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ABSTRACT

This study investigates the energy saving potential of high albedo roof coatings
which are designed to reflect a large proportion of solar radiation compared to traditional
roofing materials. Using EnergyPlus simulations, the efficacy of silicone, acrylic, and
aluminum roof coatings is assessed across two prototype commercial buildings—a
standalone retail (2,294 m? or 24,692 ft?) and a strip-mall (2,090 m? or 22,500 ft?)—
located in four cities: Phoenix, Houston, Los Angeles, and Miami. The performance of
reflective coatings was compared with respect to a black roof having a solar reflectance
of 5% and a thermal emittance of 90%. A sensitivity analysis was done to assess the
impact of solar reflectance and thermal emittance on the ability of roof coatings to reduce
surface temperatures, a key factor behind energy savings. This factor plays a crucial role
in all three heat transfer mechanisms: conduction, convection, and radiation. The rooftop
surface temperature exhibits considerable variation depending on the solar reflectance
and thermal emittance attributes of the roof. A contour plot between these properties
reveals that high values of both result in reduced cooling needs and a heating penalty
which is insignificant when compared with cooling savings for cooling-dominant
climates like Phoenix where the cooling demand significantly outweighs the heating
demand, yielding significant energy savings. Furthermore, the study also investigates the
effects of reflective coatings on buildings that have photovoltaic solar panels installed on
them. This includes exploring their impact on building HVAC loads, as well as the

performance improvement due to the reduced temperatures beneath them.
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CHAPTER 1
Introduction
1.1 Urban Heat Island
Presently, around 56% of the global population, equivalent to 4.4 billion individuals,
resides in urban areas and projections indicate that this trend will persist, and by 2050,
the urban population is anticipated to surpass twice its current size [1].
As shown in Figure 1-1, the world's urban population has consistently risen over the
last six decades. It has increased from around 34% in 1960 to over 55% in 2022. Figure

1-2 illustrates the division of urban population based on the population [2].
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Figure 1-1: Urban Population as Percentage of the Total Population from 1960 to 2022[2]
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Figure 1-2: Population of the World by Area of Residence and Size Class of Urban
Settlement, 2018

This increasing urban population gives rise to a phenomenon known as Urban Heat
Island (UHI). Urban Heat Island is characterized by elevated temperatures in urban areas
compared to their surrounding rural areas. The primary contributors to the UHI include
lower wind speed caused by urban roughness, the entrapment of long-wave radiation
within the urban canopy during nighttime, the thermal characteristics of building
materials, the scarcity of vegetation etc. [3] In response to the UHI effect, researchers are
exploring various mitigation strategies. Among these, the application of reflective
coatings on building roofs has gained attention in the last two decades. On a hot summer
afternoon, low-reflectance surfaces roofs that absorb a huge amount of heat can have a
temperature difference of up to 32.2°C (90°F) compared to the surrounding air [4]. The
use of high-reflectance surfaces in urban areas is a cost-effective approach to reduce

these high temperatures in summer months.



1.2 Literature review

In hot-dry, warm, humid, and composite climatic zones, roofs play a significant role,
contributing approximately 50 to 60% of the total cooling load for buildings. The roof,
being a prominent part of the building envelope, is directly exposed to solar radiation,
making it a primary contributor to the overall cooling load in the buildings [5]. One of
the earliest studies examining the climatic effects of reflective surfaces simulated the
impact of albedo modification in Los Angeles, USA. The results indicated that an
increase in albedo by 0.14 resulted in decrease in ambient temperatures by at least 0.5 K
[6]. Several other studies address the potential reduction in ambient temperature resulting
from the use of reflective roofs [7,8]. For US cities with populations exceeding 100,000,
it is projected that the peak electricity load will rise by 1.5-2% for each 1 °F increase in
surrounding temperature [9].

A recent review article emphasizes the effectiveness of cool roofs in lowering both
roof surface and surrounding temperatures, leading to energy savings through reduced
cooling loads [10]. Also, in warm climates, under clear sky conditions, the surface
temperature of crystalline PV panels, which typically have an albedo lower than 0.1, may
surpass 70°C-80°C [11]. The performance of photovoltaic (PV) panels is significantly
influenced by the temperature of their modules. Generally, the efficiency of a module
made of crystalline silicon cells decreases by about 0.45% with every 1°C increase in
temperature [12]. With the application of cool roofs, a cooler temperature underneath the

PV module results in an increase in performance of the solar panel.



1.3 Heat transfer on the roof

Solar
Irradiation,

I sol

Radiation Emitted,
Qw radroof = Elomie
Reflection, Q-.--ef = Psotl so1

Reflective Convection, Q conv,o = 1o (T air.0 — Troof.0)
coating
Troa,f.a k U
QIF Absorption, (1 — pgor)lser
i Black roof
1 Conduction, Qrond = )
Trcmf.i

Convection, Qcony,i = ft; (Troof.i = Tairs)

Figure 1-3: Heat Transfer on the Roof with Reflective Roof Coating (shown in dark
color)

In Figure 1-3, the incoming radiation on the roof consists of short-wave radiation

ranging from 250 nm to 3500 nm representing solar irradiation and radiation reflected by

earth surfaces and long waves with wavelengths exceeding 3500 nm representing thermal

radiation emitted by clouds and other terrestrial bodies. As depicted in Figure 1-3, part of

the radiation incident on the roof is absorbed and the rest is reflected back to the

atmosphere. Reflective roof coatings play an important role in reflecting the greater

proportion of this radiation. A portion of the absorbed solar radiation dissipates as heat in

the form of convection and long-wave radiation into the environment. Another part of the

absorbed heat is conducted into the building depending on the thermal resistance of the

roof layers, and the outside and inside temperature of the roof surface.



