after cooling, °C). T_ ... is the outdoor air temperature (entering
through the window, °C).

Combined analysis: effect of WOA on both solar heat gain and CEV

A combined analysis is required to fully understand the interaction between solar Heat Gain and CEV as
influenced by different WOA?. This involves simultaneously measuring both factors to determine how they
balance each other and affect the overall indoor thermal environment?*%. The goal is to assess how WOA
affects the amount of solar heat entering the room and the room’s ability to cool through ventilation, ultimately
quantifying the net thermal effect on indoor comfort®”.

For each WOA configuration, solar radiation and air velocity data were recorded alongside temperature
readings to track how the room responds to changes in sunlight and ventilation. Fully closed windows provide
a baseline for solar heat gain, allowing minimal or no ventilation®’. Partially open windows introduce some
ventilation, while fully open windows maximise airflow, allowing a direct comparison of how these variables
influence both heat gain and cooling®.

After the data is collected, a key part of the analysis involves calculating the Net Thermal Effect on the room.
This requires comparing the Solar Heat Gain (as measured by the pyranometer and reflected in the temperature
rise) against CEV (as indicated by the temperature drop and air velocity measured by the anemometer). The
net result will show whether the room experiences a net heat gain or a net cooling effect for each window
configuration®*¢. Larger WOA may introduce more solar radiation into the room, which could increase heat
gain, but they also allow for more excellent ventilation, which can remove some of the accumulated heat?”.
The balance between these two factors will vary depending on how much sunlight enters, the outdoor air
temperature, and the effectiveness of air circulation®®®. To calculate the net thermal effect, Eq. (5) represents
the Net Thermal Effect as the difference between Solar Heat Gain and CEV. This study derives the formula for
calculating the Net Thermal Effect based on standard methods in building energy efficiency analysis***>¢”. By
determining the difference between Solar Heat Gain and CEV, the formula helps assess buildings’ thermal load
and energy efficiency under various external environmental conditions.

Net Thermal Effect = Solar Heat Input — CEV (5)

Scientific Reports |

(2025) 15:7890 | https://doi.org/10.1038/s41598-025-92600-w nature portfolio


https://www.autodesk.com/products/autocad/overview
http://www.nature.com/scientificreports

Bedroom¢

Sitel
O

www.nature.com/scientificreports/

Kitchens

Livingroom¢

Kitchen¢

Livingroom¢

Bedroom

Site2
®

Bedroom¢ Bedroom¢
Bedroom¢! Bedroom:

Fig. 6. Symmetrical household plan for fieldwork measurement. {Technical notes: Image generated using
AutoCAD version 2024 (https://www.autodesk.com/products/autocad/overview). Additional symbols and
legends were added to the images.}

No. | Room coding | Location | Layers of glazing | Number | Storey

1 &2 | 1# 2layers room | 1# Block |2 10th

3 1# 3layers room | 1# Block |3 10th

4 2# 2layers room | 2# Block |2 10th

5 2# 3layers room | 2# Block |3 10th

6 3# 2layers room | 3# Block |2 8th

7 3# 3layers room | 3# Block |3 8th
Table 1. Room coding of target bedrooms.

Attribute Single glazing Double glazing Triple glazing

Installation position

Common areas with lower insulation needs (such as
hallways, stairwells, and storage rooms)

Living rooms, kitchens, balconies, and
non-noise-sensitive areas

Bedrooms facing directly
onto highways and high-noise
environments

Glass thickness* 6 mm 5mm+5mm 5mm +5mm +5mm

Air/gas layer thickness* N/A 6 mm (filled with argon) 6 mm +6 mm (filled with argon)
Glass U-value* 5.5 W/m? K 1.2 W/m?*K 0.8 W/m?K

Sound insulation* 20 dB 32dB 38dB

Visible light transmittance (VT%)* | 80% 65% 55%

Cost (transfer to RM)* RM 195 per square meter RM 585 per square meter RM 1280 per square meter

Weight*

15 kg per square meter

25 kg per square meter

37.5 kg per square meter

Durability*

30 years

20 years

30 years

Maintenance Requirements®

Once every 5 years

Once every 5 years

Once every 10 years

Additional Features

Basic glazing, no special coatings or fillings

Low-emissivity coatings, tinting options

Low-emissivity coatings, inert gas
fills, enhanced sound insulation

Table 2. Comparison of single, double, and triple glazing performance in the project. *Data provided by the
manufacturer.
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Parameter Double-glazed window | Triple-glazed window
Window U-value (W/m? K)* 42 33

SHGC* 0.67 0.55

Visible light transmittance (Tvis) * | 0.75 0.71

Layer configuration® 5-6-5 5-6-5-6-5

Gas fill type* Argon Argon

Opening mechanism* Sliding Sliding

Shading device type None None

Table 3. Comparison of double-glazed and triple-glazed window performance and specifications in the
project. ¥*Data provided by the manufacturer.

Fig. 7. Sliding mechanism with different opening configurations in the double-glazed and triple-glazed
window systems: fully closed, 25% open, 50% open, 75% open, and fully open.

where Solar Heat Input is the total solar heat gain (measured in watts or as a temperature rise in degrees Celsius),
representing the amount of heat introduced into the room through solar radiation. CEV is the cooling effect of
ventilation (measured similarly in watts or as a temperature drop in degrees Celsius), representing the reduction
in room temperature due to airflow and natural ventilation.

The interpretation of results regarding the Net Thermal Effect reveals two distinct outcomes based on the
balance between solar heat gain and ventilation cooling. A positive Net Thermal Effect indicates a net heat gain
where the contribution of solar heat gain surpasses the cooling effect of ventilation, resulting in a warmer indoor
environment®. Conversely, a negative Net Thermal Effect signifies a net cooling effect, with ventilation cooling
exceeding solar heat gain, leading to a cooler indoor space®. This formula (Eq. 5) facilitates a clear comparison
of various WOA configurations and their respective impacts on indoor thermal comfort by quantifying the
interplay between solar heat entry and ventilation cooling.

