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ABSTRACT

In tropical climates, where cooling loads dominate building energy use, minimizing cooling demand is particularly
critical for achieving carbon neutrality in educational buildings while maintaining adequate daylight and visual comfort.
This study investigated the combined effects of the Window-to-Floor Ratio (WFR), Visible Light Transmission (VLT),
and Solar Heat Gain Coefficient (SHGC) on building performance through parametric simulations using
ClimateStudio. A university classroom in Chiang Mai, Thailand, served as a case study with a baseline configuration
of 30% WFR and SHGC 0.82, which is representative of conventional tropical classroom designs. Twenty retrofit
scenarios were modelled by varying the WFR (30%, 25%, 20%, 15%, and 10%) and VLT (88%, 77%, 66%, and 56%)
with SHGC (0.82, 0.62, 0.53, and 0.61), respectively. Each scenario was evaluated for estimated CO, emissions
from cooling energy intensity, surface solar exposure, spatial Daylight Autonomy (sDA), and annual sunlight exposure
(ASE) using radiance-based daylight analysis simulations. Thermal simulations were not conducted; instead, solar
radiation was used as a proxy for cooling demand. The results indicate that optimized configurations (e.g., WFR 20-
25% with SHGC 0.53) lower surface solar exposure by over 40% and cooling-related CO, emissions by approximately
30% compared to the baseline, while maintaining high daylight availability (sDA = 96%). This approach offers
preliminary insights for facade optimization aimed at passive cooling and sustainable energy use, though it lacks the
precision of dynamic thermal modeling and should be interpreted with caution. The findings support Sustainable
Development Goals 7 (Affordable and Clean Energy), 11 (Sustainable Cities and Communities), and 13 (Climate
Action), offering practical guidance for architects and engineers in designing climate-responsive, carbon-neutral
educational buildings in hot-humid regions.

Keywords: tropical climate design, educational architecture, window-to-floor ratio, solar heat gain coefficient, building
daylight simulation

1. INTRODUCTION

Achieving carbon neutrality in the built environment is a pressing
global challenge, particularly in regions with hot and humid
climates where cooling energy demand dominates operational
energy use [1], and where the application of passive cooling
strategies is critical [2]. Educational buildings, which often
operate during peak daylight hours and accommodate large
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numbers of occupants, present unique opportunities for passive
design strategies to reduce energy consumption while maintaining
the indoor environmental quality. This study introduced a
validated simulation-based framework that integrates climate-
based daylight metrics and solar exposure analysis to provide
actionable guidance for optimizing this balance in tropical
educational buildings.

Although the interplay between daylighting and building energy
performance has been explored in various climates, its application
in tropical educational buildings requires further development.
Studies [3] have investigated facade optimization for office
buildings in the tropics, and others [4] have examined shading
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NOMENCLATURE

ASE Annual Sunlight Exposure (%)
DF Daylight Factor (%)

sDA Spatial Daylight Autonomy (%)

SHGC Solar Heat Gain Coefficient (-)
VLT Visible Light Transmittance (%)
WFR  Window-to-Floor Ratio (%)
WWR  Window-to-Wall Ratio (%)
strategies. While multi-objective optimization has been

successfully applied to integrate daylighting and energy
performance in various building types [5], and the critical role of
glazing properties is well established [6], a focused parametric
framework for tropical educational buildings [7] utilizing climate-
based daylight metrics [8] remains a necessary contribution,
particularly for early stage design where rapid feedback is crucial.
This study aims to fill this gap by providing a simulation-based
framework for early-stage design decision-making.

In tropical regions, such as Chiang Mai, Thailand, conventional
classroom designs typically feature high Window-to-Floor Ratios
(WFR) and clear glazing with high Solar Heat Gain Coefficients
(SHGC), which contribute to excessive solar heat gains and
elevated cooling loads [9]. Although such designs may enhance
daylight penetration, they often compromise the thermal comfort
and energy efficiency [10]. Prior studies have explored the role of
daylighting in educational spaces [11-14], whereas others have
examined the thermal performance of tropical buildings [1,15,16].
However, few studies have integrated daylight and thermal
considerations [12] into a parametric framework tailored to
tropical educational contexts.

