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Abstract. In the hot and humid climate of San Antonio, Texas, residential buildings consume approximately 
43 percent of the city’s electricity. Yet older, heat-vulnerable homes, particularly in lower-income 
neighborhoods, remain largely underserved in energy efficiency efforts, as local government weatherization 
programs mainly provide standardized solutions that require the building envelope to be in good condition. 
Roofs are the most exposed elements in the envelope and strongly influence heat gain and indoor conditions. 
This study assesses the thermal performance of roof retrofit scenarios in an older, detached single-family home 
representative of this underserved housing stock. We employed a transient Computational Fluid Dynamics 
(CFD) model developed in ANSYS Fluent to simulate unsteady indoor airflow using the Stress-Blended Eddy 
Simulation (SBES) turbulence model and the P1 radiation approach for radiative heat exchange. Four roof-
albedo scenarios (α = 0.20, 0.40, 0.60, 0.80) were evaluated under typical summer conditions representative of 
passive ventilation periods. Model validation against on-site sensor data achieved coefficients of determination 
of 0.90 for air temperature and 0.89 for velocity, confirming strong predictive accuracy. Increasing roof albedo 
from 0.20 to 0.80 reduced roof heat absorption by approximately 75%, decreased conductive heat transfer by 
60%, and lowered indoor peak temperature by 0.8oC, shortening exposure above 32oC by roughly 20%. 
Complementary drone thermal imagery collected using DJI Matrice 350 RTK corroborated substantial surface-
temperature reductions between dark and reflective roofs transitions funded by the City of San Antonio’s Cool 
Roof Program. The findings demonstrate that high-albedo cool roofs represent a cost-effective and scalable 
retrofit strategy to mitigate indoor overheating and energy burden in ASHRAE Climate Zone 2A, advancing 
equitable climate adaptation and housing resilience. 
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1 Introduction 
Addressing climate change and rising urban 

temperatures requires improving the energy performance 
of buildings through targeted and sustainable design 
interventions. Among the various building envelope 
components, roofs play a particularly influential role 
because they receive the highest exposure to solar 
radiation. This exposure results in significant heat gain 
within buildings and contributes to the urban heat island 
effect, particularly in low-insulated dwellings. Passive 
retrofit solutions, such as cool roofs and green roofs, have 
therefore gained prominence for their capacity to reduce 
heat accumulation and enhance thermal performance [1]. 
Cool roofs, in particular, increase surface reflectivity and 
minimize solar heat absorption, thereby lowering cooling 
energy demand and indoor heat stress [2,3]. Despite 
documented benefits, roof retrofitting remains 
underutilized in most urban contexts [4], representing a 
significant opportunity to enhance energy efficiency and 
thermal resilience, particularly in dense built 
environments [5].  

Cool roofs reduce building energy consumption 
primarily through increased surface albedo. By reflecting 
a greater proportion of incoming solar radiation, these 
coatings lower roof surface temperatures and reduce 
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conductive heat transfer into buildings. Empirical and 
modeling studies demonstrate that this mechanism yields 
appreciable year-round benefits in hot, sun-dominated 
climates. For instance, increasing roof albedo from 0.2 to 
0.8 in Dubai produced substantial reductions in both 
cooling and heating loads, an average energy decline of 
32.16% for uninsulated buildings and 24.3% for insulated 
buildings, highlighting pronounced potential for net 
annual savings in subtropical desert contexts [6]. 
Similarly, Seifhashemi et al. (2018) [7] report consistent 
cooling-season savings for single-story retail warehouses 
across Australian climate zones, with annual reductions of 
6.5–8.4 kWh.m-2. The most significant effects occurred in 
tropical, subtropical, and arid regions. These findings 
align with broader evidence indicating that reflective roof 
treatments can substantially lower surface and near-roof 
air temperatures, thereby reducing peak cooling demand 
during periods of high solar irradiance [8,9]. 

However, the effectiveness of cool roofs varies across 
contexts. Local climate, building envelope insulation, 
urban geometry, and interactions with other mitigation 
measures all influence outcomes. Elnabawi et al. (2023) 
[8] demonstrate that very high-albedo "super cool" 
coatings can outperform conventional cool and vegetated 
roofs in reducing mean radiant temperature and 
physiologically equivalent temperature at the 
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neighborhood scale, particularly in hot-arid settings. 
Conversely, Yang et al. (2025) [9] emphasize that multi-
criteria assessments, combining energy performance, 
microclimate impacts, life-cycle costs, and technical 
feasibility, prove essential for robust retrofit decisions in 
temperate urban contexts. These studies suggest that while 
cool roofs offer clear thermodynamic advantages in many 
warm climates, decision-makers should evaluate albedo 
upgrades alongside green-roof alternatives and site-
specific constraints to identify the most effective and 
equitable retrofit strategy. Despite extensive research on 
cool roofs at urban and building scales, few studies have 
examined their effectiveness in thermally vulnerable and 
under-insulated residential buildings using high-fidelity 
transient CFD analysis. This gap is critical because low-
income and aging housing stock, common in hot-humid 
regions, experiences disproportionate heat stress and 
energy burden, yet remains underserved in retrofit 
programs. To address this gap, this study applies transient 
computational fluid dynamics (CFD) using the stress-
blended eddy simulation (SBES) model coupled with P-1 
radiation modeling to capture buoyancy-driven, low-
velocity indoor thermal dynamics at high spatial 
resolution. The objectives are to: (1) evaluate the indoor 
thermal performance of four roof-albedo scenarios (α= 
0.20, 0.40, 0.60, 0.80) under typical passive-ventilation 
conditions; (2) quantify spatial and temporal variations in 
indoor air temperature within a representative 1970s-era 
dwelling in San Antonio, Texas; and (3) assess the 
potential of high-albedo roof retrofits for reducing thermal 
stress and energy burden in heat-vulnerable households. 
This study contributes to ongoing research on equitable 
and evidence-based passive cooling strategies, providing 
quantitative guidance for cost-effective retrofits in hot-
humid climates. 