Time of day is another critical factor influencing the balance between solar heat gain and CEV'*?, Solar
radiation is typically most substantial during midday when the sun is at its highest, increasing heat gain’.
Ventilation, however, might be more effective during the more fabulous morning or evening hours when outdoor
temperatures are lower’!. Therefore, it is important to conduct measurements at different times throughout the
day to observe how the balance between solar heat gain and ventilation cooling shifts depending on the sun’s
angle and intensity®>.

Data collected at various times will provide insights into the diurnal variation in solar heat gain and ventilation
efficiency. In the morning, lower solar radiation levels may result in minimal heat gain, and ventilation may be
sufficient to maintain a cooler indoor environment’®. By contrast, when solar radiation peaks in the afternoon,
even a fully open window might not provide enough ventilation to offset the increase in heat entering bedrooms”!.
The evening presents a reversal, where lower solar intensity may reduce heat gain, allowing ventilation to play a
more dominant role in cooling the space®.

Once the measurements have been recorded for each WOA configuration, the data analysis will identify
trends showing how increasing the window opening area affects heat gain and cooling. Each configuration’s net
heat gain or loss was plotted over time, showing how effectively larger WOA mitigate solar heat gain through
ventilation. Additionally, by comparing the cooling rate (temperature drop) at different air velocities, it is possible
to quantify how much cooling ventilation provides concerning the solar heat entering the room.

This combined analysis comprehensively explains how window opening size affects solar heat gain and
ventilation cooling. By examining the simultaneous influence of these two factors, it becomes possible to
optimise window configurations to achieve a balance that enhances indoor thermal comfort, especially in
naturally ventilated spaces where mechanical cooling is not used. Additionally, all equipment and instruments
applied in this study are listed in Table 4. The experimental setup photo is shown in Fig. 8, and the experimental
flowchart for the effect of WOA on Solar Heat Gain and CEV is presented in Fig. 9.

Results

WOA, Solar Heat Gain, and CEV in each master bedroom were recorded as per instrument measurement. The
scatter plots and heatmaps provide the relationships between Solar Heat Gain, CEV, and WOA across different
seasons and glazing types. Figure 10 presents the regression analysis of Solar Heat Gain and CEV concerning
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Instrument Test content Valid range Accuracy | Setlocation

(1) Placed at about 1.1 m above the floor. This height approximates the breathing zone of a seated or
standing person.

(2) It is located towards the centre of the room to capture a more generalised reading of its conditions.
(3) Away from direct sunlight

DECEMTHMH 1 | Air temperature

temperature sensor | (T,) ~251060°C £0.5°C

TBQ-2-B Solar radiation (1) Indoor pyranometer placed outside 0.2 m from the window to avoid shading effects. (2) An
ter (Syutsiqe 20d 0t0 2000 W/m? | +2% outdoor pyranometer is placed 1.5 m from the window to capture the effects of indoor solar
pyranometers nsi del) radiation.
TA641A N £01mfs | o A o
BN Air velocity (v) | 0.1 to 30 m/s or 11% of | Positioned at the pane’s mid-width to capture airflow dynamics while avoiding boundary layer effects.
reading

Table 4. Equipment and measured parameters of this study.

| L ng BuEe
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Fig. 8. The instrumentation used for data collection, includes temperature sensors, pyranometers, and
anemometers.
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Summarize the results for all measurements

Fig. 9. Experimental design and data collection process.

WOA for January and February, with the upper part showing the relationship for Solar Heat Gain and the lower
part illustrating the CEV. Figure 11 complements this by providing a heatmap that compares Solar Heat Gain
(upper) and CEV (down) with the WOA across different glazing types for the same two months. Moving to the
warmer months, Fig. 12 shows a similar regression analysis for Solar Heat Gain and CEV in July and August,
again distinguishing the upper and lower sections for Solar Heat Gain and CEV. Finally, Fig. 13 presents a
heatmap comparing Solar Heat Gain (upper) and CEV (down) with the WOA for various glazing types in July
and August. These figures provide insights into how different window configurations and opening areas impact
thermal comfort and ventilation in different seasons.

The scatter plots show a positive linear relationship between WOA, Solar Heat Gain, and CEV for each
glazing type. As WOA increases, Solar Heat Gain and CEV increase significantly, but the increase rates differ
between double and triple glazing. In all cases, double glazing has steeper slopes than triple glazing, indicating a
higher rate of solar heat gain and a larger cooling effect as the window opening area increases.

For winter (January and February), the Solar Heat Gain and CEV regression lines for double glazing are
consistently higher than those for triple glazing, showing that double glazing allows more solar radiation and
airflow, increasing the heat gain and cooling effect. The heatmaps reinforce this, depicting higher values of Solar
Heat Gain and CEV as the WOA expands, with double-glazing rooms consistently registering higher values than
triple-glazing rooms.

In the summer (July and August), the scatter plots and regression lines reveal a similar trend: double glazing
shows higher Solar Heat Gain and CEV values than triple glazing at all WOA levels. This suggests that double
glazing permits more sunlight and heat to enter during the warmer months, requiring a more significant cooling
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Fig. 10. Regression of (i) Solar Heat Gain (W) versus WOA (upper) and (ii) CEV (W) versus WOA (down) for
January and February.

effect to maintain indoor comfort. The heatmaps for summer emphasise this, with higher intensity colours in
double-glazing configurations as the WOA increases, demonstrating the higher Solar Heat Gain and cooling
loads associated with these window types.
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Fig. 11. Heatmap comparing (i) Solar Heat Gain (upper) and (ii) CEV (down) against WOA for different
glazing types for January and February.