1.4 Properties of coatings

The Cool Roof Rating Council (CRRC) [13], a nonprofit organization, offers a
framework for assessing various cool roof materials and manages a directory for
accessing their properties. Reflective roof coatings are characterized by three main
properties:
a) Solar Reflectance (SR):

Solar Reflectance (SR) is a metric, representing the ratio of solar radiation reflected
outward by the surface to the total solar radiation incident upon it. It ranges over a scale

of 0 to 1, with 0 being perfectly absorptive and 1 being perfectly reflective.

b) Thermal Emittance (TE):

Thermal emittance, also known as emissivity, characterizes the extent to which a
material releases the absorbed thermal energy in the form of long wavelength radiation.
Materials with high TE values are effective in radiating heat back into the atmosphere,
preventing excessive heat buildup. It also ranges on a scale of 0 to 1, with thermal

emittance of 1 for a perfectly black body.

c) Solar Reflectance Index (SRI):

The Solar Reflectance Index (SRI) is a metric for assessing a surface capacity to
reflect solar heat and release the absorbed heat thereby minimizing temperature rise. It
combines solar reflectance and thermal emittance into a single value. Calculating the SRI
involves comparing surface temperatures to those of standard white and black materials
under specific conditions. Its value is calibrated in a way that assigns a value of 0 to a

standard black surface (with a reflectance of 0.05 and emittance of 0.90), and a value of
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100 to a standard white surface (with a reflectance of 0.80 and emittance of 0.90) [14].
This standardized scale allows comparative evaluations of surfaces, facilitating the

assessment of their thermal performance based on their capacity to reflect solar heat.

1.5 Climate zones

Climate has a considerable impact on the energy consumption of buildings. To ensure
that builders adhere to specific regulations effectively, energy codes and standards rely
on well-defined climate zones. The American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) established a comprehensive framework comprising
17 defined climate zones as shown in Table 1-1. These zones serve as a means to

encompass the wide range of climates found worldwide.



Table 1-1: ASHRAE Climate Zones [15]

Climate
Zone  Temperature Moisture Classification Description
1A Very Hot Humid Tropical Wet and Dry
1B Very Hot Dry Arid Middle Latitude
Humid Subtropical (Warm
2A Hot Humid Summer)
2B Hot Dry Arid Subtropical
3A Warm Humid Humid Subtropical
Semiarid Middle Latitude/Arid
3B Warm Dry Subtropical/Highlands
Dry Summer Subtropical
3C Warm Marine (Mediterranean)
Humid Subtropical/Humid
4A Mixed Humid Continental (Warm Summer)
Semiarid Middle Latitude/Arid
4B Mixed Dry Subtropical/Highlands
4C Mixed Marine Marine (Cool Summer)
Humid Continental (Warm
5A Cool Humid Summer)
Semiarid Middle
5B Cool Dry Latitude/Highlands
5C Cool Marine Marine (Cool)
Humid Continental (Warm
6A Cold Humid Summer/Cool Summer)
Semiarid Middle
6B Cold Dry Latitude/Highlands
7 Very Cold - Humid Continental (Cool Summer)
8 Subarctic - Subarctic

Figure 1-4 shows the map of United States divided into various climate zones by the

International Energy Conservation Code (IECC) [16].
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Figure 1-4: IECC Climate Zone Map [16]

1.6 About EnergyPlus

EnergyPlus™ is a whole building energy simulation program that engineers,
architects, and researchers use to model both energy consumption—for heating, cooling,
ventilation, lighting and plug and process loads—and water use in buildings [17].
Building upon the popular features of BLAST and DOE-2, EnergyPlus incorporates
various innovative simulation capabilities. Initially funded by the United States
Department of Energy (DoE) in 1996, its development has been a collaborative effort
involving the National Renewable Energy Laboratory (NREL) and several National
Laboratories like Lawrence Berkeley National Laboratory (LBNL) and Oak Ridge
National Laboratory (ORNL). The software was first released in 2001, with subsequent

continuous updates.



Some of the notable features and capabilities of EnergyPlus include [17]:

o Integrated, simultaneous solution of thermal zone conditions and HVAC system
response that does not assume that the HVAC system can meet zone loads and
can simulate un-conditioned and under-conditioned spaces.

o Heat balance-based solution of radiant and convective effects that produce surface
temperatures, thermal comfort, and condensation calculations.

e Sub-hourly, user-definable time steps for interaction between thermal zones and
the environment, with automatically varied time steps for interactions between
thermal zones and HVAC systems. These allow EnergyPlus to model systems
with fast dynamics while also trading off simulation speed for precision.

e Combined heat and mass transfer model that accounts for air movement between
zones.

o Advanced fenestration models including controllable window blinds,
electrochromic glazing, and layer-by-layer heat balances that calculate solar
energy absorbed by window panes.

« Illuminance and glare calculations for reporting visual comfort and driving
lighting controls.

o Component-based HVAC that supports both standard and novel system
configurations.

e A large number of built-in HVAC and lighting control strategies and an extensible

runtime scripting system for user-defined control.



o Functional Mockup Interface import and export for co-simulation with other
engines.

« Standard summary and detailed output reports as well as user definable reports
with selectable time-resolution from annual to sub-hourly, all with energy source

multipliers.

EnergyPlus is tested according to ASHRAE Standard 140 methodology [18]. In 2003,
EnergyPlus has been recognized with an R&D 100 award [19]. As a robust, freely
accessible, and open-source software, it has emerged as the prevailing industry standard

for both academic researchers and building professionals.

Similar to DOE-2, EnergyPlus features a simulation engine with a built-in modeler,
which operates via a console-based interface, handling input and output through text files.
With the help of a number of tools, users may manage input and output files, generate
input files using a streamlined interface akin to a spreadsheet, run batch simulations, and
graphically compare various outcomes. However, EnergyPlus's main graphical user
interface is not user-friendly; it lacks graphic features and automation in the data tables
used to manage building inputs and outputs. To make it user-friendly, various external
graphic user interfaces and modelers have been developed. Examples include Autodesk
Revit with Insight [20], Rhino [21], and Grasshopper [22] with Honeybee [23], SketchUp
with OpenStudio [24], direct modeling and editing of building energy models (BEM) in

OpensStudio [25], and DesignBuilder [26], among others.
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Assumptions — EnerqgyPlus

Some of the assumptions [27] that EnergyPlus is based upon are:

a) Gray Surfaces: EnergyPlus assumes that all surfaces are gray, meaning they have
constant emissivity and absorptivity values across all wavelengths. This
simplification allows for simpler calculations compared to modeling surfaces with
wavelength-dependent properties.

e Each surface emits or reflects diffusely and is gray and opaque (o =¢, t
=0, p=1-¢)
e Energy flux leaving a surface is evenly distributed across the surface.

b) Uniform Surface temperatures: The inside and outside face of each surface has
a single uniform surface temperature calculated from the surface heat balance.

c) Constant Material Properties: EnergyPlus assumes that material properties,
such as thermal conductivity and heat capacity, remain constant throughout the
simulation period. It does not account for variations in material properties with
temperature or other factors.

d) Homogeneous Spaces: EnergyPlus assumes that each thermal zone within a
building is homogeneous, meaning that the air temperature, humidity, and other
conditions are uniform throughout the zone. It does not account for temperature
stratification or variations within a zone.

e) Solar Irradiance:

e The software assumes uniform solar irradiance over the external surfaces.