 
2 Methodology  
2.1. Study area and case study selection 

San Antonio, the second-largest city in Texas, contains 
a substantial inventory of under-insulated, air-
conditioning-dependent homes constructed during the 
1970s and 1980s energy crisis. These residences 
concentrate in historically underserved neighborhoods, 
particularly on the Westside (Figure 1). The aging wood-
framed housing stock exhibits significant physical 
deterioration after several decades of operation, resulting 
in substantial energy burdens for residents [10]. This study 
examines a representative single-family dwelling that is 
typical of this housing typology to evaluate roof retrofit 
strategies for improving indoor thermal performance.  

The case study dwelling represents a single-story 
wood-frame structure with a floor area of 70 m² and a 
height of 4.6 m. The building envelope exhibits minimal 
window-to-wall ratios across all orientations: north 
(2.40%), south (8.76%), west (4.20%), and east (1.66%). 
Figure 1 presents the multi-scale representation of the 
dwelling, from its regional context to the computational 
model geometry. 

 
Fig.1. Multi-Scale Representation of the Case Study 
Dwelling: From Regional Context to Computational 
Model 
 
This study evaluates four roof retrofit strategies 
differentiated by surface albedo values ranging from 0.2 
to 0.8. Scenario 1 (albedo = 0.2) represents the baseline 
condition, where conventional dark asphalt shingles 
exhibit high solar absorptivity (0.8), resulting in a 
substantial heat flux through the roof assembly into the 
conditioned space. Scenarios 2 and 3 (albedo = 0.4 and 
0.6, respectively) represent intermediate retrofit options 
achievable through medium-reflectance coatings or 
lighter-colored roofing materials, progressively reducing 
solar heat gain. Scenario 4 (albedo = 0.8) represents a 
high-performance cool roof coating that reflects 80% of 
incident solar radiation, absorbing only 20% and thereby 
minimizing conductive heat transfer through the building 
envelope. All scenarios maintained identical roof 
assemblies, isolating albedo as the sole variable, and were 
simulated over a 24-h diurnal cycle under representative 
summer conditions (Fig. 2). 

 
Fig.2. Roof retrofit scenarios based on surface albedo 
modification 
 
2.2. Computational domain and boundary conditions 
2.2.1. Domain configuration 
 The computational domain follows established 
guidelines for building aerodynamics simulations [4,5]. 
The computational domain extends 5H upstream of the 
dwelling, 15H downstream, and ±5H laterally, with the 
domain top located 5H above ground level (Fig. 3). Here, 

 

 

H denotes the characteristic maximum building height of 
the case dwelling, measured from ground to the roof ridge 
(H = 4.6 m); the heights range from 2.9–4.6 m. Figure 3 
illustrates the domain configuration and dimensions. 
 Symmetry boundary conditions apply to the lateral 
boundaries and the top of the domain. The inlet 
implements atmospheric boundary layer profiles for 
velocity, turbulent kinetic energy, and turbulent 
dissipation rate. The outlet maintains a fixed static 
pressure condition. Ground and building surfaces employ 
no-slip wall conditions with standard wall functions. 

 
Fig.3. Schematic diagram of the computational domain 
(H=4.6, height of the building) 
  
2.2.2. Atmospheric boundary layer profile 
The inlet velocity profile follows the logarithmic law [11] 
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where z represents the height above ground, z0 denotes the 
aerodynamic roughness length (0.03 m for the ground to 
fit with the experimental on-site weather station), k is the 
von Karman constant (0.42), and u* represents the friction 
velocity.  
 
2.2.3. Continuous phase simulation 
Airflow and heat transfer in the domain were simulated 
transiently using the stress-blended eddy simulation 
(SBES) turbulence model based on the SST k−  
formulation.  
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Where iu and ju are the velocity components in the 

direction i and j of Cartesian coordinates. ij is the 

Kronecker delta.  is fluid density and p is pressure. 
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Albedo-Absorptivity Relationship 
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2.3. Mesh design and grid independence analysis 
 The computational domain utilizes hexahedral 
elements in the Fluent Meshing model (ANSYS Inc.) with 
10 prism layers adjacent to the building walls to resolve 
near-wall flow gradients. Mesh independence was verified 
using three grid resolutions: 3.5 million (coarse), 6.5 
million (medium), and 8.5 million (fine) elements, 
following established grid refinement ratios [12]. 
 Figure 4 shows the hexahedral mesh structure with 
prism layers near the wall boundaries. Figure 5 presents 
normalized velocity profiles along the vertical centerline 
for all three meshes. The medium and fine meshes 
produce nearly identical results, with maximum 
deviations of less than 2%, while the coarse mesh exhibits 
deviations exceeding 5% in the near-wall regions. These 
results confirm that the medium mesh (6.5 million 
elements) achieves grid-independent solutions. All 
subsequent simulations employ this medium mesh 
configuration. 