The effects of WOA on solar heat gain for double- and triple-layer glazing types
The regression models showed a significant and strong positive linear relationship between the WOA and both
Solar Heat Gain and CEV, as presented in Table 5.

For Solar Heat Gain, the positive regression coefficients in all rooms showed that higher WOA values led to
more solar heat gain, regardless of the glazing type. Similarly, the relationship between WOA and CEV showed
that greater WOA resulted in higher cooling energy requirements.
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The very low p values and high R-squared values reinforced that WOA significantly influenced both Solar

1.0

1.2

Heat Gain and CEV, with triple glazing performing better than double glazing in mitigating these effects.

In addition to January and February, the regression analysis for July and August showed a significant positive
relationship between WOA and Solar Heat Gain and CEV across double and triple-glazing types, as elaborated
in Table 6. Double glazing consistently exhibited higher Solar Heat Gain and CEV coefficients than triple glazing,
indicating that larger WOAs lead to more solar heat gain and increased cooling energy requirements in double-
glazed rooms. Room 3# showed the highest WOA sensitivity for Solar Heat Gain (726.85) and CEV (972.47)
in double glazing. In contrast, with lower Solar Heat Gain and CEV values, triple glazing demonstrated better
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Fig. 13. Heatmap comparing (i) Solar Heat Gain (upper) and (ii) CEV (down) against WOA for different
glazing types for July and August.

performance in reducing both solar heat gain and cooling energy demands, making it a more practical option
for minimising these effects.

Differences in solar heat gain and CEV concerning WOA for double- and triple-layer glazing
The relationship between WOA and Solar Heat Gain, as well as WOA and CEV, was investigated through
statistical regression models, with the results showing a clear, statistically significant relationship in all glazing
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Location and glazing types | Variable Regression coefficient (B,) | P-value | R-squared

Solar heat gain | 451.76 0.0003 | 0.995
1# Double glazing room

CEV 868.12 0.0002 | 0.998

Solar heat gain | 348.91 0.0004 | 0.994
1# Triple glazing room

CEV 665.63 0.0002 | 0.997

Solar heat gain | 476.54 0.0001 | 0.996
2# Double glazing room

CEV 908.92 0.0001 | 0.998

Solar heat gain | 375.18 0.0003 | 0.995
2# Triple glazing room

CEV 707.92 0.0002 | 0.997

Solar heat gain | 496.54 0.0001 | 0.997
3# Double glazing room

CEV 946.61 0.0001 | 0.999

Solar heat gain | 386.47 0.0002 | 0.996
3# Triple glazing room

CEV 736.28 0.0002 | 0.998

Table 5. Regression analysis results for solar heat gain and CEV based on WOA for different glazing types in
January and February.

Location and glazing types | Variable Regression coefficient (,) | P-value | R-squared

Solar heat gain | 634.48 0.0004 | 0.995
1# Double glazing room

CEV 876.27 0.0003 | 0.997

Solar heat gain | 518.46 0.0005 | 0.993
1# Triple glazing room

CEV 712.45 0.0003 | 0.996

Solar heat gain | 699.08 0.0002 | 0.996
2# Double glazing room

CEV 933.84 0.0002 | 0.997

Solar heat gain | 564.08 0.0004 | 0.995
2# Triple glazing room

CEV 752.97 0.0003 | 0.996

Solar heat gain | 726.85 0.0001 | 0.998
3# Double glazing room

CEV 972.47 0.0001 | 0.998

Solar heat gain | 576.92 0.0003 | 0.996
3# Triple glazing room

CEV 791.88 0.0002 | 0.997

Table 6. Regression analysis results for solar heat gain and CEV based on WOA for different glazing types for
July and August.

configurations. For the double-glazing system, the p values associated with Solar Heat Gain ranged from 0.0001
to 0.0003, while for CEV, the p values were between 0.0001 and 0.0002. In the triple-glazing system, the p values
for Solar Heat Gain ranged from 0.0002 to 0.0004; for CEV, they were between 0.0002 and 0.0003. All p values are
well below the threshold of 0.05, confirming the strong statistical significance of the relationship between WOA,
Solar Heat Gain, and CEV across both glazing systems.

For double-glazing, the increase in WOA leads to a substantial rise in Solar Heat Gain, as larger window
areas allow more solar radiation to penetrate the interior. For instance, in the room coding 1# Double Glazing
Room, with a WOA of 1.3 m?, Solar Heat Gain reached 781 W in January and February. As the WOA decreased
to 0.32 m?, Solar Heat Gain dropped to 333 W. The regression analysis for this relationship yielded a f, value
of 451.76, indicating that for every additional square meter of window opening, Solar Heat Gain increased by
approximately 451.76 W. This linear relationship was consistent across all locations and months, with Solar Heat
Gain values for double-glazing reaching 1279 W for a 1.3 m? WOA in the summer months of July and August,
compared to 593 W for a WOA of 0.32 m?. The R-squared values for double-glazing systems concerning Solar
Heat Gain consistently ranged from 0.995 to 0.998, reflecting the strength of the linear relationship between
WOA and Solar Heat Gain.

