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In regions with hot climatic conditions such as that in Saudi Arabia, a substantial share
of energy is used for cooling the buildings. Many studies have shown that cool (white)
roofs can help reduce the cooling energy load and thus the demand for energy over time.
Also, cool roofs help reduce the urban heat island during the summer time. This research
study focused on determining: (a) whether cool roofs lead to risk of condensation and
mold growth in Saudi climates, (b) the amount of energy savings as result of using
cool roofs instead of black roofs of same insulation amount, and (c) the reduction in
the amount of insulation in cool roof having the same energy performance level as the
black roof. As such, numerical simulations were conducted for a roofing system that is
commonly used in low-rise buildings in Saudi Arabia in order to asses and compare the
energy and hygrothermal performance of cool and black roofs. The roof was subjected to
weather conditions of the Eastern Province of Saudi Arabia. The indoor conditions were
taken based simple method of ASHRAE Standard 160. The results showed no moisture
accumulation occurred from year-to-year after 6 years and 7 years for the black roof
and cool roof, respectively, and the highest relative humidities in the black and cool roofs
were well below 80% resulting in no risk of condensation and mold growth occurred in
these roofs. The main outcome of this study has shown the capabilities of using reflective
materials with different short-wave solar absorption coefficients for enhancing the energy
performance of roofs and/or reducing the amount of insulation that resulted in same
energy performance as black roofs. This study can be used in future for upgrading the
Saudi Building Code so as to allow less roof insulation if cool roof is installed.
Keywords: cool roofs, green roofs, black roofs, energy savings, moisture accumulation, hygrothermal
performance

INTRODUCTION
Buildings are responsible for a large portion of the global and local impacts of climate change.
In regions with hot climatic conditions such as that in Saudi Arabia, a considerable part of
energy is used for cooling the buildings. Buildings are responsible for about 30–40% of the total
energy demand (Al-Homoud, 2005; Vrachopoulos et al., 2012). In Europe, however, buildings are
responsible for 40–50% of energy use (European Commission, 2010). In the Gulf Cooperation
Council (GCC) countries, a substantial share of energy is used for cooling. Regarding the
distribution of electricity consumption by end-user, Krarti and Hajiah (Krarti and Hajiah, 2011)
reported that the building sector represents 90% of the electricity consumption in Kuwait.
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savings and low risk of moisture-related problems. Currently,
there a number of reflective materials and coatings available in
the market that can be used in cool roofs. Using a portable
reflectometer in accordance with the Standard Test Method of
ASTM C-1549, Brehob et al. (2011) investigated the effectiveness
of cool roof coatings with ceramic particle. The outcome of
that study showed that the solar reflectivity of roof coatings
is the significant characteristic for selecting cool roof coatings.
The results of the field tests conducted at Oak Ridge National
Laboratory (ORNL) with roof coating of high solar reflectivity
showed that about 80% reduction in the cooling energy load
can be obtained as a result of using cool roof instead of black
roof (Brehob et al., 2011).
For the weather conditions of Boston, Albany, Chicago,
Cleveland and Detroit, Ennis and Kehrer (Ennis and Kehrer,
2011) conducted numerical simulations to investigate the effect
of roof membrane color on moisture accumulation in black roof
having short-wave solar absorption coefficient of 0.9 and white
roof having short-wave solar absorption coefficient of 0.3. The
results of that study showed that the amount of accumulated
moisture in white roof during the winter was more than twice the
amount in the black roof. On the other hand, the accumulated
moisture in the white and black roofs during the winter dried out
completely in the summer.
With short-wave solar absorption coefficients of 0.88 for black
roofs and 0.2 for white roofs when these roofs were subjected
to the weather conditions of Phoenix, Chicago, Anchorage
and Holzkirchen, the results of hygrothermal simulations by
Bludau et al. (2009) showed that white roofs show greater
moisture accumulation than that in black roofs. In case of initial
construction moisture in white roofs having short-wave solar
absorption coefficient of 0.2 and black roofs having short-wave
solar absorption coefficient of 0.9, the simulation results by
Bludau et al. (2010) showed that the surface temperature and
drying potential were lower in white roofs than that in black
roofs. Saber et al. (2011a, 2012a) investigated the energy and
moisture performance of white and black roofs when these roofs
were subjected to a number of climate conditions in Canada
and USA (Toronto, Montreal, St John’s, Saskatoon, Seattle,
Wilmington, and Phoenix). For the climate conditions of St
John’s and Saskatoon, the results showed white roofs could lead
to longer-term moisture-related problems. To the best of the
authors’ knowledge, no such study available in the literature
regarding whether cool roofs could lead to moisture-related
problems and the amount of energy savings as results of using
cool roofs instead of black roofs when these roofs are subjected to
the climatic conditions of Saudi Arabia.
Dust/dirt accumulation on the roofing surfaces can decrease
the solar reflectivity of these surfaces, resulting in increasing
the solar heat gains. Several studies have been conducted to
investigate the effect of weathering factors and dirt accumulation
on the changes in roof thermal properties over time (Akbari
et al., 2005; Levinson et al., 2005; Berdahl et al., 2008; Suehrcke
et al., 2008; Algarni and Nutter, 2015). For dirt accumulation,
there are a number of cleaning processes that are currently
being used in order to bring the solar reflectively of the roofing
surface to its initial value. For example, Levinson et al. (2005)