 
Fig.4. Mesh design of the indoor space of the 
computational domain by the hexahedral elements. 10-
prism layers are adjacent to the building boundary wall.  
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dissipation rate. The outlet maintains a fixed static 
pressure condition. Ground and building surfaces employ 
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2.2.2. Atmospheric boundary layer profile 
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Fig.5. Grid independence testing for the front of the 
building based on the velocity profile at Line 1  
3 Results 
3.1. CFD simulation validation 
 Figure 6 illustrates the regression analysis comparing 
the simulated and measured outdoor air velocity and 
temperature. The scatter plots reveal a strong linear 
relationship between the CFD simulation results and the 
on-site measurements obtained from the METSENS550 
Compact Weather Sensor, located near the case study 
building. This agreement indicates that the model 
effectively reproduces the diurnal variations of both 
parameters. The R2 values of 0.89 for velocity and 0.90 
for temperature demonstrate high predictive accuracy. 
The corresponding root mean squared errors (RMSE) of 
0.10 m/s and 1.46°C indicate that the discrepancies 
between simulated and measured data are limited. Overall, 
the close agreement supports the suitability of the applied 
boundary conditions for subsequent indoor CFD 
simulations under the examined scenario. 

  
 
Fig.6. Regression plot comparing simulated (CFD 
simulation) and measured velocity and temperature  

 
3.2. Velocity distribution 

Figure 7 presents velocity distributions through 
vertical and horizontal cross-sections of the dwelling. The 
vertical cross-section (Figure 7a) reveals pronounced 
thermal stratification with maximum velocities 
approaching 3.0 m/s near upper window openings, 
decreasing substantially to near-stagnant conditions (0.0-
0.5 m/s) at floor level. This vertical gradient indicates that 
buoyancy-driven circulation dominates the flow field, 
with warm air rising along heated surfaces while cooler 
incoming air descends after entry. The horizontal cross-
section at occupant level (Figure 7b, z=1.5m) shows 
velocity magnitudes predominantly below 1.0 m/s 
throughout interior spaces, with localized peaks of 2.0-3.0 

m/s confined to areas immediately adjacent to openings 
where cross-ventilation occurs between windward and 
leeward facades. Central occupied zones exhibit minimal 
air movement (0.0-0.5 m/s), with approximately 68% of 
the floor area experiencing velocities below 0.5 m/s, 
which is insufficient for thermal comfort enhancement 
through convective cooling according to ASHRAE 
Standard 55 guidelines (a minimum of 0.8 m/s is 
required). These low-velocity zones coincide spatially 
with elevated temperature regions (Figure 8), confirming 
that inadequate air circulation contributes to heat 
accumulation in interior spaces. The limited ventilation 
penetration explains why cool roof benefits manifest 
primarily through reduced conductive heat gain rather 
than enhanced ventilation cooling. The modest velocity 
magnitudes throughout the dwelling demonstrate that 
natural ventilation cannot provide sufficient air movement 
for effective heat removal when outdoor temperatures 
approach indoor conditions, underscoring the need for 
envelope-based interventions to address heat gain at its 
source. 

 
(a)                                  

 
(b)  

Fig.7. Velocity distribution inside building; (a) vertical 
cross-section; (b) horizontal cross-section (height = 1.5 m) 
 
3.3. Temperature distribution 

Figure 8 presents the 24-hour evolution of the area-
averaged indoor air temperature for four roof albedo 

 

 

scenarios. Indoor temperatures reach their maximum 
values at 15:00, exhibiting a two- to three-hour lag after 
solar noon due to thermal mass effects. Peak temperatures 
are 35.0oC (α = 0.2), 34.8oC (α = 0.4), 34.6oC (α = 0.6), 
and 34.2oC (α = 0.8), yielding a 0.8oC reduction with cool 
roofs. The diurnal curve exhibits three phases. Morning 
heating (08:00-14:00) shows an 11°C temperature rise 
with minimal albedo differentiation below 0.5°C, 
indicating thermal mass dominance. The peak plateau 
(14:00–18:00) sustains maximum temperatures for four 
hours with maximum albedo effects reaching 0.8°C. 
Evening cooling (18:00-08:00) exhibits a gradual 
temperature decline, with scenario differences 
diminishing to below 0.2oC by midnight. All scenarios 
exceed the 32°C heat stress threshold for six to eight 
hours. Cool roofs reduce this duration by 1.5 hours (20% 
reduction) and decrease peak overheating from 3.0°C to 
2.2°C above threshold (27% improvement). However, 
temperatures exceed 29°C for 11.5 to 13.0 hours across all 
scenarios, demonstrating that natural ventilation alone 
cannot maintain thermal comfort when outdoor 
temperatures approach those of the indoor environment.  

 
Fig.8. Diurnal evolution of indoor air temperature (area-
averaged) for four roof albedo scenarios 

Figure 9 presents horizontal temperature distributions 
at the occupant level (z = 1.5 m) at 13:00 for four albedo 
scenarios. Indoor temperatures range from 28°C near 
windows to 33-35°C in central zones. Peak temperatures 
decrease from 35°C (baseline, α=0.2) to 34.2°C (cool 
roof, α=0.8), yielding a 0.8°C reduction consistent with 
temporal analysis. Horizontal temperature gradients of 4-
6°C persist across scenarios due to limited ventilation 
penetration. Central interior regions remain substantially 
warmer than perimeter zones near windows. The spatial 
temperature range decreases from 7°C to 6°C, 
representing a 14% reduction in thermal variation. Despite 
improvements, substantial interior areas exceed 30°C 
across all scenarios. Areas within 1m of windows 
experience temperatures 4-7°C lower than those outside, 
but represent only 20% of the floor area, demonstrating 
that natural ventilation combined with cool roofs cannot 
fully maintain thermal comfort during peak conditions. 