Triple glazing, with its lower U-value indicating better thermal resistance, demonstrated a similar but less
pronounced relationship between WOA and Solar Heat Gain. In room coding 1# Triple Glazing Room, Solar
Heat Gain for a WOA of 1.3 m? was 603 W in January and February, while for a WOA of 0.32 m?, Solar Heat Gain
decreased to 281 W. The B, value of 348.91 for Solar Heat Gain in a room coding 1# Triple Glazing Room shows
that each additional square meter of window opening increased 348.91 W in Solar Heat Gain. This trend was
consistent across months, with Solar Heat Gain values reaching 1001 W for a 1.3 m? WOA in the summer and
463 W for a WOA of 0.32 m?. The lower B, values for triple-glazing compared to double-glazing highlight the
reduced impact of WOA on Solar Heat Gain due to the triple layer’s enhanced capacity to block solar radiation.
The R-squared values for triple-glazing systems, ranging from 0.993 to 0.996, still indicate a strong linear
relationship between WOA and Solar Heat Gain, but the rate of increase in Solar Heat Gain with larger WOA is
dampened in the triple-glazing systems.
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Regarding CEV, the relationship with WOA follows a trend opposite to that observed for Solar Heat Gain.
As the WOA increases, the cooling effect due to ventilation improves significantly, as larger window openings
allow more effective air exchange. For the double-glazed room in Location 1, the CEV reached 1103 W for
a WOA of 1.3 m? in January and February. As the WOA decreased to 0.32 m?, the CEV dropped to 291 W,
with the regression analysis yielding a B, value 868.12. This suggests that for every additional square meter of
window opening, the cooling effect improved by 868.12 W. The same pattern was observed across all double-
glazing configurations, with the highest CEV values occurring in the summer months, reaching 1327 W for a
1.3 m?> WOA, compared to 431 W for a 0.32 m?> WOA. The high R-squared values for CEV in double-glazing
systems (ranging from 0.997 to 0.999) further underscore the strong correlation between WOA and ventilation
effectiveness.

For triple-glazing systems, while the general trend of increasing CEV with larger WOA remained, the
magnitude of the effect was slightly reduced compared to double-glazing. In Location 1, for example, CEV
for a WOA of 1.3 m? was 983 W in January and February, decreasing to 233 W for a WOA of 0.32 m?. The
corresponding B, value for CEV in triple-glazing was 665.63, indicating a more negligible improvement in the
cooling effect than in double-glazing. However, in the summer months, CEV values for triple-glazing reached
1179 W for a WOA of 1.3 m?, compared to 329 W for a WOA of 0.32 m2. The R-squared values for CEV in triple-
glazing systems ranged from 0.996 to 0.998, indicating that while the triple-glazing systems still show a strong
linear relationship between WOA and CEV, the increase in CEV with larger window openings is slightly lower
than in double-glazing systems due to the insulating properties of the triple layer, which also slightly hinders the
natural exchange of air.

The comparison between Solar Heat Gain and CEV for both glazing types demonstrates the dual influence
of WOA on thermal load and cooling efficiency?. Double-glazing systems exhibit a steeper rise in Solar Heat
Gain with larger WOA, but they also benefit more from enhanced ventilation than triple-glazing. On the other
hand, while triple-glazing reduces the overall Solar Heat Gain, it also somewhat limits the CEV, particularly at
smaller WOA values. These findings are critical for optimising the balance between heat gain and natural cooling
in building design, particularly in regions where solar radiation and ventilation significantly determine indoor
comfort and energy efficiency.

In conclusion, the analysis of the differences in Solar Heat Gain and CEV concerning WOA for both double-
and triple-glazing systems indicates that WOA plays a crucial role in heat gain and cooling effects. The statistical
analysis demonstrates significant relationships for both Solar Heat Gain and CEV, with low p values and high
R-squared values supporting the robustness of the findings. While more susceptible to heat gain, double-glazing
systems offer superior ventilation performance compared to triple-glazing. Conversely, with their enhanced
insulation, triple-glazing systems mitigate solar heat gain more effectively but provide slightly lower cooling
efficiency through natural ventilation. These results underscore the importance of carefully considering WOA
with glazing type to achieve optimal thermal performance and energy efficiency in buildings.

The relationship between WOA, solar heat gain, and CEV

The relationship between WOA, Solar Heat Gain, and the CEV is pivotal in managing a building’s thermal
environment, particularly in different glazing configurations. Larger WOAs allow more solar radiation to
enter through windows, thereby increasing Solar Heat Gain. However, WOA also plays a vital role in natural
ventilation, directly influencing the efficiency of CEV, as more air can flow through larger openings, thereby
enhancing cooling effects®*7°.

For double-glazed systems, Solar Heat Gain tends to rise significantly with increasing WOA due to the higher
transmissivity of double-layer glazing. In winter (January-February), a WOA of 1.3 m? in a double-glazed room
resulted in a Solar Heat Gain of 781 W, while reducing the WOA to 0.32 m? brought Solar Heat Gain down to
333 W. The increase in Solar Heat Gain corresponds with the larger surface area exposed to direct sunlight,
which magnifies the heat entering the room. This effect is especially pronounced in climates with high solar
insolation, where windows with higher WOA can significantly increase indoor temperature if not appropriately
managed. The regression analysis for double-glazing systems yielded a regression coefficient (B,) of 451.76,
showing a strong linear correlation between WOA and Solar Heat Gain.

In contrast, triple-glazing systems—owing to their additional insulation and lower transmissivity—show a
more moderated increase in Solar Heat Gain as WOA expands. For a WOA of 1.3 m?, Solar Heat Gain in triple-
glazed rooms was recorded at 603 W, compared to 281 W for a WOA of 0.32 m?. The B, for Solar Heat Gain in
triple-glazing was 348.91, reflecting a dampened effect of WOA on Solar Heat Gain. The additional glass layers in
triple-glazing systems act as barriers, reducing the amount of solar radiation entering the building, thus lowering
the overall Solar Heat Gain even as WOA increases.