This study addresses this gap by investigating the combined
effects of WFR and SHGC on building performance using
ClimateStudio, a simulation tool that integrates radiance-based
daylight analysis and solar radiation modeling. A university
classroom in Chiang Mai served as a case study, representing the
typical architectural characteristics and usage patterns found in the
region. Unlike previous research, which often isolates daylight or
thermal performance, this study evaluates both aspects to
concurrently identify facade configurations that balance daylight
autonomy, glare risk, and cooling demand.

By identifying the optimal combination of WFR and SHGC, this
study provides actionable design guidance for architects and
engineers seeking to enhance building performance in tropical
educational settings. The findings contribute to the broader
discourse on sustainable architecture and support global efforts
aligned with the United Nations Sustainable Development Goals
(SDGs), particularly SDG 7 (Affordable and Clean Energy), SDG
11 (Sustainable Cities and Communities), and SDG 13 (Climate
Action).

1.1. Objectives

This study aims to address the challenge of achieving a carbon-
neutral design in tropical educational buildings by evaluating

facade configurations that balance daylight performance and
cooling demand. The specific objectives are:

e To quantify the impact of varying Window-to-Floor Ratios
(WFR), Visible Light Transmission (VLT), and Solar Heat
Gain Coefficients (SHGC) on daylight autonomy, glare
risk, and solar heat gain in a tropical classroom setting using
simulation-based analysis.

e To identify optimal facade configurations that
simultaneously enhance daylight availability and reduce
cooling-related carbon emissions, supporting passive
cooling strategies in hot-humid climates.

e To assess the performance of commercially available
glazing models across multiple WFR scenarios, offering a
practical and accessible alternative to dynamic thermal
simulation tools during early-stage design and retrofit
evaluations.

e Contribution to climate-responsive design practices that
align with the United Nations Sustainable Development
Goals (SDGs), particularly SDG 7 (Affordable and Clean
Energy), SDG 11 (Sustainable Cities and Communities),
and SDG 13 (Climate Action)

2. METHODOLOGY

This study employed a simulation-based methodology [17] to
evaluate the impact of WFR, VLT, and SHGC on the daylight
performance and potential cooling demand in a tropical
educational building.

2.1. Case study description

The simulation study was based on a typical university classroom
located in Chiang Mai, Thailand (18.79°N, 98.98°E), which is
characterized by a hot and humid tropical climate. The selected
room had a high WFR of 30%, which is consistent with the
conventional educational building designs in the region. The
glazing type in the baseline scenario had a VLT of 88% and an
SHGC of 0.82, representing the economic choices that are
commonly used in tropical classrooms, as shown in Fig. 1.

The internal layout of the room was measured at 400.3 m?, as
shown in Fig. 2. A summary of the areas and window schedules
shown in Fig. 3, is as follows: one swinging door and one operable
window facing north. One swinging door with three operable
windows facing east. Two swinging doors and six operable
windows facing southwest. One operable window faces the
northwest. One operable window facing northeast.

2.2. Simulation tool

Parametric simulations were conducted using ClimateStudio,
which is a Rhino-based building performance analysis tool.
ClimateStudio integrates radiance for daylight simulation and
solar radiation analysis, thereby enabling comprehensive
evaluation of daylight metrics and solar heat gain potential [18].
This tool was selected for its ability to model Spatial Daylight
Autonomy (sDA), Annual Sunlight Exposure (ASE), and Surface
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Fig. 2. Case study room floor plan.

Solar Exposure with high spatial and temporal resolution [19]. The
simulations utilized a standard Typical Meteorological Year
(TMY) climate file and EnergyPlus weather file (.epw) for Chiang
Mai, Thailand. All daylight simulations were conducted at a work
plane height of 0.75 meters above the finished floor level,
consistent with standard practice for desk height. The extended
dataset enabled a more granular evaluation of the trade-offs
between daylight quality, glare risk, and potential cooling demand
across different WFR configurations.

2.3. Parametric simulation with glazing models and
WFR variations

Twenty extended parametric simulation scenarios, including a
case study, were conducted using four distinct glazing models with
VLT values of 88%, 77%, 66%, and 56% and SHGC values of
0.82, 0.62, 0.53, and 0.61 across five WFR levels of 30%, 25%,
20%, 15%, and 10%, as shown in detailed section Fig. 4.