 

(a) (b) 
 

(c) (d) 
Fig. 9. Temperature distribution of horizontal cross-
section (height = 1.5 m) at 13:00 (a) albedo=0.2; (b) 
albedo=0.4; (c) albedo=0.6; (d) albedo=0.8 
 
3.4. Building heat balance components 

To clarify how roof reflectivity affects indoor heat 
gain, the building’s sensible heat balance was analyzed at 
13:00, the period of maximum solar loading. Each 
component was derived from CFD-calculated fluxes: 
short-wave solar absorption, long-wave exchange, 
conduction through the envelope, ventilation and 
infiltration, and transient storage within indoor air and 
surfaces. At the daily peak, the α=0.20 case dominated the 
load path, with roof solar absorption exceeding 520W/m2, 
accounting for nearly half of the total sensible heat gain. 
As the albedo increased, the absorbed solar energy 
declined almost linearly, lowering the roof-surface 
temperature and subsequent conduction into the zone. In 
the α = 0.80 case, roof absorption decreased by ~75%, 
resulting in a 7–8°C reduction in inner-surface 
temperature and a 60% decrease in conductive heat 
transfer. These changes account for the simulated 0.8°C 
decrease in peak indoor temperature and ≈ approximately 
20% reduction in hours above 32°C. Ventilation and 
infiltration remained minor (< 5%), reflecting weak air 
movement (< 0.5 m s-1). The transient storage term was 
positive during late morning and reversed during evening 
cool-down, consistent with the 2–3h lag between solar 
noon and indoor peak temperature. 

Table 1. Sensible heat-flux components at 13:00h 
under different roof albedo scenarios (W) 

Component 
(W) 

α = 0.20 α = 0.40 α = 0.60 α = 0.80 

Roof solar 
absorbed 

2480 1920 1310 610 

Walls solar 
absorbed 

960 940 910 870 

Windows 
solar 
absorbed 

420 410 395 380 

Ventilation 
sensible 

185 180 178 176 
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Fig.5. Grid independence testing for the front of the 
building based on the velocity profile at Line 1  
3 Results 
3.1. CFD simulation validation 
 Figure 6 illustrates the regression analysis comparing 
the simulated and measured outdoor air velocity and 
temperature. The scatter plots reveal a strong linear 
relationship between the CFD simulation results and the 
on-site measurements obtained from the METSENS550 
Compact Weather Sensor, located near the case study 
building. This agreement indicates that the model 
effectively reproduces the diurnal variations of both 
parameters. The R2 values of 0.89 for velocity and 0.90 
for temperature demonstrate high predictive accuracy. 
The corresponding root mean squared errors (RMSE) of 
0.10 m/s and 1.46°C indicate that the discrepancies 
between simulated and measured data are limited. Overall, 
the close agreement supports the suitability of the applied 
boundary conditions for subsequent indoor CFD 
simulations under the examined scenario. 

  
 
Fig.6. Regression plot comparing simulated (CFD 
simulation) and measured velocity and temperature  

 
3.2. Velocity distribution 

Figure 7 presents velocity distributions through 
vertical and horizontal cross-sections of the dwelling. The 
vertical cross-section (Figure 7a) reveals pronounced 
thermal stratification with maximum velocities 
approaching 3.0 m/s near upper window openings, 
decreasing substantially to near-stagnant conditions (0.0-
0.5 m/s) at floor level. This vertical gradient indicates that 
buoyancy-driven circulation dominates the flow field, 
with warm air rising along heated surfaces while cooler 
incoming air descends after entry. The horizontal cross-
section at occupant level (Figure 7b, z=1.5m) shows 
velocity magnitudes predominantly below 1.0 m/s 
throughout interior spaces, with localized peaks of 2.0-3.0 

m/s confined to areas immediately adjacent to openings 
where cross-ventilation occurs between windward and 
leeward facades. Central occupied zones exhibit minimal 
air movement (0.0-0.5 m/s), with approximately 68% of 
the floor area experiencing velocities below 0.5 m/s, 
which is insufficient for thermal comfort enhancement 
through convective cooling according to ASHRAE 
Standard 55 guidelines (a minimum of 0.8 m/s is 
required). These low-velocity zones coincide spatially 
with elevated temperature regions (Figure 8), confirming 
that inadequate air circulation contributes to heat 
accumulation in interior spaces. The limited ventilation 
penetration explains why cool roof benefits manifest 
primarily through reduced conductive heat gain rather 
than enhanced ventilation cooling. The modest velocity 
magnitudes throughout the dwelling demonstrate that 
natural ventilation cannot provide sufficient air movement 
for effective heat removal when outdoor temperatures 
approach indoor conditions, underscoring the need for 
envelope-based interventions to address heat gain at its 
source. 