WOA affects Solar Heat Gain and is critical in the CEV, as larger window openings facilitate better
air exchange. In naturally ventilated spaces, an increase in WOA leads to a greater airflow volume, thereby
improving cooling performance. For example, in a double-glazed room with a WOA of 1.3 m?, the CEV reached
1103 W, while reducing the WOA to 0.32 m? reduced the CEV to 291 W. This significant drop demonstrates how
effectively natural ventilation can mitigate heat buildup, provided that the window opening is sufficiently large
to allow adequate airflow. The regression coefficient for CEV in double-glazing systems was 868.12, indicating a
substantial influence of WOA on natural cooling.

Similarly, in triple-glazing systems, the impact of WOA on CEV was also noticeable, although slightly less
pronounced. For a WOA of 1.3 m?, the CEV was 983 W, dropping to 233 W when the WOA was reduced to
0.32 m?. The B, for CEV in triple-glazing was 665.63, reflecting the lower ventilation efficiency compared to
double-glazing systems, as the insulation properties of triple-glazing can also reduce airflow and natural cooling
(Howard-Reed et al., 2002).
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Room & glazing type WOA Net thermal effect (Summer) (W) | Effect (Summer) | Net thermal effect (Winter) (W) | Effect (Winter)
1.3 (100%) | —60 Net cooling —40 Net cooling
0.97 (75%) | 969 Net heat gain +57 Net heat gain
1# Double glazing room | 0.65 (50%) 781 Net heat gain +128 Net heat gain
0.32 (25%) | 509 Net heat gain +164 Net heat gain
0 313 Net heat gain +269 Net heat gain
1.3 (100%) | —206 Net cooling -130 Net cooling
0.97 (75%) | 743 Net cooling -35 Net cooling
1# Triple glazing room | 0.65 (50%) | 587 Net heat gain +52 Net heat gain
0.32(25%) | 419 Net heat gain +111 Net heat gain
0 231 Net heat gain +204 Net heat gain
1.3 (100%) | —41 Net cooling -39 Net cooling
0.97 (75%) | 1019 Net heat gain +53 Net heat gain
2# Double glazing room | 0.65 (50%) 823 Net heat gain +139 Net heat gain
0.32 (25%) 569 Net heat gain +126 Net heat gain
0 341 Net heat gain +292 Net heat gain
1.3 (100%) | —176 Net cooling —147 Net cooling
0.97 (75%) 783 Net cooling -24 Net cooling
2# Triple glazing room | 0.65 (50%) | 627 Net heat gain +63 Net heat gain
0.32 (25%) 451 Net heat gain +127 Net heat gain
0 263 Net heat gain +232 Net heat gain
1.3 (100%) | —48 Net cooling —-43 Net cooling
0.97 (75%) | 1063 Net heat gain +46 Net heat gain
3# Double glazing room | 0.65 (50%) | 847 Net heat gain +145 Net heat gain
0.32 (25%) 593 Net heat gain +157 Net heat gain
0 349 Net heat gain +296 Net heat gain
1.3 (100%) | —178 Net cooling -160 Net cooling
0.97 (75%) 813 Net cooling -27 Net cooling
3# Triple glazing room | 0.65 (50%) | 631 Net heat gain +50 Net heat gain
0.32 (25%) 463 Net heat gain +126 Net heat gain
0 271 Net heat gain +235 Net heat gain

Table 7. Net thermal effect for each room, glazing type, and WOA configuration across summer and winter.

Calculating net thermal effect

This section analyses the Net Thermal Effect associated with various WOA configurations in different room
types and glazing options. The focus is on calculating the Net Thermal Effect during both summer and winter.
By examining the interplay between solar heat gain and cooling effects from ventilation, this analysis aims to
identify optimal WOA settings that enhance indoor thermal comfort throughout the year. The data is organised
in a tabular format (Table 7), detailing the performance of double and triple-glazing rooms under different WOA
scenarios. Each configuration is evaluated for its net heat gain in summer and winter, highlighting the overall
effects on indoor temperatures.

Based on the Net Thermal Effect analysis, practical conclusions regarding adjustments to WOA for optimising
indoor thermal comfort in winter and summer can be drawn.

In winter, particularly in double-glazed rooms, a small WOA (0.32 or closed) is recommended, as it
maximises net heat gain, achieving values of 164-269 W. Keeping windows closed or only minimally open
reduces ventilation-driven cooling and enhances heat retention from solar gain, thereby maintaining warmth.
For triple-glazed rooms, a similar approach is advisable, with minimal WOA (0.32 or closed) yielding net heat
gains of approximately 111-204 W. Triple glazing further improves heat retention, allowing for windows to be
closed or set to a WOA of 25%, thus facilitating solar heat gain while minimising unwanted cooling. Overall,
smaller WOAs (0 to 0.32) are preferable in winter across all room types, as they effectively retain solar heat and
limit cooling through ventilation. While triple-glazing offers a slight advantage in heat retention, double-glazed
rooms also benefit from reduced ventilation during this season.

In summer, the recommendations shift towards maximising cooling. A larger WOA (1.3 or 0.97) for
double-glazed rooms is optimal, resulting in a net cooling effect of up to —41 W or —39 W, particularly at peak
temperatures. Fully opening windows to the maximum WOA (1.3) promotes ventilation cooling and offsets high
solar gain, effectively preventing overheating. In triple-glazed rooms, the maximum WOA (1.3 or 0.97) achieves
significant cooling, yielding net cooling effects of up to —178 W or —66 W. During hot summer, fully or mostly
open windows enhance cooling through ventilation without compromising thermal comfort. Thus, larger WOAs
(1.3 or 0.97) are ideal for summer, as they enhance ventilation cooling and help maintain comfortable indoor
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temperatures. Triple glazing is particularly effective at balancing solar heat gain, allowing for high WOA even in
sunny conditions to prevent excessive indoor heat.