Twenty parametric simulation scenarios, summarized in Table
1, were conducted to assess their impact on daylight performance

using Spatial Daylight Autonomy (SDA), Annual Sunlight
Exposure (ASE), illuminance, and incident solar radiation on the
glazing surfaces. These models represent a broad spectrum of
commercially available glazing options that are suitable for
tropical climates.

2.4. Assessment metrics

The simulation outputs include key performance metrics such as
estimated GHG emissions for cooling intensity (EFElec) in
kgCOse/m?yr; Surface Solar Exposure (kWh/m?-yr), representing
the total annual solar radiation received on internal surfaces, was
used as the primary metric. This provides a robust proxy for
comparative cooling load assessment in the early design stages, as
solar heat gain through glazing is a dominant factor driving
cooling energy consumption in tropical buildings [3]. While
dynamic thermal simulation provides higher precision, this
approach is computationally efficient and allows for the rapid
screening of facade options. The other metrics evaluated include:
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Fig. 3. Window schedule and dimension for case study room.

e Spatial Daylight Autonomy (sDA): the percentage of floor
area receiving at least 300 Ix of daylight for 50% of
occupied hours annually.

e Annual Sunlight Exposure (ASE): the percentage of floor
area that receives excessive sunlight annually, which may
cause glare or overheating.

e  Mean Illuminance (Ix).

e Daylight Factor (DF): calculated under the standard CIE
overcast sky condition.

e Illuminance Uniformity.

e  Glazing properties: Visible Light Transmittance (VLT), U-

value, and Solar Heat Gain Coefficient (SHGC).

By analyzing the interaction between glazing properties and
WEFR, this study identifies the optimal combinations that balance
daylight performance with passive cooling potential. For example,
Model 2 (VLT 0.77, SHGC 0.62) at a WFR of 25% achieves high
daylight autonomy (sDA 99.3%), while significantly reducing
electric lighting energy use and solar exposure compared to the
baseline scenario.

2.5. Simulation assumptions

The simulations assumed static occupancy schedules and did not
incorporate dynamic user behavior, adaptive comfort strategies, or
real-time lighting controls. External shading devices and dynamic
glazing technologies were excluded from analysis. The cooling
demand was inferred from solar radiation values rather than
simulated using dynamic thermal models such as EnergyPlus.
Additionally, the study did not include a cost-benefit analysis or
material validation through field measurements, which may have
affected the generalizability of the findings.

2.6. Study scope and limitations

This study is explicitly scoped for the early-stage design phase,
where rapid, comparative analysis of facade parameters is the most
valuable. The methodological choices reflect this scope:

e Cooling Load Proxy: The use of solar radiation as a proxy
for cooling demand is a recognized simplification suitable
for comparing the relative performance of facade variants
and isolating the impact of solar heat gain.

e Absence of Shading: Shading devices were excluded to

clearly isolate the individual and combined effects of WFR
and glazing properties, providing a foundational
understanding before introducing more complex variables.
Static Assumptions: Fixed occupancy and setpoint
temperatures are standard assumptions for benchmarking
building performance, and are consistent with the
methodology of similar parametric studies.

Although these limitations mean that the results are not
absolute predictions of energy use, they are highly valuable
for informing the design direction and identifying optimal
parameter combinations relative to a baseline.

2.7. Model validation

To assess the reliability of the simulation model, a preliminary
validation was conducted on-site using an illuminance lux meter
(Data Logger GM1030) with an accuracy of = 3% from 0 to 1,999
Ix and £ 4% from 2,000 to 199,999 Ix. Illuminance measurements
were recorded on October 25, 2025, from 9:30am to 5:30pm under
clear sky conditions, and measurement points were arranged on
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Fig. 4. A detailed section of the propose parametric simulation glazing model with each WFR scenario.

Table 1. Summary of the Twenty Parametric Scenarios Simulated.