 
(a)                                  

 
(b)  

Fig.7. Velocity distribution inside building; (a) vertical 
cross-section; (b) horizontal cross-section (height = 1.5 m) 
 
3.3. Temperature distribution 

Figure 8 presents the 24-hour evolution of the area-
averaged indoor air temperature for four roof albedo 

 

 

scenarios. Indoor temperatures reach their maximum 
values at 15:00, exhibiting a two- to three-hour lag after 
solar noon due to thermal mass effects. Peak temperatures 
are 35.0oC (α = 0.2), 34.8oC (α = 0.4), 34.6oC (α = 0.6), 
and 34.2oC (α = 0.8), yielding a 0.8oC reduction with cool 
roofs. The diurnal curve exhibits three phases. Morning 
heating (08:00-14:00) shows an 11°C temperature rise 
with minimal albedo differentiation below 0.5°C, 
indicating thermal mass dominance. The peak plateau 
(14:00–18:00) sustains maximum temperatures for four 
hours with maximum albedo effects reaching 0.8°C. 
Evening cooling (18:00-08:00) exhibits a gradual 
temperature decline, with scenario differences 
diminishing to below 0.2oC by midnight. All scenarios 
exceed the 32°C heat stress threshold for six to eight 
hours. Cool roofs reduce this duration by 1.5 hours (20% 
reduction) and decrease peak overheating from 3.0°C to 
2.2°C above threshold (27% improvement). However, 
temperatures exceed 29°C for 11.5 to 13.0 hours across all 
scenarios, demonstrating that natural ventilation alone 
cannot maintain thermal comfort when outdoor 
temperatures approach those of the indoor environment.  

 
Fig.8. Diurnal evolution of indoor air temperature (area-
averaged) for four roof albedo scenarios 

Figure 9 presents horizontal temperature distributions 
at the occupant level (z = 1.5 m) at 13:00 for four albedo 
scenarios. Indoor temperatures range from 28°C near 
windows to 33-35°C in central zones. Peak temperatures 
decrease from 35°C (baseline, α=0.2) to 34.2°C (cool 
roof, α=0.8), yielding a 0.8°C reduction consistent with 
temporal analysis. Horizontal temperature gradients of 4-
6°C persist across scenarios due to limited ventilation 
penetration. Central interior regions remain substantially 
warmer than perimeter zones near windows. The spatial 
temperature range decreases from 7°C to 6°C, 
representing a 14% reduction in thermal variation. Despite 
improvements, substantial interior areas exceed 30°C 
across all scenarios. Areas within 1m of windows 
experience temperatures 4-7°C lower than those outside, 
but represent only 20% of the floor area, demonstrating 
that natural ventilation combined with cool roofs cannot 
fully maintain thermal comfort during peak conditions. 

 

(a) (b) 
 

(c) (d) 
Fig. 9. Temperature distribution of horizontal cross-
section (height = 1.5 m) at 13:00 (a) albedo=0.2; (b) 
albedo=0.4; (c) albedo=0.6; (d) albedo=0.8 
 
3.4. Building heat balance components 

To clarify how roof reflectivity affects indoor heat 
gain, the building’s sensible heat balance was analyzed at 
13:00, the period of maximum solar loading. Each 
component was derived from CFD-calculated fluxes: 
short-wave solar absorption, long-wave exchange, 
conduction through the envelope, ventilation and 
infiltration, and transient storage within indoor air and 
surfaces. At the daily peak, the α=0.20 case dominated the 
load path, with roof solar absorption exceeding 520W/m2, 
accounting for nearly half of the total sensible heat gain. 
As the albedo increased, the absorbed solar energy 
declined almost linearly, lowering the roof-surface 
temperature and subsequent conduction into the zone. In 
the α = 0.80 case, roof absorption decreased by ~75%, 
resulting in a 7–8°C reduction in inner-surface 
temperature and a 60% decrease in conductive heat 
transfer. These changes account for the simulated 0.8°C 
decrease in peak indoor temperature and ≈ approximately 
20% reduction in hours above 32°C. Ventilation and 
infiltration remained minor (< 5%), reflecting weak air 
movement (< 0.5 m s-1). The transient storage term was 
positive during late morning and reversed during evening 
cool-down, consistent with the 2–3h lag between solar 
noon and indoor peak temperature. 

Table 1. Sensible heat-flux components at 13:00h 
under different roof albedo scenarios (W) 

Component 
(W) 

α = 0.20 α = 0.40 α = 0.60 α = 0.80 

Roof solar 
absorbed 

2480 1920 1310 610 

Walls solar 
absorbed 

960 940 910 870 

Windows 
solar 
absorbed 

420 410 395 380 

Ventilation 
sensible 

185 180 178 176 
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Infiltration 
sensible 

94 93 91 89 

Storage (air 
+ surfaces) 

310 270 240 210 

Conduction 
– roof 

910 720 520 360 

Conduction 
– walls 

250 245 240 230 

The results confirm that roof absorption and conduction 
account for more than 60% of the total sensible load. 
Increasing albedo interrupts this dominant solar-to-
conduction pathway, producing measurable cooling even 
without enhanced ventilation. Comparable reductions in 
surface and indoor temperatures have been reported in 
field studies of reflective-roof retrofits underscoring that 
cool roofs provide an effective and low-cost means to 
mitigate indoor overheating in low-insulated dwellings 
[13–15]. 
 