In summary, smaller WOA settings (ideally 0.32 or closed) should be used to increase indoor temperatures
for winter, as this approach enhances solar heat retention, especially in triple-glazed rooms. Conversely,
larger WOA (ideally 1.3 or 0.97) should be employed in summer to effectively reduce indoor temperatures
through maximised ventilation cooling, benefiting triple-glazed rooms in mitigating solar gain. These seasonal
adjustments allow occupants to optimise thermal comfort while minimising reliance on mechanical systems,
aligning with energy-efficient building practices.

Findings and discussion

The analysis of the effects of WOA on Solar Heat Gain and CEV demonstrates clear patterns that align with
the glazing configurations and seasons. Regression analysis across double- and triple-glazed systems revealed a
consistent and significant positive linear relationship between WOA, Solar Heat Gain, and CEV. A larger WOA
allows more solar radiation to enter, increasing Solar Heat Gain and enhancing airflow, which drives natural
cooling through ventilation. The slope of the regression lines varies significantly between double and triple-
glazing, with double-glazing systems consistently showing steeper slopes due to their higher solar transmissivity
and enhanced ventilation efficiency.

Based on the literature reviewed, the thermal performance of double and triple glazing varies significantly
across different climatic zones. A study conducted in Slovenia explored the performance of both glazing
systems in three distinct climatic regions: continental (Maribor), mountainous (Kredarica), and Mediterranean
(Portoroz)’2 In areas with high solar gains, such as Portoroz, triple glazing with low-emissivity coatings proved
the most energy-efficient solution. It minimized heat loss during the winter while reducing the summer’s cooling
demand. However, in colder climates like Maribor, triple glazing with multiple low-emissivity panes provided
superior insulation against the cold, significantly reducing heating needs. Despite this, in regions with low solar
gains, the insulating properties of triple glazing could lead to overheating in the summer, mainly if there is
inadequate shading.

Another study examines the impact of double and triple glazing on energy savings, emphasizing a climate-
responsive approach within the different climate classification’”. A comparative analysis was conducted using
numerical simulations of conjugate heat transfer in a transient state within a two-dimensional model. Initially,
the thermal performance of both glazing types was assessed under extreme weather conditions, followed by
an annual energy evaluation. The results indicated that triple glazing outperformed double glazing, reducing
heat loss by 56.5% on the coldest day and limiting heat gain by 31.0% on the warmest day in Mérida, Yucatan.
Additionally, triple glazing proved more effective in lowering total heat flux per unit area by 32.7% under extreme
temperature and solar radiation conditions, particularly in south-facing fagades on the coldest days and west-
facing fagades on the hottest days. While window orientation significantly influenced overheating, triple glazing
achieved a 29% annual reduction in electricity consumption and CO, emissions compared to double glazing.
These findings underscore triple glazing as a more sustainable and energy-efficient choice, though its feasibility
must be weighed against cost and installation factors.

Besides that, a systematic review has conducted the comparative performance of double and triple-glazing
technologies in China’s diverse climatic regions!®, emphasizing the increasing demand for energy efficiency
and thermal comfort. Employing the SWOT (strengths, weaknesses, opportunities, and threats) analysis, the
research systematically evaluates the benefits and challenges of these glazing types across the severe cold, hot
summer-cold winter, and hot-humid regions. Findings indicate that triple glazing is advantageous in northern
cities due to its superior insulation, significantly reducing heat loss and improving indoor comfort during long,
harsh winters. Conversely, double-glazing in hot summer-cold winter regions provides a balanced approach,
optimizing insulation and solar heat gain to enhance seasonal energy efficiency. In hot-humid climates,
double glazing with Low-E coatings is preferred for its ability to limit solar radiation while maintaining cost-
effectiveness. Key challenges include condensation risks, cost trade-offs, and installation complexities, which
impact large-scale implementation. By providing a strategic comparative analysis of glazing technologies, this
study offers valuable insights into the climate-responsive selection of window systems, supporting sustainable
building practices across China’s distinct regional conditions.

Building upon the insights from the comparative analysis of glazing systems across different climatic regions,
it is essential to consider how additional design elements, such as shading devices?®’*, can further enhance
buildings’ energy efficiency and thermal comfort. In particular, integrating interior roller blinds with double-
glazing systems has significantly influenced solar heat gain and heat loss’>7¢, offering a dynamic approach to
optimizing indoor thermal conditions, as demonstrated in various case studies.

One study evaluated the impact of interior roller blinds on heat loss through the central part of double-glazed
windows during the heating season in Central Europe’®. The results showed that interior blinds could reduce
heat loss by approximately 33%, while exterior blinds could reduce about 45%. The energy-saving effects were
particularly significant when the gap between the blinds and the glass exceeded 20 millimetres.

Another study assessed the aesthetic and thermal applicability of high-glass spaces with interior roller
blinds in a building at Najran University in Saudi Arabia’s hot and arid climate’®. The research found that dark-
coloured, double low-emissivity (low-E) glazing combined with interior roller blinds significantly reduced solar
radiation penetration, resulting in an indoor-outdoor temperature difference of approximately 9.2 °C. The use
of interior blinds also had a dynamic effect on the heat transfer coefficient (HTC), lowering it from 7.1 to 4.2 W/
m? K when fully closed. This demonstrates that interior roller blinds are key in controlling solar heat gain and
enhancing indoor comfort.

Yet another study employs Computational Fluid Dynamics (CFD) simulations to model the conjugated heat
transfer within the double-skin envelope, including the cooling pipes, Venetian blinds, and air cavityzo. The
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numerical model used in this study has been validated against experimental data. The key finding is that the
embedded cooling pipes significantly lower the temperature of the Venetian blinds and the surrounding air
cavity. As a result, the heat transfer through the glass envelope is reduced, improving indoor thermal comfort.
One of the significant advantages identified is that the cooling pipes, through the circulation of cooling water
(which can be naturally sourced), remove about 60% of the solar radiation directly. This leads to a reduction in
the solar energy transmittance of the window, which is reduced to only 13%. Additionally, the study suggests
that relatively inexpensive glass can be used in pipe-embedded double glazing without significantly affecting
performance, making this an economically viable option for improving energy efficiency.