The authors also reported that the residential sector (including
privately owned residences and rental apartment units) were
responsible for over 70% of Kuwait’s electrical peak power
demand in 2004. To reduce building conductive heat gain/loss,
it is important to design the roofing systems and other building
components such as walls and fenestration systems with the
intent of achieving energy savings. This research study mainly
focuses on the energy performance of the roofing system.
Roofing systems are so much more than just protections from
the rain and sun. Many investigators (Desjarlais, 1995; Desjarlais
et al., 1998; Solecki et al., 2005; Jo et al., 2010; Levinson et al.,
2010; Oleson et al., 2010; Ray and Glicksman, 2010; Urban
and Roth, 2010; Zirkelbach et al., 2010; Bentz, 2011; Durhman
et al., 2011; Ismail et al., 2011; McHugh and Petrick, 2011; Xu
et al., 2012; Hutchinson, 2017) have shown that white (cool)
and green roofing systems can reduce the operating energy loads
of buildings and as well help reduce greenhouse gas emissions.
Bentz (2011) explored decision-making process for green options
in reroofing systems. Using reflective materials or coatings with
high solar reflectivity in cool roofs can result in reducing the
amount of insulation compared to black roofs. Akbari et al.
(1999, 2000) investigated the effect of rooftop solar reflectivity
on the cooling and heating energy loads for residential and
commercial buildings in the United States. Their results for onestory single family building showed that about half the amount
of insulation can be saved as a result of increasing the rooftop
solar reflectivity from 20 to 60% (Akbari et al., 2000). In another
study by Ray and Glicksman (Ray and Glicksman, 2010) for onestory building having a modified-bitumen roof with insulation
thermal resistance of 2.7 m2 K/W (15.3 ft2 F h/BTU) when this
building was subjected to the weather conditions of Boston, 13%
in energy use can be saved by doubling the amount of insulation,
whereas 12% in the energy use can be saved by replacing the
modified-bitumen roof by a green roof.
Levinson and Akbari (Levinson and Akbari, 2010) conducted
simulations to investigate the potential benefits (in terms of
conserving energy, saving money, and reducing emission of
greenhouse gases and air pollutants) as results of using cool roofs
in four commercial building prototypes in 236 US cities. In that
study, the numerical simulations were conducted using a shortwave solar reflectivity of 0.55 (i.e., short-wave solar absorptivity
of 0.45) for cool roofs and a short-wave solar reflectivity of 0.20
(i.e., short-wave solar absorptivity of 0.8) for conventional gray
roofs. The results of that study showed that buildings with cool
roofs resulted in annual saving in energy cost per unit roofing
area ranging from $0.126/m2 in West Virginia to $1.14/m2 in
Arizona ($0.356/m2 nationwide).
Because cool roofs experience low temperature as a result of
reflecting a part of short-wave solar radiation, which depends on
the value of the rooftop solar reflectivity (Bludau et al., 2009,
2010; Brehob et al., 2011; Ennis and Kehrer, 2011; Saber et al.,
2011a, 2012a), moisture accumulation may occur in cool roofs in
which the daytime and summer may not be enough to dry-out
these roofs. This may cause condensation and mold growth in
cool roofs. As such, for a given climatic condition, it is important
to select the proper reflective roofing materials or coating in
designing cool roofs that can simultaneously lead to energy
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(2)

(3)

(4)

(5)

Province. The performance is obtained for a wide range of
insulation thickness of 0–203 mm (8 inch).
Repeat (1) above for cool roof of different short-wave solar
absorption coefficients that cover most roofing reflective
materials and coatings available in the market.
Use the results obtained in (1) and (2) above to compare
the energy and moisture performance of the black roof with
that of cool roof of different short-wave solar absorption
coefficients and different insulation thicknesses.
For the same energy performance level, determine the
reduction in the amount of insulation in a cool roof of
different short-wave absorption coefficient in respect with
the black roof.
For the same insulation thickness, determine the amount
of energy savings at no risk of moisture-related problems
as result of using cool roof having different short-wave
absorption coefficients instead of black roof.

HYGROTHERMAL MODEL

FIGURE 1 | Schematics of roof with different insulation thicknesses.

A numerical model was developed using COMSOL Multiphysics.
The model simultaneously solves the highly coupled Heat, Air,
and Moisture (HAM) transport equations in building envelope
(Saber et al., 2010a,b, 2011b,c, 2012b,c; Tariku et al., 2010). These
equations were discretized using the Finite Element Method
(FEM). The boundary conditions, model benchmarking and
simulation parameters are discussed next.

applied a several cleaning processes on light-colored roofing
membranes to investigate the effect of these cleaning processes on
the solar reflectivity. In that study, different membrane samples
taken from roofs across the United States were analyzed. Their
results showed that black carbon and inorganic carbon were
found on the surfaces of these samples resulting in reduction
in the solar reflectivity of the surfaces. The cleaning processes
that were applied on the surfaces of the samples include: (a)
wiping to simulate wind action (b) rinsing to simulate rain
action, and (c) washing using dishwashing detergent to simulate
a homemade cleaning. As a final step to simulate professional
cleaning, the surfaces were treated with a mixture of sodium
hypochlorite and sodium hydroxide. The results of that study
(Levinson et al., 2005) showed that after applying the rinsing
process and washing process, all the dirt on the surfaces was
removed except for thin layers of contaminants (organic carbon
and some isolated dark spots of biomass). These contaminants
were removed after applying the bleaching process resulting in
recovering the original solar reflectivity of these surfaces.
In another study by Akbari et al. (2005), the same cleaning
processes by Levinson et al. (2005) were applied on un-weathered
and weathered cool roofing membranes that were collected from
different locations across Canada and United States. In total,
41 samples were analyzed. The results showed that the cleaning
processes developed by Levinson et al. (2005) were effective in
recovering about 90% of the original solar reflectivity of these
samples (Akbari et al., 2005).