Scenario ID WER (%) Glazing Model VLT (%) SHGC U-value (W/m?-K)
S1 30 1 88 0.82 5.82
S2 30 2 77 0.62 5.82
S3 30 3 66 0.53 5.82
S4 30 4 56 0.61 5.82
S5 25 1 88 0.82 5.82
S6 25 2 77 0.62 5.82
S7 25 3 66 0.53 5.82
S8 25 4 56 0.61 5.82
S9 20 1 88 0.82 5.82
S10 20 2 77 0.62 5.82
S11 20 3 66 0.53 5.82
S12 20 4 56 0.61 5.82
S13 15 1 88 0.82 5.82
S14 15 2 77 0.62 5.82
S15 15 3 66 0.53 5.82
S16 15 4 56 0.61 5.82
S17 10 1 88 0.82 5.82
S18 10 2 77 0.62 5.82
S19 10 3 66 0.53 5.82
S20 10 4 56 0.61 5.82
Table 2. Summary of calibrated results between on-site measurements and the anticipated simulation model.
Time of day 09:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30 Average Daily
Illuminance
On-site 1667 1410 1407 2157 3098 2953 2021 1572 500 1865
measurements
[lux]
Simulation [lux] 1943 1866 1933 2000 2240 2794 3495 2289 317 2097

the 0.75m work plane in a grid pattern reflecting the sensor points
used in the simulation model, as shown in Fig. 5. A comparison
between the expected values from the simulation and the actual
data is presented in Table 2. The simulated average illuminance
value for the baseline model (WFR 30%, VLT 88%, SHGC 0.82)
under identical conditions was 2097 1x, which showed a 12%
deviation from the measured value of 1865 Ix. According to
Hirning and Isoardi [20] and the established CIE validation

practice [21], a deviation of 10-15% between the simulated and
measured illuminance is considered acceptable.

This level of discrepancy is considered acceptable for a
comparative parametric study of this nature, and aligns with the
validation approaches used in similar field-validated simulation
research [22], providing confidence in the relative accuracy of the
simulation results across different scenarios. Therefore, the
reliability of the model was considered satisfactory for the
comparative parametric analysis.
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Table 3. The average performance metrics across all parametric simulation scenarios for each WFR level on simulation.
Scenario ID  WFR [%] Glazing Surface Surface sDA [%] ASE [%] DF [%] Illuminance  Illuminance
Model Emission Exposure [Ix] Uniformity
[kgCO2e/m?]  [kWh/m?]
S1 30% 1 34 78 99.4 15.8 4.26 2338 0.38
S2 30% 2 27 61 99.4 14.8 4.02 1785 0.39
S3 30% 3 20 45 99.3 13.8 3 1330 0.38
S4 30% 4 14 31 97.4 12.8 2.09 925 0.38
S5 25% 1 31 71 99.4 13.5 4.77 2109 0.37
S6 25% 2 24 54 99.3 12.9 3.66 1620 0.35
S7 25% 3 18 41 98.8 12.6 2.73 1208 0.37
S8 25% 4 12 28 96 11.8 1.9 841 0.35
S9 20% 1 24 56 99.3 11.6 3.96 1766 0.35
S10 20% 2 19 43 98.9 11.1 3.03 1353 0.33
S11 20% 3 14 32 97.1 10.8 227 1012 0.34
S12 20% 4 10 22 90 10.3 1.58 703 0.34
S13 15% 1 21 48 98.9 10.4 3.56 1598 0.31
S14 15% 2 16 36 97.9 10.2 2.73 1225 0.32
S15 15% 3 12 28 95.4 10.1 2.04 920 0.32
S16 15% 4 8 19 80.3 9.5 1.42 639 0.31
S17 10% 1 11 25 94.7 6.6 2.21 1001 0.29
S18 10% 2 8 19 86.3 6.6 1.69 768 0.3
S19 10% 3 6 14 61.1 6.3 1.26 571 0.29
S20 10% 4 4 10 303 6 0.88 402 0.31

Table 4. The average performance metrics on each WFR level.

WFR [%] Mean Surface Mean Surface Mean sDA [%)] Mean ASE [%] Mean DF [%] Mean Illuminance
Emission Exposure [Ix]
[kgCO2e/m?] [kWh/m?]