4. Discussion  
4.1. Implications for heat vulnerability and energy 
burden 

Our integration of simulation, field measurements, and 
aerial thermography provides convergent evidence on 
how the optical properties of roofs shape indoor heat 
exposure in San Antonio’s older housing stock. The 
validated CFD model accurately reproduced the observed 
dynamics (R² = 0.90 for air temperature and R² = 0.89 for 
air velocity), indicating that the model effectively captures 
the diurnal coupling between roof gains, indoor 
conduction, and weak cross-ventilation. Consistent with 
prior field evaluations, increasing roof reflectance lowers 
roof surface temperatures and the resulting conductive 
heat influx to the zone, thereby reducing peak indoor 
temperatures and time above high-risk thresholds. Field 
and monitoring studies report large roof surface cool-
downs and measurable indoor/energy impacts, for 
example, a paired-home experiment in California 
documented cooler roof/attic profiles and reduced ceiling 
and duct heat gains after installing a cool tile roof, with 
instrumentation details and time-of-day effects reported 
explicitly [14]. Similarly, the drone thermal images 
collected in the context of the City of San Antonio’s Cool 
Roof initiative [16] (Figure 10) illustrate the same 
mechanism in situ: the unshaded cool roof area (left) 
averaged 37.7°C, while the unshaded dark asphalt shingle 
roof (right) averaged 40.3°C, a 2.6°C difference under the 
same midday condition. These observations align with 
longstanding monitoring and program evaluations, which 
show that solar-reflective roofs stay markedly cooler in 
the sun and reduce conductive gains into buildings, 
mechanisms that translate into lower cooling loads and 
peak demand [17]. In various climates, reflective retrofits 
have yielded surface temperature reductions of tens of 
degrees and indoor temperature reductions of 0.5–2°C, 
depending on construction and ventilation conditions 
[14,18]. From an equity perspective, these results speak 
directly to the unequal distribution of heat risk in U.S. 

cities. Empirical studies have shown that lower-income 
and historically redlined neighborhoods experience 
systematically higher summer SUHI intensity and heat 
exposure, thereby concentrating risk among energy-
burdened households [19,20]. For such homes, often 
single-story, under-insulated, and reliant on natural 
ventilation, sequenced passive retrofits provide the best 
ratio of benefit to cost: (1) apply high-albedo coatings to 
interrupt the dominant “solar-to-conduction” pathway; (2) 
add attic/roof insulation to suppress residual conductive 
gains; and (3) supplement with targeted, time-limited 
mechanical cooling during peak hours. This prioritization 
is consistent with field and modeling evidence that 
reflective envelopes reduce roof/attic temperatures and 
cooling energy while avoiding large new electrical loads 
at critical times [14,17]. In this housing typology, high-
albedo roofs are necessary but not sufficient. Because roof 
solar absorption and roof conduction dominate peak 
sensible heat gains, combining a high-albedo roof with 
modest attic/roof insulation would further reduce 
conductive heat transfer, even during hot periods. 
Targeted exterior shading can also limit solar gains 
through glazing and reduce radiant load in occupied areas. 
When implemented together, cool roofs, insulation, and 
selective shading provide a practical retrofit package for 
older, under-insulated homes by addressing overheating 
driven by roofs and windows. When paired with modest 
insulation and basic shading, they can substantially reduce 
peak exposure and energy burden for heat-vulnerable 
households, an adaptation pathway supported by both our 
validated CFD and independent field literature. 

 
Fig. 10. UAV-based thermal imagery of roof surface 
temperature from the City of San Antonio Cool Roof 
Program (2025) 

 
4.2. Policy relevance and equity consideration 
 The retrofit of cool-roof systems offers more than 
thermal regulation: by lowering interior heat loads and 
reducing cooling demand, such interventions also 
diminish associated power-plant emissions, thereby 
contributing to improved indoor air quality and potential 
health outcomes. Recent studies indicate that reflective 
surface interventions, such as cool roofs and cool 
pavements, effectively lower surface temperatures but 
yield modest reductions in near-surface air temperature. 
Consequently, municipal heat-mitigation policies should 
combine reflective coatings with vegetation, urban 
shading, and material-durability measures to enhance 
human thermal comfort and surface longevity [21,22]. 
Program targeting should prioritize census tracts with 
elevated heat exposure, high poverty rates, and aging or 
under-maintained housing while incorporating energy-

 

 

burden indicators to strengthen equity outcomes 
[19,20,23]. 
 Accurate spatial targeting is essential, as aggregation 
bias can misidentify heat hotspots and misallocate 
resources [24]. High-resolution thermal and land-use data 
should therefore guide site selection and investment 
prioritization [24]. Long-term monitoring of albedo 
degradation and maintenance cycles, coupled with quasi-
experimental evaluations (e.g., difference-in-differences 
designs between treated and control sites), will improve 
the evidence base for program performance and cost 
effectiveness [21,22]. Aligning retrofit programs with the 
City’s Strategic Housing Implementation Plan and Equity 
Atlas can integrate cooling strategies with housing-quality 
improvements and code-enforcement initiatives [23]. 
Maintaining and finding energy-efficient ways to do home 
retrofits is imperative not only for San Antonio, but for 
any other city facing an affordability crisis. As older stock 
is often the more affordable stock [25], programs and 
efforts to maintain it will help preserving affordable stock 
as a short-term solution (or non-aggravating strategy) in 
the meantime longer strategies of housing construction 
take place. Finally, having rigorous studies about the 
impact of these programs will help create public trust that 
bond and public dollars are spent efficiently to make a real 
difference in communities.  
4.3. Limitations and future research directions 
 This study analyzed one representative single-family 
home under typical summer conditions in the San Antonio 
region to enhance the external validity of findings, future 
work should apply the validated CFD model across a 
broader array of housing types (e.g., multi-unit, mobile 
homes, varying insulation levels) and over multiple 
seasonal and weather-variability scenarios. Model 
validation focused on near-building outdoor temperature 
and wind speed to verify boundary-condition fidelity. To 
address the limitation, full indoor validation will be 
conducted using multi-point indoor monitoring during the 
diurnal cycle at multiple heights and locations to evaluate 
stratification and reduce uncertainty in room-scale 
predictions. Previous studies warn that retrofit outcomes 
often diverge from expected energy savings due to 
behavioral factors and envelope-householder interactions 
[26]. Therefore, future research should integrate humidity 
and pollutant-transport modules with the CFD framework 
to evaluate indoor air-quality outcomes (e.g., ventilation 
rates, pollutant dispersion) in addition to thermal comfort 
and energy performance. Such coupling would enable 
quantification of ventilation effectiveness and pollutant 
exposure, thereby strengthening the link between retrofit 
intervention and occupant health. 