11



f)

9)

h)

e The building surfaces are assumed to be diffusely reflecting if they are
opaque (roofs, walls, for example) and specularly reflecting if they are
windows or glass doors.

Weather Data: EnergyPlus relies on weather data to simulate the outdoor
conditions affecting the building. It provides access to a wide range of weather
data sources for 3,034 locations in 98 countries [28].

Uniform Internal Heat Gains: The software assumes that internal heat gains
from occupants, lighting, and equipment are evenly distributed throughout a
thermal zone. It does not consider localized heat sources or variations in heat
generation within a zone.

Occupants Heat Gain: People count is usually hard to measure in reality, which

results in simplification of occupancy schedule assumptions in energy modeling.
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CHAPTER 2
Effect of Reflective Roof Coatings in Buildings
2.1 Model description
The study focuses on two of the Department of Energy’s (DOE) prototype
commercial buildings namely a standalone retail building of area 2,294 m? (24,692 ft?)
and a strip-mall of area 2,090 m? (22,500 ft?) to simulate the impact of coatings [29]. The
3-D geometry of the standalone retail and the strip-mall building is shown in Figures 2-1
(a) and (b), respectively. The analysis in this study focuses on four distinct climatic
conditions, specifically Phoenix, AZ (climate zone 2B), Houston, TX (climate zone 2A),
Los Angeles, CA (climate zone 3B coast), and Miami, FL (climate zone 1A). TMY-3
weather files from EnergyPlus were employed to define the weather conditions for the

annual simulations conducted across all four cities in this study [28].

@ (b)

Figure 2-1: DOE Prototype Buildings (a) Standalone retail (b) Strip-mall

In order to validate the findings, another tool, namely the ORNL Cool Roof
Calculator [30] developed by DOE’s Oak Ridge National Laboratory was utilized. The

calculator compares cooling and heating load savings for flat roof with non-black
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surfaces. Based on that specific modifications were made to both the buildings as
follows:

1. The R-value of the roof is adjusted to 1.76 m? K W (10 h-ft2-°F Btu?) aligning
with the average R-value provided by the ORNL Cool Roof Calculator. Additionally, the
solar reflectance and thermal emittance of the roof are modified to 0.05 and 0.9
respectively, effectively simulating a black roof.

2. The Coefficient of Performance (COPs) of all the air conditioners (ACs) were
modified to 2. This is the average value of the COP for an AC as given by the ORNL
Cool Roof Calculator.

3. The heating is provided by natural gas furnaces, with their efficiencies modified
to 0.7 - consistent with the average efficiency of a gas furnace as per the ORNL Cool

Roof Calculator.

The assessment of the performance of roof coatings involves applying an additional
layer over the baseline black roof, characterized by a solar reflectance of 0.05 and a
thermal emittance of 0.9. This is pictorially shown in Figure 1-3. These properties of the
black roof are chosen as a standard by Oak Ridge Cool Roof Laboratory to evaluate
performance of a coating [30]. Table 2-1 provides an overview of the properties of
commonly used commercial silicone, acrylic, and aluminum coatings available in the
market. In Table 2-1, C-1 is a 100% silicone, moisture-cure coating. C-2, C-3, and C-4
are 100% acrylic white extreme elastomeric roof coatings, C-5 is fibered aluminum roof

coating and C-6 is an acrylic polyurethane white waterproof roof coating.
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Table 2-1: Material Properties of Coatings

Properties C1 C-2 C3 C4 C5 C-6
Solar reflectance 087 086 084 086 053 0.83
Thermal emittance 09 09 091 088 05 091
Number of coats* 1 2 2 2 2 2
Thickness of single coat (mm) 0.407 | 0.407 0.407 | 0.407 0.407 0.407
Thermal conductivity (W m?* K1) 063 0.19 0.19 0.19 237 0.67
Density (kg/m?) 1210 1426 | 1408 | 1408 935 1307
Specific heat (J kg™ K*) 1147 1248 1248 1248 900 1253

# suggested by the manufacturer

2.2 Net HVAC energy saving comparison in four US locations

The comparative analysis presented in Figures 2-2 (a) to (d) offers insights into the
net savings in HVAC energy consumption resulting from the application of different
types of reflective roof coatings in the four geographic locations for both standalone retail
and strip-mall buildings. Net savings are determined by subtracting the energy penalty
incurred during heating from the energy savings achieved during cooling. The results are
normalized by floor area, making it possible to apply them to other buildings with
different areas, provided they have similar characteristics in terms of construction,
HVAC type, and building loads. Notably, Miami exhibits the highest level of savings for
both standalone retail and strip-mall buildings followed by Phoenix. It can also be
observed that buildings in Houston and Los Angeles exhibit comparable levels of net

HVAC load savings, making them comparable in this aspect.

The efficacy of a coating is significantly influenced by its solar reflectance and
thermal emittance values. As can be noted from Figure 2-2 the performance of coating C-
5 is worst as compared to others because of its lower solar reflectance and thermal

emittance values. Given that the HVAC load per square foot varies depending on the size
15



and type of a building, slight variations in the net savings per square foot for the

standalone and strip-mall buildings across all locations for all the coatings, can also be
observed.
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2.3 Effect of solar reflectance and thermal emittance on roof temperatures

In order to examine the impact of solar reflectance and thermal emittance on roof
surface temperatures, hourly temperatures on the 8th of August in Phoenix - a day
characterized by the highest average temperature according to EnergyPlus TMY 3 data,
were analyzed. As illustrated in Figure 2-3, an uncoated black roof can reach up to
temperatures of 93.3°C (200°F) in the afternoon, nearly double the ambient air
temperature at that time. With the application of a coating, an increase in the solar
reflectance value of the coating results in lower roof temperatures during daylight hours.
Remarkably, super cool roofs having a solar reflectance value close to 1 can achieve
temperatures below ambient during all the times of the day. However, such higher values
of solar reflectance are challenging to attain and maintain due to the accumulation of dust
and dirt over a period of time. While the commercially available cool roof materials
typically exhibit a maximum solar reflectance of 0.86 and an emissivity of 0.9, recent
studies unveiled materials that can possess an exceptionally high albedo exceeding 0.95,

along with high thermal emissivity exceeding 0.95 as well [31, 32, 33].