Boundary Conditions
The boundary conditions needed to solve heat transport equation
at the indoor and outdoor surfaces are given in terms of heat
fluxes. At the indoor surface, the heat flux (qh,ind ) is given as:

qh,ind = hind Tind − Ts,i .

(1)

Where Tind is the indoor air temperature (K), and Ts,i is the
indoor surface temperature (K). In Equation (1), an indoor heat
transfer coefficient (hind ) that is recommended in the IEA/Annex
24 (Sanders, 1996) and Tariku et al. (2010) for interior flat surface
of 8 W/m2 K was used in the numerical simulations.
The total heat flux on the outdoor surface (qh,outd ) depends on
the properties of this surface and the environmental conditions.
It is given as Saber et al. (2011a, 2012a):
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OBJECTIVES

Where Fs−e is the view factor of the outdoor surface to the
environment; houtd is the convective heat transfer coefficient on
the outdoor surface [W/(m2 .K)], which is calculated by Equation
(3) below; Fs−sky is the view factor of the outdoor surface to the
sky; εLe is the long-wave emittance of the environment, which is
calculated by Equation (5) below; εLs is the long-wave emittance
of the outdoor surface [0.9 for most construction materials

The main objectives of this research study are to:
(1) Assess and compare the energy and moisture performance of
conventional/black roof shown in Figure 1 that is commonly
used in low-rise buildings in Saudi Arabia when this roof
is subjected to hot and humid climate of the Saudi Eastern
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Where, a = 17.271, b = 237.7◦ C, RH is the outdoor relative
humidity (%), and θ∞ is the outdoor dry bulb temperature in
◦ C. The expression for the dew point temperature in Equation
(7) is based on the August-Roche-Magnus approximation for
the saturation vapor pressure of water in air as a function of
temperature (Barenbrug, 1974). It is important to point out that
in the case of flat roofing surfaces, the view factor between the
outdoor surface and the environment, Fs−e = 0, resulting in
no heat transfer by radiation between the outdoor surfaces and
the environment.
Finally, the term IV in Equation (2) accounts for the heat
transfer by radiation between the outdoor surfaces and the sky.
For clear sky condition, Swinbank (1963) averaged out the effects
that humidity and elevation have on the sky temperature and
arrived at the following expression:

(Bludau et al., 2009, 2010; Saber et al., 2011a, 2012a)]; αs is the
short-wave absorption coefficient of the outdoor surface; cb is a
constant equal to 5.67 W/(m2 K4 ); EST is the total solar flux which
includes the effect both incident irradiance and diffuse horizontal
irradiance (W/m2 ); Ts,o is the outdoor surface temperature (K);
Toutd is the outdoor air temperature (K); and Tsky is the sky
temperature (K), is calculated by Equation (9) below.
The term I in Equation (2) accounts for the heat transfer
by convection between the outdoor air and the outdoor surface
where the outdoor heat transfer coefficient, houtd , depends on the
wind speed, Vw , which is calculated as Pedersen (1992):

5.82 + 3.96 Vw
Vw ≤ 5 m/s
(3)
houtd =
7.68 Vw0.75
Vw > 5 m/s
In Equation (3), the wind speed at a given height z is calculated
using a power law as Dalgliesh and Boyd (1962):
Vw = (z/zref )0.22 Vw,ref ,

clear
1.5
Tsky
= 0.0552 × Toutd
.

(4)

In the case of cloudy days, however, the sky temperature deviates
from that given by Swinbank’s equation. Fuentes (1987) and
Wang and Boulard (2000) proposed the following expression to
account for the effect of cloud on the sky temperature:

where zref is a reference height above the ground at which the
reference wind speed, Vw,ref , is measured in weather stations.
Many weather stations measure the wind speed at zref ≈ 10 m.
In Equation (3), the wind speed and the heat transfer coefficient
should be in m/s and W/(m2 .K), respectively.
The term II in Equation (2) provides the amount of solar flux
that is absorbed by the outdoor surface, which depends of the
short-wave solar absorption coefficient of the surface, αs . With
the new technology of reflective materials and radiative cooling
materials, their short-wave solar absorption coefficient values can
be very small. For example, Kubota and his team from Stanford
University (Kubota, 2017) have recently used a multilayer optical
film that reflected about 97% (i.e., αs = 0.03) of the sunlight
while simultaneously being able to emit the surface’s thermal
energy through the atmosphere. As well, Knoss and his team from
University of Colorado Boulder (Knoss, 2018) developed a new
material that can reflect most incoming solar rays back into the
atmosphere (i.e., αs ≈ 0.0) while it still providing a means of
escape for infrared radiation.
The term III in Equation (2) accounts for the amount of
heat transfer by radiation between the outdoor surface and
the environment. In this term, the long-wave emittance of the
environment, εLe can be given based on ISO (ISO, 2003) as:
εLe = εo (1 − 0.84 c) + 0.84 c,

clear
Tsky = c Toutd + (1 − c) Tsky
, 0 ≤ c ≤ 1.0.