These case studies indicate that integrating double-glazing and interior roller blinds effectively reduces heat
loss and solar heat gain, improving building energy efficiency and indoor thermal comfort.

While integrating shading devices like interior roller blinds has shown considerable potential in enhancing
thermal comfort and energy efficiency, as explored in previous studies, this research focuses on the direct impact
of WOA and glazing types on Solar Heat Gain and CEV. By analysing the dynamic interaction between these
factors, this study aims to provide a more tailored approach for optimizing indoor environmental quality across
different seasons and building configurations.

For the winter months (January and February), the data highlights that those double-glazing systems
exhibited higher Solar Heat Gain and CEV values than triple-glazing at all WOAs. For instance, in Room 1#
with a WOA of 1.3 m?, the Solar Heat Gain and CEV for double glazing were 781 W and 1103 W, respectively,
compared to 603 W and 983 W for triple glazing. The higher transmissivity of double-glazed systems allows
more solar radiation to enter, increasing Solar Heat Gain and providing a more substantial natural heating effect,
which is advantageous during colder months. However, the higher CEV in double glazing also indicates more
excellent airflow, which can reduce heat retention. With its lower U-value, triple-glazing reduces Solar Heat Gain
by approximately 20-30% compared to double-glazing, indicating better insulation. These findings suggest that
double glazing offers superior ventilation efficiency but is less effective at minimising heat loss, making triple
glazing a more thermally efficient choice in winter when heat retention is a priority.

In summer (July and August), the regression analysis and heatmaps reinforce the seasonal interplay between
Solar Heat Gain, CEV, and WOA. Double-glazing systems again demonstrated higher Solar Heat Gain and CEV
values than triple-glazing, with Room 3# showing the highest Solar Heat Gain at 1279 W and CEV at 1327 W
for a WOA of 1.3 m2. Under the same conditions, Triple-glazing recorded Solar Heat Gain and CEV values of
1001 W and 1179 W, respectively. The results highlight the trade-off inherent in double glazing: while it allows
more solar heat gain, which could lead to overheating in summer, it also facilitates better ventilation and cooling
through higher CEV. Triple glazing mitigates solar heat gain more effectively due to its enhanced insulation,
reducing the cooling load required to maintain comfortable indoor temperatures. However, its reduced airflow
efficiency limits its capacity to provide natural cooling. This emphasises the importance of WOA management
and glazing selection in achieving optimal summer thermal comfort.

The analysis of differences between Solar Heat Gain and CEV across glazing types underscores the dual
influence of WOA on heat gain and ventilation efficiency®?*7?. Regression coefficients further quantify this
relationship, showing that for every additional square meter of WOA, Solar Heat Gain increases by 451.76-
726.85 W in double-glazing rooms and by 348.91-576.92 W in triple-glazing rooms. Similarly, CEV increases
by 868.12-972.47 W in double glazing and 665.63 W to 791.88 W in triple glazing, highlighting the ventilation
performance of double-glazed systems. Triple-glazing, while less effective at enhancing CEV, consistently
achieves lower Solar Heat Gain, demonstrating its effectiveness in reducing solar heat gain. These findings
highlight the critical need to balance WOA and glazing type based on the specific thermal requirements of the
season and the building’s location.

The Net Thermal Effect analysis provides a comprehensive understanding of the overall thermal effects of
WOA configurations*"®, revealing stark seasonal differences in optimal settings. In winter, smaller WOAs (e.g.,
0.32 m? or closed) maximise heat retention, yielding positive Net Thermal Effect values of up to +269 W for
double glazing and +204 W for triple glazing in Room 1#. This highlights the advantage of reducing ventilation-
driven cooling and prioritising solar heat gain during colder months. Conversely, in summer, larger WOA (e.g.,
1.3 m? or 0.97 m?) promote net cooling, with double glazing achieving Net Thermal Effect values of —60 W
and triple glazing achieving —206 W in Room 1#. Fully or partially open windows enhance natural ventilation,
offsetting higher Solar Heat Gain and preventing overheating. Triple-glazing’s ability to balance solar heat
gain and cooling efficiency makes it particularly effective for maintaining thermal comfort in summer while
minimising energy demand for cooling systems.

These findings highlight the dynamic interaction between WOA, Solar Heat Gain, and CEV across glazing
types and seasons. While more sensitive to WOA changes, double-glazing makes it advantageous in summer
for regions with strong ventilation needs. With its enhanced insulation, Triple-glazing consistently reduces
Solar Heat Gain and improves heat retention, making it a more practical choice in winter. Adjusting WOA
configurations dynamically, based on seasonal requirements, can optimise indoor thermal comfort while
minimising reliance on mechanical systems, aligning with sustainable building practices and energy efficiency
goals. These insights provide a foundation for architects and engineers to design glazing and ventilation systems
tailored to specific climatic conditions and energy demands.

Conclusion

The study thoroughly investigated the relationship between WOA, Solar Heat Gain, and CEV within high-rise
bedrooms equipped with double- and triple-glazed windows across distinct seasonal conditions. The findings
emphasise the dual influence of WOA on thermal performance, revealing the complex interplay between heat
gain and ventilation efficacy that varies significantly by glazing type and season.