It is interesting to note that during nighttime, roof temperatures are generally less than
the ambient temperature. This is the result of a phenomenon known as nocturnal cooling,
also called night sky cooling. It is the cooling of a building by long wavelength radiation
to the night sky. Building roofs emit heat continuously, releasing at a rate of up to 75
W/m? day and night [34]. While this heat loss is counteracted by solar radiation gains
during the day, it has the potential to reduce roof temperatures by 6 to 20°C below

ambient levels during the night [34].

18



Key factors affecting the rate of nocturnal cooling (NC) include:
i.  Emissivity of the surface el NC1T

ii.  Sky conditions (Clear, Cloudy) sky clearness T NC T

iii.  Humidity wT,NCI

iv.  Wind speed v T, convection HT T,NC 1T

v.  Thermal mass mC, T, ability toretain heat T , NC |
vi.  Geographical location Nighttime T , NC T

120 248

100 RO 212
o 80 176 &
= o
5 60 140 3
2 o
= 4]
g 40 _Amblentair O E
3 - s ©
= 20 SR = Solar reflectance

TE = Thermal Emittance = 0.9
0 32

12 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Time of the day

Figure 2-3: Effect of Solar Reflectance on Roof Surface Temperature at Constant
Thermal Emittance on 8th Aug for Phoenix, AZ

Similarly, as illustrated in Figure 2-4, at a constant solar reflectance of 0.86, the
thermal emittance of the coating is varied on the same day (8th Aug) in Phoenix. It can be
observed that lower thermal emittance values approaching zero can result in roof
temperatures over 60°C (140°F) in the afternoon when the ambient temperature is around
43°C (110°F). A higher thermal emittance of the coating can bring roof temperatures

close to ambient during the daytimes. During night hours, it can be seen that higher
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temperature drop in roof temperature occurs at higher values of thermal emittance. This
phenomenon can be attributed to the same nocturnal cooling discussed earlier.

It can also be noted that temperature at approximately zero thermal emittance is at least
40°C (104°F) less than the temperature in the case when solar reflectance is zero as can
be compared with Figure 2-3. This highlights the significant influence of solar reflectance

over thermal emittance in governing roof temperatures.
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Figure 2-4: Effect of Thermal Emittance on Roof Surface Temperature at Constant Solar
Reflectance on 8th Aug for Phoenix, AZ

Reduced temperature of the roof with the application of coatings having high solar
reflectance and thermal emittance is the primary reason behind the reduced cooling needs

in the buildings.
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2.4 Effect of solar reflectance and thermal emittance on HVAC energy Consumption

To analyze the impact of the combination of solar reflectance and thermal emittance
on roof coating performance, contour plots for annual savings in cooling energy and
penalty in heating energy, as shown in Figure 2-5 and Figure 2-6, are generated for a
standalone retail commercial building in Phoenix, Arizona. These plots offer insights into
how specific values of solar reflectance and thermal emittance impact the building's
cooling and heating requirements. Savings or penalty is with respect to the baseline black
roof (indicated by a black dot in Figures 2-5, 2-6 and 2-7) with solar reflectance 0.05 and
thermal emittance 0.9. As previously discussed in Section 2.1, these properties of the
black roof are chosen as a standard by Oak Ridge Cool Roof Laboratory to evaluate
performance of a coating [30]. It is evident that higher values of both solar reflectance
and thermal emittance result in reduced cooling demands but increased heating demands.
Yet, in regions like Phoenix, where the cooling demand significantly outweighs the
heating demand, as indicated by the color bars in the contour plots, these coatings can
lead to substantial savings in energy costs. The quantification of net HVAC energy

savings with respect to black roof is reported in Figure 2-7.
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Figure 2-5: Effect of Solar Reflectance and Thermal Emittance on Annual Savings in
Cooling Energy with Respect to Baseline Black Roof (SR=0.05, TE=0.9) for Phoenix,
AZ

(* Negative values indicate cooling energy penalty with respect to baseline black roof)
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(* Negative values indicate net loss with respect to baseline black roof)

2.5 Reflective roof coatings vs roof thermal insulation

To explore the relationship between the insulation thermal resistance (R-value) of the
roof and the resulting energy savings achieved by the application of reflective coatings,
the following analysis has been done. This involves varying the insulation thermal
resistance of the roof across a range from 1 m? K W (5.6 ft2 °F h Btu™)to 5 m?> K W't

(28.4 ft? °F h Btu®), while applying three distinct coatings (one at a time) with solar
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reflectance values of 0.42, 0.73 and 0.84. This analysis was carried out on a strip-mall
building situated in Phoenix, Arizona. ANSI/ASHRAE/IES Standard 90.1 [35] and IECC
C402.1.3 [36] mandates a minimum roof R value of 25 ft? °F h Btu™ (R-25) in buildings
in climate zone 2 (Phoenix). This can have a significant impact on the energy savings that
can be realized with the use of reflective coatings.

Figure 2-8 and Figure 2-9 respectively show the annual cooling energy consumption
and corresponding percentage savings in cooling energy achieved by employing coatings
of varying solar reflectance.
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Figure 2-8: Effect of Insulation Thermal Resistance on Annual Cooling Energy
Consumption for Coatings of Different Solar Reflectance (Phoenix, AZ)

25



% Savings in Cooling Energy Consumption

35%
S SR=0.84
3 30%
IS
2
S 25%
O
=
S 20%
o=
L
2 15%
©
3
= 10%
S SR=0.42
S 5%
C>5 \
@ 0o Black Roof

0
1 1.5 2 2.5 3 3.5 4 43 45 5
Insulation Thermal Resistance (m? K W)

Figure 2-9: Effect of Insulation Thermal Resistance on % Savings in Annual Cooling
Energy for Coatings of Different Solar Reflectance (Phoenix, AZ)

The following observations can be made after examining Figure 2-8 and Figure 2-9:

1. With an increase in solar reflectance value of the coating, the dependence of
cooling energy on insulation thermal resistance of roof decreases. In an ideal
situation with a perfect cool roof having a solar reflectance of 1, the graph would
exhibit a horizontal trend i.e. cooling energy consumption would remain the same
regardless of insulation.

2. For a black roof, there is a significant decrease in cooling energy consumption
with an increase in insulation thermal resistance, and this reduction occurs at the

highest rate when compared to other coatings. However, as depicted in Figure 2-
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8, with higher solar reflectance values of the coating, the rate of decrease in
cooling energy diminishes, as indicated by the lesser slope of the line graph.