30 23.75 53.75 98.875 14.3 3.3425 1594.5

25 21.25 48.5 98.375 12.7 3.265 1444.5

20 16.75 38.25 96.325 10.95 2.71 1208.5

15 14.25 32.75 93.125 10.05 2.4375 1095.5

10 7.25 17 68.1 6.375 1.51 687
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3. RESULTS AND DISCUSSION

The simulation results were organized according to WFR and
glazing configurations to evaluate their impact on daylight
performance and potential cooling demand emissions, as shown in
Table 3. Table 4 summarizes the key metrics across all parametric
simulation scenarios at each WFR level. Figures 6-11, illustrate
the trends across the WFR levels.

Figure 6 shows the estimated cooling-related carbon emissions
across the different WFR values for each glazing model. This
trend highlights the direct relationship between glazing area and
cooling demand: larger window areas allow more solar heat gain,
increasing the energy required for cooling. As WFR decreases
from 30% to 10%, the estimated annual cooling emissions drop
significantly from approximately 23.75 kgCO:e/m?-yr to 7.25
kgCOze/m*yr on average as summarize in Table 4. Therefore,
reducing WFR is an effective passive strategy for lowering
operational carbon emissions in tropical classrooms.

Figure 7 shows the annual solar radiation incident on the
internal surface of each glazing model. This confirms that larger
glazing areas result in higher solar heat gain, reinforcing the need
for careful facade design. In addition, Table 4 summarize that
surface exposure increases with WFR, peaking at 53.75
kWh/m?-yr for WFR 30% on average. The data support the use of
lower WFR and low-SHGC glazing to reduce the internal heat
gain and improve the thermal performance.

Figure 8 shows that the sDA improves with increasing WFR for
each glazing model, reaching nearly 99% at a WFR of 25-30%.
This indicates that larger window areas provide better daylight
coverage during occupied hours. However, the marginal gains in
daylight performance beyond a WFR of 15% must be weighed
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against the corresponding increases in cooling demand and glare
risk, as summarized in Table 4.

Figure 9, shows that the ASE also increased with the WFR for
each glazing model, indicating an increased risk of glare and
visual discomfort. ASE values exceeded acceptable thresholds of
10% beyond a WFR of 20%, as summarized in Table 4, suggesting
that while daylight autonomy improves, visual comfort
deteriorates. This trade-off emphasizes the importance of
balancing daylight access with glare control in facade design.

Figure 10 shows that the DF increased with the WFR for each
glazing model, reflecting the improved daylight penetration.
However, excessively high DF values may lead to over
illumination and discomfort. The results in Table 4 suggest that
moderate WFR values (15-20%) provide sufficient daylight
without excessive brightness, aligning with optimal visual comfort
targets in educational settings.

Figure 11 shows the annual average illuminance levels across
all the WFR scenarios. As expected, the illuminance increased
with the WFR for each glazing model, with the highest values
observed at a WFR of 30%. Although high illuminance supports
visual tasks, it may also contribute to glare and overheating, as
summarized in Table 4. The trendline demonstrated that an
interchangeable performance between a high WFR level and a low
SHGC model is achievable to balance the daylight sufficiency and
thermal comfort.

3.1. Daylight analysis

The simulation results in Table 3 show that all scenarios
maintained acceptable levels of daylight autonomy, with the sDA
values exceeding 55% in most cases. The baseline S1 (WFR 30%,
SHGC 0.82) configuration achieved the highest daylight
autonomy of 99%, but also exhibited elevated levels of Annual
Sunlight Exposure, indicating potential glare and overheating
risks.

Reducing WFR to 15% (comparing S1 to S13-S15) led to a
moderate decline in daylight autonomy (from 99.4% to 95.4%).
However, selecting glazing with a lower SHGC significantly
reduced ASE values (from 15.8% to 10.1%) to improve visual
comfort. The results highlighted that the SHGC values between
glazing models had a minimal impact on daylight autonomy, but
contributed to reduced glare and overheating.

3.2. Solar exposure analysis

The incident solar radiation on the internal surface varied
significantly across scenarios. Baseline case S1 recorded the
highest annual solar radiation at approximately 78 kWh/m?-yr,
whereas the most optimized scenario S20 (WFR 10%, VLT 56%,
SHGC 0.61) reduced this to 10 kWh/m?-yr, representing an 87%
reduction in potential heat gain.

This reduction suggests a substantial decrease in cooling
demand, even though the exact energy values were not simulated.
The correlation between lower WFR/VLT/SHGC and reduced
solar radiation supports the effectiveness of facade optimization in
tropical climates.