qm,ind = βp,ind Pv,ind − Pv,s,i ,


or qm,ind = βp,ind φind Pv,sat (Tind ) − φs,i Pv,sat (Ts,i ) . (10)

Where βp,ind is the convective mass transfer coefficient of the
vapor water on the indoor surface, which is given by Equation
(13) below; Pv,ind is the indoor vapor pressure; Pv,s,i is the vapor
pressure on the indoor surface; φind and φs,i are the relative
humidity of the indoor air and indoor surface, respectively; and
Pv,sat (Tind ) is the vapor saturation pressure, which is given by
Equation (12) below at T = Tind .
The mass flux at the outdoor surface (qm,outd ) is given as:

qm,outd = βp,outd Pv,outd − Pv,s,o ,

or qm,outd = βp,outd φoutd Pv,sat (Toutd )−φs,o Pv,sat (Ts,o ) .

(5)

(6)

where the dew point, θdp , is calculated as Barenbrug (1974) and
Paroscientific (2014):
θdp =

a θ∞
bγ
, γ =
+ ln(RH/100).
a−γ
b + θ∞
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(9)

clear and T
In Equations (8, 9), Tsky , Tsky
outd are in K. In hot climates,
to maximize the amount of heat transfer by radiation from the
outdoor surface to the sky, and hence decreasing the cooling load
of buildings, the long-wave emissivity of the outdoor surfaces, εLs ,
should be high. With the new technology of reflective materials
and radiative cooling materials, their long-wave emissivity are
maximized to be close to 1.0 so as to be able to emit the
surface’s thermal energy through the sky (Catalanotti et al., 1975;
Fernandez et al., 2015; Kubota, 2017; Knoss, 2018).
To solve the moisture transport equation, the indoor and
outdoor surfaces are subjected to mass fluxes. The mass flux at
the indoor surface (qm,ind ) is given as:

where, c (0 ≤ c ≤ 1) is the hourly cloud index obtained from
the weather data (c = 1 for overcast condition and c = 0 for
clear condition). Also, εo in Equation (5) is the emissivity for
clear sky condition, which can be given in terms of the dew point
temperature as:
εo = 0.745 + 0.0056 θdp ,

(8)

(11)

Where βp,outd is the convective mass transfer coefficient of the
vapor water on the outdoor surface, which is given by Equation

(7)

4
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In this study, the predictions of the present model were
compared against the experimental data of two sets of
specimens (see the two inserts in Figure 3). For set-1, the
specimen consisted of OSB layer that was de-coupled from
the specimen by coating the wood frame with a lacquer. The
specimen used a standard 38 × 89 mm (2′′ by 4′′ ) wood stud
frame construction, made of spruce, and spaced at 406 mm
(16′′ ) center-to-center (o/c) in 2.43 × 2.43 m (8 × 8 ft) fullscale specimens. The stud cavities were filled with glass fiber. A
0.152 mm (6 mil) polyethylene was installed on the indoor side of
the specimen. Set-2 of the specimen was similar to set-1 except a
sheathing membrane (Polymer-based spun bounded polyolefin)
was installed in set-2 on the outdoor side of the specimen.
The specimens were pre-conditioned to ensure that the OSB
component in each specimen was brought to an elevated initial
moisture content of 50.7 kgw /kgd % for set-1 specimen and
51.5 kgw /kgd % for set-2 specimen. With these initial conditions
for set-1 and set-2 specimens, and the boundary conditions
described earlier at the indoor surface [Equations (1, 10)] and the
outdoor surface [Equations (2, 11)], the measurements of the air
temperatures and relative humidities in the indoor and outdoor
climatic chambers (provided in Figure 2) were used to predict the
drying curves for these specimens with the present hygrothermal
model. The experimental tests were carried out in a series
of steps, each step comprised of evaluating the hygrothermal
response of the specimens at different laboratory conditions.
The full descriptions of these steps along with the weighting
system are available in Maref et al. (2001, 2002a,b, 2004);
Maref and Lacasse (2009).
Over a period of 820 h (34 day), the specimen of set-1
was subjected to the outdoor and indoor relative humidities
shown in Figure 2A and the outdoor and indoor temperatures
shown in Figure 2B. Also, over a period of 384 h (16 day),
the specimen of set-2 was subjected to the outdoor and indoor
relative humidities shown in Figure 2C and the outdoor and
indoor temperatures shown in Figure 2D. For the specimens
of set-1 and set-2, Figure 3 shows comparisons between the
measured drying curves and those predicted using the present
model. As shown in this figure, the predicted results of the drying
curves are in good agreement with the experimental results. After
gaining confidence in the present model, it was used to conduct
numerical simulations in order to assess the hygrothermal
performance of the roofing system shown in Figure 1. The
different parameters that were used in the numerical simulations
are provided next.