3. All plotted line graphs for the reflective coatings converge with respect to the
black roof. This convergence suggests that poorly insulated buildings can realize
substantial energy savings through the application of coatings. For instance, a
coating with a solar reflectance of 0.84 can result in approximately 30% reduction
in cooling energy when the insulation thermal resistance of the roof is 1 m2K/W,
compared to only 10% reduction in cooling energy when the insulation resistance
is 5 m2K/W.

4. There exists a threshold value of insulation thermal resistance beyond which
further increases have minimal impact on cooling energy reduction.
Consequently, the savings derived from reflective roof coatings remain relatively
constant beyond this point.

Similarly, Figure 2-10 illustrates the annual heating energy variations across different

coatings applied to a strip mall building in Phoenix, Arizona.

27



Annual Heating Energy Consumption (kWh m-2)

[
>
o

SR=0.84

-
no
o

-
o
o

o
o

o
o

>
o

20  Black Roof (SR=0.05) —
—\

o
o

Annual Heating Energy Consumption (kWh m-2)

1 15 2 2.5 3 3.5 4 43 45 5
Insulation Thermal Resistance (m? K W)

Figure 2-10: Effect of Insulation Thermal Resistance on Annual Heating Energy
Consumption for Coatings of Different Solar Reflectance (Phoenix, AZ)

The pattern observed in annual cooling energy consumption plot in Figure 2-8 and the
trends shown in Figure 2-10 about the effect of insulation thermal resistance on building
heating energy consumption are similar. Higher solar reflectance coatings have a
significant negative impact on heating energy consumption at lower insulation values.
Plots converge towards the black roof as insulation levels rise, suggesting a decline in the
heating penalty. However, it's worth noting that the magnitude of the heating penalty is
relatively small compared to the savings achieved in cooling energy. For instance,
considering a coating with a solar reflectance of 0.84 and insulation thermal resistance 1
m2K/W, the heating penalty as compared to the black roof is approximately 7 kwh m,

while the savings due to reduction in cooling energy compared to the black roof are
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around 20 kWh m. This results in overall savings of around 13 kWh m under those

conditions.
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CHAPTER 3
Roof Coatings and Solar Panels: Impact on Building HVAC Demands
This chapter aims to evaluate the impact of roof reflective coatings on HVAC energy
consumption in buildings installed with solar panels on the roof. EnergyPlus has the
ability to model a simple photovoltaic (PV) system over the building that acts as a
shading surface on the roof. By utilizing the capabilities of the simple photovoltaic
module in EnergyPlus model, this study aims to understand the relationship between
various solar reflectance values of roof reflective coatings and area fractions of PV
system. To better understand this phenomenon, let us revisit the fundamental purpose of
reflective coatings. Firstly, the coatings possess higher solar reflectance, enabling them to
reflect short wavelength solar radiation effectively. Secondly, they have high thermal
emittance values, which enables them to release absorbed heat in the form of long
wavelength radiation at a faster rate. However, the presence of solar panels on the roof
acts as a barrier to the exchange of this long-wavelength heat with the sky, thereby
influencing the cooling load differently based on solar reflectance value of coating.
The following conditions are assumed in the calculations:

1. Location: Phoenix, Arizona

2. Building: Strip-mall (22,500 ft?)

3. R-value of roof: 25 h ft2 °F Btu™

4. Black roof: SR=0.05and TE=0.9

5. Thermal emittance of coating: 0.9
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Figure 3-1 and Figure 3-2 illustrate the impact of the area fraction of a PV panel on
the surface temperatures of both the black roof and the coated roof (SR=0.84)
respectively. The graphs are plotted for 8" Aug, a day characterized by highest average
day temperatures. It can be observed that a black roof can reach temperatures more than
80°C during the day at a PV area fractions of 0.2. However, as the area fraction of the
panel increases, the roof temperature decreases. Notably, the temperature variations with
the coated roof are significantly narrower with respect to ambient, as depicted in Figure

3-2. At an area fraction of 1, both roofs exhibit similar temperature behaviors.
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Figure 3-1: Effect of Area Fraction of PV on Surface Temperatures of the Black Roof on
8™ Aug, in a Strip-mall Building in Phoenix, AZ
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Figure 3-2: Effect of Area Fraction of PV on Surface Temperatures of the Coated Roof
(SR=0.84) on 8" Aug, in a Strip-mall Building in Phoenix, AZ

Figure 3-3 provides insights into how annual cooling energy consumption varies at

various area fractions of PV panel and solar reflectance of the coating.
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The following are the observations that can be made from Figure 3-3.

1. Notably, the cooling energy consumption of a building remains constant for an

2.

area fraction of 1, irrespective of the type of roof coating. This is attributed to the
complete coverage of the roof by PV panels, preventing short-wavelength solar
radiation from reaching the roof’s surface. As a result, regardless of the type of
coating on the roof, the cooling energy consumption in the building remains
unaffected.

An important point to observe here is that there exists a threshold solar
reflectance, somewhere around 0.75 above which the impact of area fraction is
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opposite to the coating that has solar reflectance below this threshold. For the
coating with solar reflectance greater than 0.75, the hinderance to their ability to
release heat into the sky (due to PV) plays a dominant role than their ability to
reflect solar radiation from the portion that has no PV. Above this solar
reflectance, increasing the area fraction of PV traps the long wavelength
radiations at a rate higher than the rate at which short wavelength radiations are
absorbed into the roof (from non-PV portion), resulting in an increase in cooling
energy consumption. Conversely, for coatings with solar reflectance less than
0.75 including the black roof, the rate at which heat is being absorbed into the
roof from the non-PV portion has dominance over the long wavelength heat that
is being trapped by PV panels. Hence, increasing the area fraction of PV leads to
decrease in the cooling energy consumption. However, generalizing this threshold
for all buildings is not feasible, as its value depends on various factors such as
location, building construction, HVAC system type, among others.

3. Black roofs consistently exhibit inferior performance compared to reflective
roofs, except at an area fraction of 1. However, it can also be noted that the
amount of savings in cooling energy at higher area fractions of PV is less as
compared to lower area fractions. For instance, a coating with a solar reflectance
of 0.84 can achieve approximately a 9% reduction in cooling energy at an area

fraction of 0.25, whereas the reduction is only 4% at an area fraction of 0.75.