3.3. Discussion

The analysis, based on a simulation model validated with on-site
measurements, confirms that increasing the WFR enhances
daylight performance, but also raises cooling-related carbon
emissions. The validated model reinforces the credibility of these
findings and subsequent design recommendations. As the WFR
increased, sDA improved significantly, reaching nearly 99% at a
WER of 25-30% in (S1-S7). However, this comes at the cost of
higher surface solar exposure, which directly translates into
increased cooling emissions rising from approximately 7.25
kgCO2e/m?-yr at WFR 10% to 23.75 kgCOz2e/m?-yr at WFR 30%.
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ASE also increased with WFR, indicating a greater glare
potential and thermal discomfort. These trends suggest that,
although larger glazing areas improve daylight access, they also
intensify the building’s cooling burden and carbon footprint. The
analysis identifies an optimal design compromise within the WFR
range of 20-25% (e.g., Scenarios S7 and S11). Within this range,
daylight autonomy remains excellent (sDA >96%), while cooling
emissions and solar exposure are substantially lower
approximately 20-30% reduced compared to the conventional
30% WEFR baseline.

These reductions imply a lower operational energy use for air
conditioning, contributing to carbon neutrality goals. Furthermore,
consistent daylight uniformity across models suggests that energy
savings can be achieved without compromising the visual comfort.
These findings support the integration of passive cooling strategies
and daylight-responsive lighting controls, enabling designers to
reduce reliance on mechanical systems and enhance the overall
building energy performance.

Despite the valuable insights provided by this simulation-based
study, several limitations of this study must be acknowledged. The
absence of dynamic thermal simulations restricts the precision of
cooling load estimations because solar radiation is used as a proxy.
The study also did not address the economic feasibility of the
proposed retrofit strategies, leaving a gap in understanding their
cost-effectiveness. Future research should incorporate dynamic
thermal modeling tools such as EnergyPlus, conduct material
validation through in situ measurements, and perform cost-benefit
analyses to enhance the robustness and practical relevance of the
design recommendations.

3.4. Tradeoff and design implications

Although reducing the WFR and SHGC improves the thermal
performance, it may compromise daylight availability if not
carefully balanced. The scenario with a WFR of 20% (S9-S12)
emerged as a balanced solution, maintaining an sDA above 65%
while reducing solar radiation by over 30% compared to the
baseline.

These findings highlight the importance of integrated design
strategies that consider both daylight and thermal performances.
Architects and engineers should prioritize moderate WFR values
for low-SHGC glazing to achieve energy-efficient and visually
comfortable learning environments in tropical regions.

3.4.1. Balancing daylight and thermal performance

Higher WFRs and high-VLT glazing (S1, S5, S9) provided
excellent daylight autonomy (sDA>99%) and high illuminance
levels. However, they also result in a higher ASE and solar
exposure, increasing the risk of glare and cooling loads. Hence,
used high-WFR and high-VLT glazing only if glare control (e.g.,
shading devices) and efficient cooling systems were in place.

3.4.2. Glazing selection tradeoff

Model 1 (VLT 88%, SHGC 0.82) for S1, S5, S9, S13, and S17
was the best for daylight but the worst for thermal control in each
WEFR scenario. Model 4 (VLT 56%, SHGC 0.61) significantly
reduced solar exposure and ASE but compromised daylight
quality, especially on S20 with low WFR. Hence, glazing with
moderate and low SHGC (e.g., Models 2 and 3) was used to
balance daylight and passive cooling.

3.4.3. Optimal WFR range

WEFRs between 15% and 20% offer a sweet spot where the sDA
remains high on average (=93%), ASE and solar exposure are
significantly reduced, and mean illuminance is sufficient for
classroom tasks. Therefore, a WFR of approximately 20% is
recommended to achieve optimal performance without excessive
cooling demand, whereas a WFR of 15% may be considered if
minimizing the cooling load is the highest priority.

3.4.4. llluminance uniformity

Uniformity remained stable across all models and WFRs (=0.3-
0.38), indicating a consistent light distribution. Hence, designers
can focus more on controlling the brightness and glare than on
uneven lighting.