(13) below; Pv,outd is the outdoor vapor pressure; Pv,s,o is the vapor
pressure on the outdoor surface; φoutd and φs,o are the relative
humidity of the outdoor air and outdoor surface, respectively;
and Pv,sat (Toutd ) is the vapor saturation pressure, which is given
by Equation (12) below at T = Toutd .
The saturation pressure of the water vapor in moist air, Pv,sat ,
varies with the temperature of the mixture of air and vapor. A
temperature range of −50–50◦ C covers the practical building
applications. In this temperature range, Pv,sat in Pa is expressed
as a function of temperature, T, in K as Kumaran (2009):

Pv,sat = exp A + B/T + C/T 1.5 , where
A = 28.542, B = −5869.9 K,
C = −2882 K 1.5 for T ≤ 273.15 K,
(12)
A = 22.565, B = −2337.1 K,
C = −33625 K 1.5 for T > 273.15 K.
The convective mass transfer coefficient of the vapor water on the
indoor and outdoor surfaces are calculated using the well-known
Lewis equation as Bondi and Stefanizzi (2001):
hind
, and
Rv Tind ρd,a Cpd,a
houtd
.
=
Rv Toutd ρd,a Cpd,a

βp,ind =
βp,outd

(13)

Where Cpd,a is the dry-air specific heat capacity; Rv is the vapor
water gas constant; and ρd,a is the dry-air density.

Model Benchmarking
The experimental tests by Maref et al. (2002a, 2004), Maref
and Lacasse (2009) were used in this study to validate the
hygrothermal present model. In these tests, full-scale laboratory
experiments were conducted in indoor and outdoor climatic
chambers in order to assess the hygrothermal performance of
specimens. The uncertainties in the temperature and relative
humidity (RH) measurements in these climatic chambers for
both indoor and outdoor conditions were within ±0.5◦ C and
±1% RH, respectively. These measurements are provided in
Figure 2. The series of the tests for the specimens were mainly
focused on the drying process of wood-based sheathing material,
a key component of light wood-frame construction. The fullscale specimens consisted of assemblies having dimensions
of 2.43 × 2.43 m. The tests were conducted over a period
sufficiently long so as to permit quantifying gravimetrically
the change of the total moisture content (MC by weight)
of critical specimen components under drying process. The
gravimetric quantification of the total moisture content of
specimen components over time was achieved using a precision
weighing system, which is capable of weighing 2.43 × 2.43 m
specimens having nominal weights of up to 250 kg to the nearest
gram continuously over the test period (Maref et al., 2001, 2002b).
In these tests, the continuous retrieval of weight data over the
course of the experiment permitted determining weight loss over
time of selected components and hence was used to establish not
only the change, but also the rate of change in the total moisture
content of the component.

Frontiers in Energy Research | www.frontiersin.org

SIMULATION PARAMETERS
As indicated earlier, cool (white) roofs use reflective materials
or coatings to reflect a portion of the incident short-wave
solar radiation, which lowers the rooftop surface temperature
compared to black roofs. The questions are: (a) do cool roofs
lead to risk of condensation and mold growth in Saudi climates?,
(b) what are the amount of energy savings as result of using
cool roofs instead of black roofs?, and (c) what is the reduction
in the amount of insulation in a cool roof having the same
energy performance level as the black roofs? To answer these
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FIGURE 2 | Outdoor and indoor conditions for set-1 specimen (A,C) and set-2 specimen (B,D).

Indoor Conditions

questions, numerical simulations were conducted for a roofing
system that is commonly used in low-rise Saudi buildings of
different insulation thicknesses in order to compare the energy
and moisture performance of cool roofs of different short-wave
absorption coefficients with that of black roofs. The roofing
system considered in this study is shown in Figure 1. As
shown in this figure, the roofing system consists of concrete
slab (150 mm thick), foam concrete layer (50 mm thick), sand
screed layer (20 mm thick), water proofing layer (3 mm thick),
thermal insulation made of XPS having different thicknesses up
to 203 mm (8 inch), another sand screed layer (20 mm thick),
cement mortar layer (20 mm thick). A ceramic tile (20 mm thick)
was installed on the top of the roofing system. In this study, it was
assumed that all material layers are in perfect contact. As such, no
thermal contact resistances and moisture contact resistances were
considered at all interfaces of the material layers.

Frontiers in Energy Research | www.frontiersin.org

The design criteria for moisture control in buildings of
ASHRAE Standard 160 model (ASHRAE, 2009) comprises
three types of indoor humidity estimation models (simple
method, intermediate method and the full parameter method).
The simple method of ASHRAE 160 was used in this
study. This method classifies the indoor humidity level into
three based on the outdoor temperature. The indoor relative
humidity values are estimated to be 40% and 70% when
the outdoor temperature is below and equal to −10◦ C and
above or equal to 20◦ C, respectively. The indoor relative
humidity values are computed between 40 and 70% for outdoor
temperature between −10 and 20◦ C. For the outdoor condition
of the Eastern Province of Saudi Arabia, the corresponding
indoor temperature and relative humidity are provided in
Figures 4A,B, respectively.
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FIGURE 3 | Drying curves of the OSB in set-1 and set-2 specimens.