Scientific Reports |

(2025) 15:7890 | https://doi.org/10.1038/541598-025-92600-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In winter, the analysis demonstrated that smaller WOAs maximise heat retention, with triple-glazed systems
outperforming double-glazed counterparts due to their superior insulation properties. Triple glazing reduced
Solar Heat Gain by 20-30% compared to double glazing, emphasising its effectiveness in mitigating heat loss
while maintaining sufficient solar radiation for passive heating. Despite these advantages, double-glazing systems
showed higher CEV values, reflecting their enhanced ability to facilitate natural ventilation. This underscores
a trade-off between insulation and ventilation performance, highlighting the need for targeted strategies to
optimise thermal comfort during colder months.

Conversely, in summer, larger WOA was shown to enhance cooling through improved ventilation, with
double glazing exhibiting higher Solar Heat Gain and CEV values. While this contributed to effective natural
cooling, it also posed a risk of overheating due to greater solar heat penetration. Despite its slightly lower
ventilation efficiency, triple-glazing effectively limited Solar Heat Gain, demonstrating its capacity to maintain
indoor comfort under high solar radiation. The seasonal contrasts underscore the necessity of dynamic WOA
management to balance the benefits of solar heat gain and ventilation cooling, especially in climates with
significant seasonal variability.

The regression analysis provided quantitative insights, establishing strong linear relationships between
WOA, Solar Heat Gain, and CEV for both glazing types. Double-glazing systems consistently exhibited steeper
slopes in these relationships, reflecting their sensitivity to changes in WOA. This was particularly pronounced
in summer, where larger WOAs significantly amplified heat gain and ventilation cooling. With its enhanced
insulation, triple glazing moderated these effects, offering a more stable thermal performance across varying
WOA configurations.

The Net Thermal Effect analysis highlighted optimal WOA settings for seasonal comfort. In winter, smaller
WOAs (e.g., 0.32 m? or closed) maximised net heat gain, leveraging solar radiation to offset heat loss, particularly
in triple-glazed rooms. In summer, larger WOAs (e.g., 1.3 m? or 0.97 m?) facilitated net cooling, with triple
glazing effectively balancing Solar Heat Gain and CEV to minimise overheating. These results illustrate the
dynamic potential of WOA adjustments to optimise indoor thermal conditions while reducing reliance on
mechanical systems.

Despite the comprehensive approach employed, this study has several limitations that must be acknowledged.
For external environmental factors, certain external factors, including urban heat islands, microclimatic
variations, and localised airflow disruptions caused by adjacent buildings, were not explicitly considered. These
factors are particularly relevant in densely populated urban areas, where environmental heterogeneity can
significantly influence Solar Heat Gain and CEV.

Regarding geographic and climatic scope, this study focused exclusively on Dongguan, China, a subtropical
region with distinct climatic characteristics. Consequently, the findings may not directly apply to regions with
different climatic conditions, such as temperate or arid zones. The study’s scope excludes seasonal anomalies and
extreme weather conditions, which could introduce additional variables.

The material configurations, including the Low-E coating and argon-filled cavities for triple-glazed windows,
were assessed through real-world measurements, considering the material and structural properties. However, it
is important to note that deviations in real-world conditions, such as seal degradation or imperfect installation,
may reduce this study’s thermal and ventilation efficiencies. Additionally, a case with double glazing and shading
devices (such as interior roller blinds) was not included in the project, which is a limitation of this study. Future
research could consider incorporating such cases to provide a more comprehensive evaluation of window
performance under varying conditions.

In terms of future research directions, building on the findings and limitations of this study, several avenues
for future research emerge:

Future research should explore integrating advanced automated systems that dynamically adjust window
opening areas based on real-time data inputs, such as solar radiation intensity, indoor air quality, and outdoor
wind speeds. These systems could leverage machine learning algorithms to optimise energy efficiency while
maintaining occupant comfort. Furthermore, testing such systems in various climatic conditions would validate
their applicability across diverse settings.

Extending the scope of research to include long-term monitoring of Solar Heat Gain and CEV in real-world
settings is crucial. This would involve deploying IoT-enabled sensors to capture temporal variations in building
performance, providing a more nuanced understanding of the interplay between WOA, glazing type, and
environmental factors over time. A broader investigation comparing glazing and WOA performance in different
climatic zones (e.g., temperate, desert, and tropical regions) would provide actionable insights into the scalability
of the findings. Additionally, incorporating mixed-method approaches—such as simulation studies combined
with empirical fieldwork—could enhance the robustness of the results.

Exploring the synergies between adaptive WOA systems and renewable energy technologies, such as
photovoltaic-integrated windows, could further improve the sustainability of high-rise residential buildings.
Research could focus on how adaptive window strategies simultaneously impact energy generation and thermal
regulation. Beyond glazing systems, future studies should examine the potential of advanced shading solutions,
such as electrochromic or thermochromic materials, in conjunction with WOA optimisation. These technologies
could dynamically regulate Solar Heat Gain while maintaining sufficient daylight penetration, enhancing energy
efficiency and occupant well-being.

Data availability
The datasets used and analysed during the current study are available from the corresponding author upon
reasonable request.
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Appendix: Dongguan climate summary
Country: China.

City: Dongguan.

Longitude: 113.751799.

Latitude: 23.020673.

Elevation: 6.15 m (20.18 ft).

Annual high temperature: 18.37 °C (65.07 °F).
Annual low temperature: 9.63 °C (49.33 °F).
Average annual precipitation: 41.33 mm (1.63 in).
Warmest month: August (30.08 °C/86.14 °F).
Coldest month: January (1.85 °C/35.33 °F).

Wettest month: November (71.34 mm/2.81 in).
Driest month: February (7.26 mm/0.29 in).
Number of days with rainfall (>1.0 mm): 45.3 days (12.41%).
Days with no rain: 319.7 days (87.59%).

Humidity: 61.25%.
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