4 Conclusion 
 This study analysis showed that increasing roof 
albedo from 0.20 to 0.80 reduced roof solar absorption 
by 75 % and conductive heat transfer by 60 %, which 
lowered the indoor peak temperature by 

approximately 0.8oC. Consequently, the duration of 
indoor temperatures exceeding 32oC decreased by 
about 20 % (1.5 h). These results demonstrate that 
high‑albedo cool‑roof coatings provide a measurable, 
cost‑effective means of improving thermal comfort in 
single‑family homes located in ASHRAE Climate 
Zone 2A. Because roof solar gain accounts for more than 
half of the sensible heat load in under‑insulated dwellings, 
policymakers can prioritize cool‑roof installations as the 
first retrofit step in climate‑zone 2A programs. When 
combined with modest attic insulation and targeted 
shading, the strategy can further reduce peak indoor 
temperatures and energy demand. Equity considerations 
are essential: low‑income neighborhoods often contain 
older, poorly insulated homes that experience the greatest 
heat stress. Implementing subsidized cool‑roof retrofits in 
these areas can alleviate disproportionate exposure to 
extreme temperatures and reduce energy‑burden 
disparities. Overall, the study provides quantitative 
evidence to support the inclusion of high‑albedo roof 
coatings in building‑code updates and retrofit incentive 
schemes aimed at enhancing thermal resilience and 
promoting environmental justice. 
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The results confirm that roof absorption and conduction 
account for more than 60% of the total sensible load. 
Increasing albedo interrupts this dominant solar-to-
conduction pathway, producing measurable cooling even 
without enhanced ventilation. Comparable reductions in 
surface and indoor temperatures have been reported in 
field studies of reflective-roof retrofits underscoring that 
cool roofs provide an effective and low-cost means to 
mitigate indoor overheating in low-insulated dwellings 
[13–15]. 
 
4. Discussion  
4.1. Implications for heat vulnerability and energy 
burden 

Our integration of simulation, field measurements, and 
aerial thermography provides convergent evidence on 
how the optical properties of roofs shape indoor heat 
exposure in San Antonio’s older housing stock. The 
validated CFD model accurately reproduced the observed 
dynamics (R² = 0.90 for air temperature and R² = 0.89 for 
air velocity), indicating that the model effectively captures 
the diurnal coupling between roof gains, indoor 
conduction, and weak cross-ventilation. Consistent with 
prior field evaluations, increasing roof reflectance lowers 
roof surface temperatures and the resulting conductive 
heat influx to the zone, thereby reducing peak indoor 
temperatures and time above high-risk thresholds. Field 
and monitoring studies report large roof surface cool-
downs and measurable indoor/energy impacts, for 
example, a paired-home experiment in California 
documented cooler roof/attic profiles and reduced ceiling 
and duct heat gains after installing a cool tile roof, with 
instrumentation details and time-of-day effects reported 
explicitly [14]. Similarly, the drone thermal images 
collected in the context of the City of San Antonio’s Cool 
Roof initiative [16] (Figure 10) illustrate the same 
mechanism in situ: the unshaded cool roof area (left) 
averaged 37.7°C, while the unshaded dark asphalt shingle 
roof (right) averaged 40.3°C, a 2.6°C difference under the 
same midday condition. These observations align with 
longstanding monitoring and program evaluations, which 
show that solar-reflective roofs stay markedly cooler in 
the sun and reduce conductive gains into buildings, 
mechanisms that translate into lower cooling loads and 
peak demand [17]. In various climates, reflective retrofits 
have yielded surface temperature reductions of tens of 
degrees and indoor temperature reductions of 0.5–2°C, 
depending on construction and ventilation conditions 
[14,18]. From an equity perspective, these results speak 
directly to the unequal distribution of heat risk in U.S. 

cities. Empirical studies have shown that lower-income 
and historically redlined neighborhoods experience 
systematically higher summer SUHI intensity and heat 
exposure, thereby concentrating risk among energy-
burdened households [19,20]. For such homes, often 
single-story, under-insulated, and reliant on natural 
ventilation, sequenced passive retrofits provide the best 
ratio of benefit to cost: (1) apply high-albedo coatings to 
interrupt the dominant “solar-to-conduction” pathway; (2) 
add attic/roof insulation to suppress residual conductive 
gains; and (3) supplement with targeted, time-limited 
mechanical cooling during peak hours. This prioritization 
is consistent with field and modeling evidence that 
reflective envelopes reduce roof/attic temperatures and 
cooling energy while avoiding large new electrical loads 
at critical times [14,17]. In this housing typology, high-
albedo roofs are necessary but not sufficient. Because roof 
solar absorption and roof conduction dominate peak 
sensible heat gains, combining a high-albedo roof with 
modest attic/roof insulation would further reduce 
conductive heat transfer, even during hot periods. 
Targeted exterior shading can also limit solar gains 
through glazing and reduce radiant load in occupied areas. 
When implemented together, cool roofs, insulation, and 
selective shading provide a practical retrofit package for 
older, under-insulated homes by addressing overheating 
driven by roofs and windows. When paired with modest 
insulation and basic shading, they can substantially reduce 
peak exposure and energy burden for heat-vulnerable 
households, an adaptation pathway supported by both our 
validated CFD and independent field literature. 