Outdoor Conditions

relative humidity. With the whole year, Figure 5A shows that
the maximum, minimum and average outdoor temperatures are
49.0, 2.0, and 27.3◦ C, respectively. Also, Figure 5B shows that
maximum, minimum and average outdoor relative humidities
are 100, 4, and 42%, respectively.
Using the weather data of different years in the simulation
period may result in moisture accumulation over time within
the roof. For a given climatic location, the main reason(s) of the
moisture accumulation over time could be due to the effect of
the differences in the weather data of this location from 1 year to
another (Effect-A) and/or due to the effect of the hygrothermal
properties of different layers of the roof (Effect-B). With these
two effects, it is hard to conclude that whether the moisture
accumulation over time in such roof is due Effect-A or EffectB. To exclude Effect-A for a given climatic location, the weather
data of 1 year in this location was repeated for subsequent years.
As such, any moisture accumulation over time would be mainly

The roof with different insulation thicknesses and short-wave
absorption coefficients provided in Figure 1 was subjected to
the weather conditions of Eastern Province of Saudi Arabia,
which is hot and humid climate. One of the main objectives
of the study is to compare the risk of condensation and the
potential energy savings in cool roofs having different insulation
thicknesses with that in conventional/black roofs having the same
insulation thicknesses when these roofs are subjected to the
same outdoor and indoor conditions. At the time of carrying
out this study, the most recent year (year 2017) was selected
to show such performance comparisons between cool roofs
and black roofs. The hourly weather data of year 2017 was
obtained from the Eastern Province of Saudi Arabia’s King Fahd
International Airport having the latitude angle of 26.45◦ (+ to N),
longitude angle 49.82◦ (+ to E) and time zone of 3 h (+UTC).
Figures 5A,B show, respectively, the outdoor temperature and
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FIGURE 4 | Indoor conditions for temperature (A) and relative humidity (B) based on ASHREAE 160—simple method (ASHRAE, 2009) for the climatic conditions of
the Eastern Province of Saudi Arabia.

conditions (i.e., at time = 0) for both the temperature and
moisture content distributions inside the roof. Normally, these
initial conditions are not known and should be assumed (Bludau
et al., 2009, 2010; Zirkelbach et al., 2010; Saber et al., 2011a,
2012a). In this study, for each roof, time = 0.0 corresponded to
January 1st at 12.00 a.m. at which the initial temperature in all
material layers was assumed equal 10◦ C. Also, the initial moisture
content in all material layers was assumed to correspond to 50%
RH (Saber et al., 2011a, 2012a). However, the roofing system
may have a built-in-moisture. To investigate the effect of the
initial moisture content on the long-term performance of the cool
and black roofs, numerical simulations were also conducted for
another initial moisture content that corresponds to 90% RH.
To predict the long-term hygrothermal performance of the black
and cool roofs, the numerical simulations were conducted for a
long time period which was five (5) years. In case of the moisture

due to the effect of the hygrothermal properties of different layers
of the roof (i.e., due to Effect-B).
In this study, the weather conditions of different years were
not analyzed to identify the dry year, average year and wet year.
However, as will be shown later, the highest relative humidity in
the roofing system was well below the critical value at which risk
of condensation and mold growth can occur even with different
initial moisture conditions in the roofing system. As such, we
would claim that no risk of condensation and mold growth occur
when the roofing system is subjected to the weather conditions of
the Eastern Province of Saudi Arabia with other years rather than
year 2017.

Initial Conditions and Simulation Period
Conducting hygrothermal simulation for a roof, subjected to
a climatic condition, requires a prior knowledge of the initial
Frontiers in Energy Research | www.frontiersin.org
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FIGURE 5 | Outdoor temperature (A) and relative humidity (B) of the Eastern Province of Saudi Arabia (year 2017).

Short-Wave Solar Absorption Coefficient

accumulation continues to increase over time after 5 years, the
period of the numerical simulations was extended so as to predict
the long-term performance of the roof.

For most conventional/black roofs, the short-wave solar
absorption coefficient is 0.88 (Bludau et al., 2009, 2010; Saber
et al., 2011a, 2012a). As the cool roofs would have different values
of short-wave solar absorption coefficients (αs ), this study was
conducted for different values of αs ranging from 0.05 to 0.8. This
range of αs would cover most of reflective roofing materials and
coatings available in the market.

Hygrothermal Material Properties
The hygrothermal properties of all material layers of the roof
shown in Figure 1 were obtained from the references (Kumaran
and Wang, 2002; Kumaran et al., 2002a,b).
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RESULTS AND DISCUSSIONS

moisture distributions in the roofs were obtained by solving
the energy equation and moisture equation in different layers
(Saber et al., 2010a,b, 2011b,c, 2012b,c; Tariku et al., 2010). In
this study, numerical simulations were conducted for the roofing
system shown in Figure 1 with different insulation thicknesses
and for a wide range of short-wave solar absorption coefficient

This section provides the results of the hygrothermal
performance of black roofs and cool (white) roofs when
these roofs were subjected to the outdoor climates of the Eastern
Province of Saudi Arabia. The temperature, heat flux and

FIGURE 6 | Average hourly relative humidity in the whole roof (A,C) and the insulation material (B,D) of conventional/black roof (αs = 0.88) and cool roof (αs = 0.05)
for 1ins = 152 mm (6.0 inch).
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Effect of Rooftop Short-Wave Absorption
Coefficient on the Hygrothermal
Performance

(0.05–0.88). Because one of the objectives of this study is to
assess the moisture accumulation over time within the roof,
the simulations were conducted for a period of 5 years. As it
was observed that the moisture accumulation continued to
increase over time, the period of simulations was extended so
as to determine the number of years behind which no moisture
accumulation increases over time.