Similarly, Figure 3-4 shows the influence of varying area fractions and solar reflectance
of a reflective roof coating on the annual heating energy consumption of a strip-mall

building in Phoenix, Arizona.
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It can be observed that the annual heating energy consumption plot is exactly the
reverse of the cooling energy consumption plot. High reflectance coatings are associated
with more heating penalties compared to black roof. The heating penalty decreases as the
area fraction of PV is increased. The magnitude of heating penalty is small as compared
to savings in cooling energy as indicated by Figure 3-3, resulting in overall savings.
Similar to the cooling energy consumption, coatings don’t have any impact on heating

energy consumption at an area fraction of 1.
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Figure 3-5 illustrates the variation in annual cooling energy consumption for a
building with and without PV panels, assuming a 75% area fraction of PV. The graph

represents a strip-mall building located in Phoenix, Arizona.

Without PV With PV

Area Fraction =073

3
=1
=]

.
=]
L)
[=)

i
-1
[==]
=1

&

&
[=1
[=}

Anmnal Cocling Energy Consumption (K'Wh m )
E
=

43.00

4200

Figure 3-5: Comparison of Annual Cooling Energy Consumption of the Building With
and Without Solar Panels for Different Coatings

Key observations from the plot include the following:

1. When a roof possesses a solar reflectance value approximately less than 0.75, the
introduction of PV panels over the roof leads to a reduction in cooling energy
consumption. As discussed previously, the heat that is being absorbed into the low
reflectance roof without PV is much higher than the heat being trapped due to PV
in the form of long wavelength radiation i.e. with the addition of PV panels, there
is a large reduction in short wavelength radiations from the sun absorbed by the

roof, resulting in reduction in cooling energy consumption.
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2. Conversely, for roofs that have a solar reflectance approximately greater than
0.75, adding PV panels results in an increase in cooling energy consumption.

3. Another important point to note is that when the building has PV installed on it,
adding a better reflective coating is always beneficial, leading to a reduction in
cooling energy consumption. For instance, in Figure 3-5, for a black roof with PV
panels (AF=0.75), the cooling energy consumption is 47 kWh m2, Increasing the
solar reflectance to 0.84 reduces the cooling energy consumption to 45 kWh m2,

representing approximately a 4% savings in cooling energy.
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CHAPTER 4

Effect of Roof Coatings on Solar Panel Performance

4.1 Introduction

Building on the analysis from the previous chapter, which explored the impact of
reflective roof coatings on HVAC loads in buildings equipped with solar panels, this
chapter focuses on understanding how these reflective coated roofs affect the
performance of a solar panel itself. As shown in Figures 2-3 and 2-4, reflective coatings
primarily aim to lower roof surface temperatures. A cooler surface underneath the solar
panel is anticipated to enhance solar panel performance, given their efficiency increases

in lower temperature conditions.

The operating temperature of a photovoltaic panel is a function of various factors
including the ambient temperature, wind speed, PV material, solar radiation, angle of
inclination. The operating temperature directly influences the efficiency with which the
PV panel converts solar energy into electrical energy. The effects of operating

temperatures of PV on efficiency are very well studied in the literature. [37]
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4.2 Thermal model for a photovoltaic module
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Figure 4-1: Heat Transfer Model for the PV
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Figure 4-1 shows the pictorial representation of energy balance on the roof and the
PV. Solar energy incident on the panel is converted into electrical energy, typically
ranging from 10% to 25% in commercially available solar panels. Convection and
radiation are the two modes of heat transfer with which this absorbed solar thermal

energy is dissipated into the surroundings.

The fundamental principle governing the thermal modeling of a PV panel is the first
law of thermodynamics. For an efficient operation, the energy absorbed from the sun
must be dissipated to the surroundings in order to limit the PV temperatures. Applying

the law of conservation of energy on a PV cooled by its surroundings we get,

Qsotar = Eetec + Quosses Eq-4-1

Such an equation is used by John A Duffie [38] to calculate cell temperatures.
However, the analysis doesn’t include the dependence of cell temperature on the roof
temperatures. Several other popular models such as one developed by Faiman, 2008 [39]
and Sandia (King et al, 2004) [40] also provide expressions for cell temperatures that do
not factor in roof temperatures. Cell temperatures from these three models are

summarized in Table 4-1.
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Table 4-1: Various Models for Calculating PV Cell Temperature

Cell temperature equation Model | Reference
T.—T, _ Gr Upnocr [1 e ]
Tnocr — Tanocr ~ Gnoer Uy (Ta)
T, is module temperature (°C)
T, is ambient air temperature (°C)
Ta is effective transmittance-absorptance product
U, is loss coefficient Duffie [38]
The nominal operating cell temperature (NOCT) is
defined as the cell or module temperature that is
reached at a solar radiation level of 800 W m2, a wind
speed of 1 m/s, an ambient temperature of 20°C, and
no-load operation (i.e., with nc = 0).
Epoa
=Tt Gy xws
T, is module temperature (°C)
T, is ambient air temperature (°C) Faiman [39]
Epo4 is the irradiance incident on the plane of the
module or array (W/m?)
U, is the constant heat transfer component (W/m?K)
U, is the convective heat transfer component (W/m?sK)
WS is wind speed (m/s)
Tm — EPOA . gatbws + Ta

Ty, 1s module temperature
Epp4 is solar irradiance incident on the module (POA)
(W/m?)
T, is ambient air temperature (°C) Sandia [40]

WS is Wind speed (m s™)

a and b are constant parameters that depend on the
module construction and materials as well as on the
mounting configuration of the module
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EnergyPlus offers various models to simulate solar panels [27, 41]. They are summarized

as follows:
1. Simple Model:
e The electrical power generated is given by Eq — 4-2

Egenerated = AreaFractionpv Ncelt Minvertor Is Eq —4-2
o Cannot model efficiencies based on operating conditions but allows users

to specify conversion efficiencies for the cell and inverter.
o Suitable for early design analysis without any analysis in detail.
2. Equivalent One-Diode Model:

o Utilizes a four-parameter empirical approach to forecast the electrical

behavior of crystalline PV modules.

e Simulates a PV module with an equivalent circuit consisting of a direct-

current source, diode, and one or two resistors.

e Determines current as a function of load voltage and provides outputs such
as current and voltage at the maximum power point, open-circuit voltage,

and short-circuit current.

e Calculates cell temperature using Duffie [38] model as given in Table 1 to

determine electrical output.
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3. Sandia Model:

o Based on research at Sandia National Laboratory, it consists of empirical

relationships with coefficients derived from experimental tests.

o Calculates five select points on the current-voltage curve, assuming

module operation only at the maximum power point.

e Predicts module performance based on cell temperature given by equation

[40] in Table 4-1.