3.4.5. Passive cooling strategy

Lower SHGC and WFR values directly reduced solar radiation
from glazing across S1-S20. Hence, these parameters should be
prioritized in passive cooling strategies, particularly in energy
retrofits, in which HVAC upgrades are limited.

3.4.6. Influence of shading devices

While this study focused on the isolated effects of the WFR and
glazing properties, the incorporation of shading devices is a
critical next step in holistic facade design [16]. External shading,
such as overhangs or vertical fins, could potentially allow for
larger WFRs by controlling the direct solar gain and mitigating
glare, thereby improving the ASE metrics observed in high-WFR
scenarios. Future research should parametrically integrate the
shading design variables to explore these synergistic effects.

4. SUMMARY AND RECOMMENDATIONS

This study investigated the impact of varying the WFR and SHGC
on daylight performance and potential cooling demand in a
tropical classroom using parametric simulations in ClimateStudio.
The results demonstrate that reducing both the WFR and SHGC
significantly lowers the incident solar radiation on internal
surfaces, which serves as a practical proxy for cooling load
reduction in early stage designs. While higher WFR values
enhance daylight autonomy, they also increase the solar heat gain
and glare risk. Conversely, lower WFR and SHGC values reduce
thermal loads, but may compromise daylight availability. Among
the 20 scenarios analyzed, the configuration with WFR 15% and
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Table 5. Summary Table for Design Decision-Making.

Design Priority Recommended WFR Recommended Glazing Model Key Outcome
Balanced Performance (Best Overall) 20% - 25% Model 3 (VLT 66%, SHGC 0.53) or Excellent daylight (sDA >96%) +
Model 2 (VLT 77%, SHGC 0.62) Low Cooling Loads
Maximize Passive Cooling / Energy 15% Model 3 (VLT 66%, SHGC 0.53) Good daylight (sDA ~95%) + Lowest
Savings Cooling Loads
Maximize Daylight 25% -30% Model 2 (VLT 77%, SHGC 0.62) Highest Daylight (sDA >99%) +
Higher Cooling Loads*

SHGC 0.53 offered the most balanced performance, maintaining
adequate daylight while minimizing solar radiation exposure and
estimated cooling-related carbon emissions.

4.1. Key findings summary

e Cooling Emissions: Reducing WFR from 30% to 10%
lowers estimated cooling-related carbon emissions from

23.75 to 7.25 kgCO2¢e/m?yr.

o Solar Exposure: Surface solar exposure decreases from
53.75 to 17 kWh/m?-yr as the WFR is reduced.

e Daylight Autonomy (sDA): sDA remains high (>95%) for
WER values between 20% and 30% but drops significantly
at 10%.

e Glare Risk (ASE): ASE increases with WFR, exceeding
acceptable thresholds beyond 20%, indicating a higher
glare potential.

e Optimal Balance: Configurations within a WFR range of
20% to 25% combined with low-SHGC glazing (e.g.,
SHGC 0.53-0.62) offer the best balance, maintaining
excellent daylighting while significantly reducing the
cooling demand. A WFR of 15% is recommended only
when minimizing the cooling load is the highest priority,
accepting a notable reduction in daylight availability.

e Glazing Tradeoffs:

e Model 1 (VLT 88%, SHGC 0.82): Best for daylight and
worst for thermal control.

e Model 4 (VLT 56%, SHGC 0.61): Best for thermal control,
but compromises daylight.

e Models 2 and 3 (VLT 77-66%, SHGC 0.62-0.53): Offer-
balanced performance.

e  Uniformity: [lluminance uniformity remains stable across
all scenarios (=0.30-0.38), indicating consistent light
distribution.

e  Passive Cooling Strategy: Lower SHGC and reduced WFR
directly reduce solar radiation, thereby supporting passive
cooling in tropical classrooms.

4.2. Recommendations for tropical educational
building design

Based on the parametric analysis and validated simulation results,
the following specific recommendations are provided to achieve
an optimal balance between daylight, visual comfort, and passive

cooling in tropical educational buildings, with a summary table for
design decision-making in Table 5.

4.2.1. Primary recommendation for new designs &
major retrofits

Window-to-Floor Ratio (WFR): Implementation of a WFR of
20%-25%.