Taking the case of insulation thickness of 152 mm (6.0 inch) as
example, Figures 6A,B show the average hourly relative humidity
in the insulation layer and all material layers of the cool roof

FIGURE 7 | Average hourly relative humidity in the whole roof (A,C) and the insulation material (B,D) of conventional/black roof (αs = 0.88) and cool roof (αs = 0.05)
for 1ins = 102 mm (4.0 inch).
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with αs = 0.05 and black roof with αs = 0.88 when the initial
moisture content in all roof layers corresponds to 50% RH. When
the roofing system having a built-in-moisture, the corresponding
results for the case of the initial moisture content corresponds
to 90% RH are also shown in Figures 6C,D. For different values
of the initial moisture content, Figure 6A through Figure 6D
show that the conventional/black roof with αs = 0.88 shows
lower moisture accumulation compared to the cool roof with
αs = 0.05. This observation is in agreement with many previous
studies (e.g., see Solecki et al., 2005; Bludau et al., 2009, 2010;
Zirkelbach et al., 2010; Saber et al., 2011a, 2012a). As shown
in Figures 6A,B for the case of initial relative (RHint ) of 50%,

the moisture increases in all roofs from year-to-year during
the first 5 years. Additionally, the moisture decreases in all
roofs from year-to-year during the first 5 years for the case of
RHint = 90% (Figures 6C,D). As such, the periods of simulations
were extended up to 10 years for both black and cool roofs.
With initial moisture conditions (RHint ) of 50%, and 90%,
Figure 6 shows that no changes in the moisture occurs from yearto-year after 6 years (the case of RHint = 50%) and 7 years (the
case of RHint = 90%) for both black roof (αs = 0.88) and cool roof
(αs = 0.05). In other words, the relative humidity at a given date
after 6 years (the case of RHint = 50%) and after 7 years (the case
of RHint = 90%) is the same as that at the corresponding dates

FIGURE 8 | Comparison of hourly external surface temperature of conventional/black roof (αs = 0.88) (A) and cool roof (αs = 0.05) (B) for 1ins = 152 mm (6.0 inch).
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FIGURE 9 | Comparison of monthly average external surface temperature of conventional/black roof (αs = 0.88) and cool roof of different short-wave solar absorption
coefficients (αs ) for 1ins = 152 mm (6.0 inch).

temperatures when the relative humidity is below 80%. Since the
highest relative humidities in all black and cool roofs considered
in this study (see Figures 6, 7 as examples) were well below 80%,
no risk of condensation and mold growth occurred in these roofs.
Figures 8A,B, respectively, show the hourly rooftop surface
temperature of the conventional/black roof with αs = 0.88 and
cool roof with αs = 0.05. For a wide range of short-wave
solar absorption coefficients (αs = 0.88, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3, 0.2, 0.1, and 0.05), Figure 9 shows the monthly average
external surface temperatures as well as the monthly average
outdoor air temperature is shown. Note that for a given shortwave solar absorption coefficient of reflective material, dirt/dust
accumulation on the surface of this material would increase its
short-wave solar absorption coefficient. As such, the considered
range of αs (0.88–0.05) in this study covers different types of
reflective materials with and without dirt/dust accumulation.
Additionally, for dusty weather such as that in Saudi Arabia,
another research study is currently being conducted on a number
of commercial reflective roofing materials to: (a) investigate the
effect of the dirt and dust accumulation on the solar reflectivity
of these materials, and (b) develop a cleaning process that
is applicable to Saudi climates. The obtained results will be
published at a later date.
Due to the high short-wave solar absorption coefficient of the
black roof of αs = 0.88 (Figure 8A), the surface temperature
of the rooftop was considerably higher than that of the cool
roof of αs = 0.05 (Figure 8B). The highest surface temperature

in the subsequent years. For example, after 6 years (the case of
RHint = 50%) and 7 years (the case of RHint = 90%) for the white
roof with αs = 0.05, the highest and lowest relative humidities in
the whole roof were, respectively, 63.3 and 52.3%, and as welloccurred at the same dates in the subsequent years (i.e., after year
6, the case of RHint = 50% shown in Figure 6A, and after year
7, the case of RHint = 90% shown Figure 6C. The corresponding
results for the black roof with αs = 0.88 were, respectively, 56.3
and 45.0%. Note that the approach of repeating the weather data
of 1 year in the subsequent years has helped investigate the longterm moisture performance due to the effect of the hygrothermal
properties of different layers in the roofing systems.
Similar trends for the changes of the moisture with time
as that shown in Figure 6 for roofing systems with insulation
thickness of 152 mm (6 inch) were also obtained for other
roofing systems with different insulation thicknesses [0–203 mm
(8 inch)] and different short-wave solar absorption coefficients
(0.05–0.88), for example, see Figure 7 for black roof (αs = 0.88)
and cool roof (αs = 0.05) with insulation thickness of 102 mm
(4 inch) and having different initial moisture conditions (50%
RH and 90% RH). It is important to point out that the obtained
results for the highest relative humidity in all roofing system
considered in this research study were well below 80%. As
provided in many previous studies (Hukka and Viitanen, 1999;
Viitanen and Ojanen, 2007; Ojanen et al., 2010; Saber et al.,
2014, 2016, 2017; Saber and Maref, 2015; Lacasse et al., 2016),
no risk of condensation and mold growth occurred at different
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FIGURE 10 | Comparison of hourly heat flux at the indoor surface due to conductive heat gain (A) and conductive heat loss (B) of conventional/black roof (αs = 0.88)
and cool roof (αs = 0.05) for 1ins = 152 mm (6.0 inch).