None of the models available in EnergyPlus are appropriate for examining the impact
of reflective roof coatings on solar panel performance, as they do not consider the effect
of roof surface temperatures. Consequently, EnergyPlus is not suitable for conducting
such an analysis. To expand upon the literature, it is required to study the effect of
reduced roof temperatures resulting from the application of reflective coatings on the cell
temperatures. Therefore, the study aims to develop a thermal model of the PV system
employing an energy balance approach. Hourly weather data and the calculated
temperatures for a black roof and the reflective roof for a strip mall building in Phoenix

are utilized as inputs to the model, sourced from EnergyPlus.

The losses to the environment as described by Eq — 4-3 can further be divided into

convection and radiation and Eq — 4-1 can be re-written as

Qsolar = Eelec + QLW rad, pv + Qconv, pv Eq —4-3

where

Qso1ar 18 solar energy absorbed by the solar panel
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E,jec 1s output in form of electrical energy

Qconv, pvis the heat dissipated to the surrounding air in the form of convection

QLw raa, pv 1S the heat loss in the form of long-wave radiation

Solar radiation:

The net solar radiation absorbed by the panel is a function of several factors including
solar irradiation, the area of the panel, transmissivity of the glass and the solar
absorptivity of the PV material. This relationship is mathematically expressed by Eq — 4-
4. Often, an anti-reflective coating is applied over the panels to enhance the solar

absorptance value.
Qsolar = (1) I Apv Eq-4-4

where,

7 is Trasmissivity of PV glass

«a is solar absorptance of PV cell

L, is incident solar irradiation (W/m?)

Ay, is area of the module (m?)

Electrical Energy:

The power output generated by the PV panel depends on solar irradiation and the
efficiency of the panel. Several researchers have evaluated the efficiency of panels as a
function of operating temperatures [37]. In this study, the following relationship as given

by Eq — 4-5 is employed to compute the power output from the panel. [42, 43]
Eelectrical = Apv nTref(l + ﬁref ( Tpv - Tref)) Is Eq —4-5
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where,

nr,.; represents efficiency at a reference temperature of 25°C and an irradiance of 1000
W/m?

Tref 1S reference temperature of 25°C

Brer denotes the temperature coefficient, equal to -0.004/°C

Convective heat transfer

As given by Newton’s law of cooling, the convective heat transfer between the PV
module surface and the surrounding air depends on the convective heat transfer
coefficient and temperature difference between them. For a PV interacting with ambient

air, this can be expressed as follows:

Qconvection = Apv hconv (Tpv - Tair) Eq —4-6

where,
h.,n» the denotes convection heat transfer coefficient
Ty is the temperature of PV module
T,ir 1s temperature of ambient air

Figure 4-2 [44] summarizes the research [44, 45,46,47,48] done in the past that aimed
to experimentally evaluate the convective heat transfer coefficient between the PV panel
and the surrounding air. In this study, the approach used by W. Hu, X. Li, J. Wang et al.
[44] is used, considering its incorporation of the panel's tilt angle. The convective heat

transfer coefficient as a function of wind speed [44] can be represented by Eq—4-7:

heony = P1Wspeea t P2 Eq-4-7
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where p1 and p»> are constants and are defined as a function of tilt angle, 8, of the PV as

follows:

—0.26-0 +3.65, 6 < g 2180+ 13.07, 6 <

PL=0085-9 +2.71, 0= P2=0047-9 +1439, 6>

NI

Eq-4-8

Figure 4-2 illustrates a comparison among various models, establishing a relationship
between the convective heat transfer coefficient and wind speed. Despite different
conditions, all the models closely align with each other. In this study, the relationship for
a tilt angle of 35 degrees will be represented by a line between the red and black dotted

lines in Figure 4-2.
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Figure 4-2: Heat transfer coefficient comparison between various models [44]
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Radiation heat transfer

Radiation heat transfer involves the exchange of heat in the form of long-wavelength
radiation from various surfaces. Governed by Stefan-Boltzmann's law, radiation heat
exchange in a PV cell occurs between the front surface, back surface, sky, and roof, as

expressed in Equations 4-9, 4-10 and 4-11 below:
Qradiation = Qradiation,f + Qradiation,b Eq -4-9
Qradiation,f = O'Apv[ 6-fFfs (szll) - Tsiy)] + aApv[ e_fFfr (Tp?; - Trﬁof)] Eq-4-10

Qradiationp = O'Apv[ €pFps (szll) - Tsiy)] + GApv[ €pFpr (Tp%? - Tri})of)] Eq-4-11

In the above equations

o is Stefan-Boltzmann constant (5.6697 x 10¥ W m? K*)
Tov s Tsky » Troos are the temperatures of PV module, sky and roof, respectively.

€f,and €, represent the emissivity of the front and back surfaces of PV respectively.
Frs, Frr, Fys, Fpy are view factors between front surface-sky, front surface-roof, back
surface-sky, back surface-roof respectively, calculated as a function of tilt angle, 8 of PV

panel as follows [49, 50]:

Ff5=%(1+c059) Ffr=%(1—cost9)
Fys = = (1 + cos(180 — ) Fyr =5 (1 — cos(180 — §))

2

Eq - 4-12
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Sky temperatures are determined using the EnergyPlus sky modeling approach [27], with

effective mean sky temperature, Ty, expressed as:

Tsky = (E)OIZS Eq-—4-13

g

Ty 1s effective mean sky temperature, or sky radiative temperature, in K.

IRH represents the rate of infrared radiation (W/m?) emitted from the sky falling onto a

horizontal upward-facing surface, calculated using Eq — 4-14:
IRH =0 Ts4ky = €sky O T;ir Eq-4-14

where:
T,ir 1s the dry-bulb temperature of ambient air
€sky denotes the emissivity of sky. For a clear sky, it is determined using Clark & Allen

[51] correlation as follows:

Ectear sky = 0.787 + 0.764 (1og%§) Eq-4-15

Tqp 1s the dewpoint temperature, in K
In cases where the sky is covered with opaque clouds, the emissivity can be determined
using the following relation from Walton (1983) [52]:

€sky = €ctear sky (1 + 0.0224N — 0.0035N2 + 0.00028N?) Eq-4-16

N represents opaque sky cover expressed in tenths
This formula provides a means to adjust the emissivity of the sky based on the extent of
cloud cover. In this study, there is no consideration for opaque cloud cover, assuming

clear skies throughout.
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PV Energy Balance Equation:
The PV energy balance equation can be derived by substituting expressions from Eq —
4-4, Eq —4-5, Eq — 4-6 and Eq — 4-9 into Eq — 4-1, resulting in the final equation

incorporating all relevant parameters:
7 Iy Apy = Apy Nryey (14 Brer (Tow = Trer) ) Is = Apy heons (Tow = Tair)
— |oAp] € Frs(Th = Teky)] + 0Apu] € Frr (T — Trtor)]
+ Ay [ €5Fps(Tyh = Tyt )|+ 0Ap[ €4 For (T — Trbof)]] = 0
Eq-—4-17