Glazing type: Select a low-SHGC glazing with a Solar Heat
Gain Coefficient of < 0.60. This corresponds to Glazing Model 2
(VLT 77%, SHGC 0.62) or Model 3 (VLT 66%, SHGC 0.53).
Expected performance: This combination provides the most robust
balance, ensuring excellent daylight autonomy (sDA >96%),
significantly reducing cooling emissions (20-30% lower than a
30% WEFR baseline), and maintaining acceptable glare control
(ASE<11%).

4.2.2. Recommendation for carbon-conscious retrofits
with limited HVAC capacity

Window-to-Floor Ratio (WFR): Reduce the WFR to 15%.
Glazing type: Pair with low-SHGC glazing, prioritizing Glazing
Model 3 (VLT 66%, SHGC 0.53) to preserve as much daylight as
possible.

Expected performance: This strategy prioritizes passive cooling
and energy savings, thereby achieving the lowest solar heat gain
and cooling emissions. Designers must accept a moderate
reduction in daylight availability (sDA ~93-95%) and be best
suited for spaces where HVAC upgrades are not feasible.

4.2.3. Glazing Selection Guide

Avoid unshaded facade: Glazing Model 1 (High VLT 88%, High
SHGC 0.82) should be avoided in large window areas, as it leads
to the highest cooling loads and glare risk, despite offering the
most daylight.

Use with caution: Glazing Model 4 (Low VLT 56%, SHGC
0.61) is highly effective for solar control, but severely
compromises daylight quality, especially at lower WFRs. It should
only be used in applications in which daylight is a secondary
concern.

Ideal choices: Glazing Models 2 and 3 are the most versatile and
recommended for most applications, with Model 3 being the
superior choice for maximizing energy savings and Model 2 for
maximizing daylighting.
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4.3. Future research directions

To strengthen the practical applicability and long-term
performance of the proposed strategies, future research should
address the following issues:

e Advanced Modeling and Extended Validation: Future work
should integrate dynamic thermal simulation tools (e.g.,
EnergyPlus) to precisely quantify cooling energy savings
[23-25]. The validation conducted in this study can be
extended to include long-term monitoring and thermal
measurements.

e Dynamic Occupancy: Dynamic occupancy patterns and
adaptive comfort strategies are incorporated to better reflect
real-world usage [14].

e Economic Analysis: Conduct cost-benefit analyses of the
proposed retrofit strategies to assess their financial viability
and scalability.

e Integrated Shading Strategies: Explore the synergistic
effects of combining optimal WFR and glazing
configurations with external shading devices.

5. CONCLUSION

This study highlights the critical role of facade design
optimization in improving the environmental performance of
educational buildings in tropical climates. Through parametric
simulations using ClimateStudio, the combined effects of WFR,
VLT, and SHGC were systematically evaluated across multiple
glazing configurations. The findings demonstrate that reducing
WEFR and SHGC significantly lowers solar exposure, glare risk,
and cooling-related carbon emissions while maintaining
acceptable levels of daylight autonomy. Specifically,
configurations within the WFR range of 20-25%, combined with
glazing of moderate VLT and low SHGC (e.g., VLT 66%, SHGC
0.53), emerged as the most balanced solutions, achieving high
daylight autonomy (sDA>96%) while reducing solar exposure by
over 40% compared to the baseline and minimizing the estimated
cooling emissions.

Supported by empirical validation and despite the absence of
dynamic thermal simulations and cost analyses, this study
provides actionable, evidence-based insights for architects and
engineers engaged in climate-responsive designs. The use of solar
radiation as a proxy for cooling demand presents a practical
alternative for early stage assessments, especially in resource-
constrained contexts. To build upon the robust foundation
established here, including the validated simulation approach,
future studies should incorporate dynamic thermal modeling tools,
cost-benefit analyses, and long-term post-occupancy evaluations.

By advancing the understanding of facade performance in
tropical educational buildings, this research contributes to the
development of carbon-conscious design practices that align with
SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable
Cities and Communities), and SDG 13 (Climate Action). This
study provides a practical, evidence-based pathway for architects
and engineers to design high-performance, low-carbon

educational spaces in the tropics, directly contributing to the
creation of a more sustainable built environment.
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