 
Fig. 10. UAV-based thermal imagery of roof surface 
temperature from the City of San Antonio Cool Roof 
Program (2025) 

 
4.2. Policy relevance and equity consideration 
 The retrofit of cool-roof systems offers more than 
thermal regulation: by lowering interior heat loads and 
reducing cooling demand, such interventions also 
diminish associated power-plant emissions, thereby 
contributing to improved indoor air quality and potential 
health outcomes. Recent studies indicate that reflective 
surface interventions, such as cool roofs and cool 
pavements, effectively lower surface temperatures but 
yield modest reductions in near-surface air temperature. 
Consequently, municipal heat-mitigation policies should 
combine reflective coatings with vegetation, urban 
shading, and material-durability measures to enhance 
human thermal comfort and surface longevity [21,22]. 
Program targeting should prioritize census tracts with 
elevated heat exposure, high poverty rates, and aging or 
under-maintained housing while incorporating energy-

 

 

burden indicators to strengthen equity outcomes 
[19,20,23]. 
 Accurate spatial targeting is essential, as aggregation 
bias can misidentify heat hotspots and misallocate 
resources [24]. High-resolution thermal and land-use data 
should therefore guide site selection and investment 
prioritization [24]. Long-term monitoring of albedo 
degradation and maintenance cycles, coupled with quasi-
experimental evaluations (e.g., difference-in-differences 
designs between treated and control sites), will improve 
the evidence base for program performance and cost 
effectiveness [21,22]. Aligning retrofit programs with the 
City’s Strategic Housing Implementation Plan and Equity 
Atlas can integrate cooling strategies with housing-quality 
improvements and code-enforcement initiatives [23]. 
Maintaining and finding energy-efficient ways to do home 
retrofits is imperative not only for San Antonio, but for 
any other city facing an affordability crisis. As older stock 
is often the more affordable stock [25], programs and 
efforts to maintain it will help preserving affordable stock 
as a short-term solution (or non-aggravating strategy) in 
the meantime longer strategies of housing construction 
take place. Finally, having rigorous studies about the 
impact of these programs will help create public trust that 
bond and public dollars are spent efficiently to make a real 
difference in communities.  
4.3. Limitations and future research directions 
 This study analyzed one representative single-family 
home under typical summer conditions in the San Antonio 
region to enhance the external validity of findings, future 
work should apply the validated CFD model across a 
broader array of housing types (e.g., multi-unit, mobile 
homes, varying insulation levels) and over multiple 
seasonal and weather-variability scenarios. Model 
validation focused on near-building outdoor temperature 
and wind speed to verify boundary-condition fidelity. To 
address the limitation, full indoor validation will be 
conducted using multi-point indoor monitoring during the 
diurnal cycle at multiple heights and locations to evaluate 
stratification and reduce uncertainty in room-scale 
predictions. Previous studies warn that retrofit outcomes 
often diverge from expected energy savings due to 
behavioral factors and envelope-householder interactions 
[26]. Therefore, future research should integrate humidity 
and pollutant-transport modules with the CFD framework 
to evaluate indoor air-quality outcomes (e.g., ventilation 
rates, pollutant dispersion) in addition to thermal comfort 
and energy performance. Such coupling would enable 
quantification of ventilation effectiveness and pollutant 
exposure, thereby strengthening the link between retrofit 
intervention and occupant health. 

4 Conclusion 
 This study analysis showed that increasing roof 
albedo from 0.20 to 0.80 reduced roof solar absorption 
by 75 % and conductive heat transfer by 60 %, which 
lowered the indoor peak temperature by 

approximately 0.8oC. Consequently, the duration of 
indoor temperatures exceeding 32oC decreased by 
about 20 % (1.5 h). These results demonstrate that 
high‑albedo cool‑roof coatings provide a measurable, 
cost‑effective means of improving thermal comfort in 
single‑family homes located in ASHRAE Climate 
Zone 2A. Because roof solar gain accounts for more than 
half of the sensible heat load in under‑insulated dwellings, 
policymakers can prioritize cool‑roof installations as the 
first retrofit step in climate‑zone 2A programs. When 
combined with modest attic insulation and targeted 
shading, the strategy can further reduce peak indoor 
temperatures and energy demand. Equity considerations 
are essential: low‑income neighborhoods often contain 
older, poorly insulated homes that experience the greatest 
heat stress. Implementing subsidized cool‑roof retrofits in 
these areas can alleviate disproportionate exposure to 
extreme temperatures and reduce energy‑burden 
disparities. Overall, the study provides quantitative 
evidence to support the inclusion of high‑albedo roof 
coatings in building‑code updates and retrofit incentive 
schemes aimed at enhancing thermal resilience and 
promoting environmental justice. 
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