Note that the above equation represents a steady-state energy balance equation.
Studies have indicated that steady-state models provide reasonably accurate results when
weather data is averaged over longer time intervals, typically greater than hourly [53].
Hourly data, which is usually obtained by averaging weather data recorded at shorter
intervals (typically every minute), assumes constant environmental conditions (such as
irradiance, temperature, and wind speed) within the hourly intervals. The steady-state
assumption is considered a good approximation when weather conditions remain stable
within each hour. However, it's important to acknowledge that averaging weather data to
longer time intervals may result in an overestimation of power output of the solar panel,
as extreme weather data values are smoothed out during averaging [53]. For crystalline
silicon modules, this overestimation could be on the order of 1% when using hourly time
intervals [53]. Research has shown that transient thermal models for PV modules can
improve model accuracy by approximately 0.58% compared to steady-state models [54].

In this study, the weather data is averaged at hourly intervals, making steady-state
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conditions a reasonable assumption for calculating module temperatures. Furthermore,
since the study compares a black roof to a coated roof, any overestimation in both cases
is not expected to significantly affect the percentage change. The slightly reduced
accuracy of the steady-state model compared to the transient model is unlikely to have a
substantial impact as long as the comparison between the black roof and coated roof is
made under identical environmental conditions for both roofs. A similar kind of equation
is the basis for Duffie’s widely used NOCT model [38] in which convection and radiation
are combinedly governed by single loss coefficient (Table 4-1). The NOCT model for
calculating cell temperatures is widely used in various PV modelling software such as
SAM, EnergyPlus and PVsyst. Since Eq — 4-17 evaluates the effects of convection and
radiation separately, it is possible to show the dependence of cell temperatures on roof
temperatures. The above equation was solved using the parameter values listed in Table
4-2 to obtain hourly module temperature values for both a black roof (SR=0.05, TE=0.9)
and a coated roof (SR=0.84, TE=0.9) in Phoenix, Arizona. Roof temperature values were
calculated using EnergyPlus for a strip-mall building (2090.32 m?) with solar panels
covering 75% of the roof area. Other parameters such as the convective heat transfer
coefficient and sky temperature were derived from hourly solar irradiance, ambient dry
bulb temperature, dew point temperature, and wind speed data obtained from the

EnergyPlus weather file.
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Table 4-2: Parameters to Solve PV Equation

Parameter Value
Transmittance-absorptance product, ta 0.9
Temperature coefficient, Brqf -0.004/C
Reference Temperature, Ty.ef 25°C

Efficiency at reference temperature of 25°C | 16%
and Irradiance of 1000 W/sqm, ny._, y

PV tilt angle, 6 320

Area cover by PV, A4, 1567.5 m?

Emissivity, €; and €, 0.9
Hourly values from

Solar irradiance, I;(W/m?) EnergyPlus weather file for
Phoenix, AZ

Hourly values from

Ambient dry bulb temperature, Ty;,- (°C) EnergyPlus weather file for
Phoenix, AZ

Hourly values calculated using
EnergyPlus with solar panel
Roof temperature, Ty, ¢ (Area Fraction = 0.75) acting
as a shading surface in strip-
mall building (2090.32m?) in
Phoenix, AZ

4.3 Results

Figure 4-3 shows the comparison of annual roof temperatures of a black roof and the
coated roof. It can be observed that the black roof consistently maintains significantly
higher temperatures compared to the coated roof. During nighttime, both roofs exhibit
similar temperatures due to their identical thermal emittance values of 0.9. However,
during daytime hours, the black roof can experience temperatures 20°F to 30°F higher

than the coated roof for most of the year. As mentioned previously, these temperatures
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were obtained using EnergyPlus for a strip-mall building in Phoenix, Arizona and were
utilized as an input to the PV thermal model.

In Figure 4-4, the annual PV module temperatures for both the black roof and the
coated roof are shown. It can be observed that there are days where the temperature of the
PV modules installed on the coated roof is more than 4°F lower compared to those
installed on the black roof. As discussed earlier, the efficiency of PV module is a function
of its operating temperature. Consequently, the module over the coated roof exhibits
higher efficiency than the one installed on the black roof during most times of the year.
The comparison of operating efficiencies for both PV modules is presented in Figure 4-5.

Using the hourly operating efficiencies, annual power is calculated using Eq — 4-5 for
both the modules. The results indicate that module over the coated roof generates
approximately 489,817 kwWh of annual energy, which is approximately 3,707 kWh more
as compared to the energy generated by the module on the black roof resulting in a 0.8%
increase in annual energy generation. It is interesting to note that there is an additional
potential for PV modules on the coated roof to generate more energy apart from the extra
energy generated due to its improved performance. This is attributed to the increased
solar irradiance falling on the solar panels after reflecting from the cool roof coatings.
Previous experiments conducted by researchers have indicated higher solar irradiance on
the panel after reflection from the coating [55]. Overall, the positive impact of reflecting

coatings on the performance of solar panels is evident.
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Figure 4-3: Black Roof Temperature vs Coated Roof Temperature
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CONCLUSION

In conclusion, this work studies the role of reflective roof coatings as a passive means
to save energy, not only by reducing the building HVAC loads but also by enhancing the
performance of solar panels installed on rooftops. From the analysis done across four
distinct climates—Phoenix, Houston, Los Angeles, and Miami—it is evident that Miami
exhibits the highest energy savings with commercially available reflective roof coatings.
Since coatings have the ability to lower roof surface temperatures, which is the reason
behind energy savings, there is further potential for them to help mitigate the urban heat
island effect in cities. The study on the effect of solar reflectance and thermal emittance
values on roof surface temperatures highlights the importance of higher values of both
the properties. It is also shown that solar reflectance is most influential in temperature
reduction. Additionally, the study on the combined impact of thermal insulation and roof
coating on building HVAC loads suggests a higher energy-saving potential in buildings
with poor insulation. Lastly, the third and the fourth chapters demonstrate how the
installation of photovoltaic panels with cool roof coatings on rooftops can lower the

cooling demands and improve the panel efficiency as well.
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