of the black roof was 91.5◦ C compared to 50.8◦ C for the cool
roof of αs = 0.05. Consequently, the corresponding highest
surface temperature of the cool roof was 40.7◦ C lower than
that for the black roof. During nighttime, however, the surface
temperatures of both black and cool roofs were approximately
the same. Figure 9 shows that the highest monthly average
surface temperatures of the roof with different short-wave solar
absorption coefficients occurred in the month of July in which the
average surface temperatures of the cool roofs with αs = 0.05 were
11.3◦ C lower than that of black roofs with αs = 0.88. During the
entire year, Figure 9 shows that the highest difference between

Frontiers in Energy Research | www.frontiersin.org

the monthly average surface temperature of the cool roof with
αs = 0.05 and the monthly average outdoor air temperature
was only 1.16◦ C, which occurred in June. However, the highest
difference between the monthly average surface temperature of
the black roof with αs = 0.88 and the monthly average outdoor
air temperature was 12.33◦ C, which occurred in August (see
Figure 9). Consequently, cool roofs help reduce the temperature
of the roof surfaces, and hence contribute in mitigating the urban
heat island effects.
As an example for insulation thickness of 152 mm (6.0 inch),
Figure 10 shows comparisons of the hourly heat flux on the
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without reflective material (i.e., conventional/black). As examples
for different values of αs , Figures 11A,B [insulation thickness,
1ins , of 102 mm (4.0 inch)] and Figures 12A,B [1ins of 152 mm
(6.0 inch)] show the monthly conductive energy gains (+ve
values) and the monthly conductive energy losses (-ve values).
As shown in these figures for a given short-wave solar absorption
coefficient, the highest conductive energy gain occurred in the
month of July, followed by the month of August.
Figures 11A, 12A show that the monthly conductive energy
gain decreases as the short-wave solar absorption coefficient
decreases. For example, the conductive energy gain in the month
of July for the roof having insulation thickness of 102 mm (4.0
inch) decreases from 214 to 139 Wd/m2 and 122 Wd/m2 as
the short-wave solar absorption coefficient decreases from 0.88
(i.e., black roof) to 0.2 and 0.05, respectively (Figure 11A). This
represents reductions in the conductive energy gains by 54 and
75% as a result of decreasing the short-wave solar absorption
coefficient from 0.88 to 0.2 and 0.05, respectively. Figures 11B,
12B show that the highest conductive energy loss for different
roofing systems occurred in February. For the case of 1ins of
102 mm (4.0 inch), the highest conductive energy loss for the cool
roof with αs = 0.05 was 61.3 Wd/m2 compared to 14.6 Wd/m2 for
black roof with αs = 0.88. The corresponding result for the case
of 1ins of 152 mm (6.0 inch) was 43.5 Wd/m2 for the cool roof
compared to 10.2 Wd/m2 for the black roof.
In cold climates, the sources of heating loads in residential
buildings are usually obtained using heaters or furnaces that use
fossil fuel; whereas the sources of the cooling loads are obtained
using coolers or A/C systems that use electrical energy. Because
the differences in prices per thermal unit between the fossil fuel
and electrical energy, the cooling energy load and heating energy
load should be provided separately (Bludau et al., 2009; Saber
et al., 2011a, 2012a). However, in hot climates such as that in
Saudi Arabia, the source of the heating loads and cooling loads in
residential buildings are obtained using heaters, coolers or A/C
systems that use electrical energy. As such, the total energy loads
in hot climates can simply be obtained as the sum of the cooling
loads and the heating loads.

indoor surface of black roof of αs = 0.88 and cool roof of
αs = 0.05. As shown in this figure, when the heat flux is positive,
it is called “heat gain.” This represent the case of conductive heat
into the building where the system contributes to the cooling
load. When the heat flux is negative (Figure 10B), however, it
is called “heat loss” (i.e., conductive heat out of the building
where the system contributes to the heating load). As shown in
Figure 10A, due to the higher surface temperature of black roof,
its heat gain is significantly higher than that for cool roof. During
the whole year, the hourly highest heat gain for the black roofs
with αs = 0.88 was 5.897 W/m2 , which was about 1.862 times
that for cool roofs with αs = 0.05 (3.167 W/m2 ). The high heat
gains for the black roof takes place during the peak electrical
demand periods that generally occur on hot summer months. As
such, cool roof can help building owners reduce peak electricity
demand. Note that lower peak electricity demand can not only
reduce the total electrical use but also reduce the demand fees that
some utilities charge building owners. As shown in Figure 10B,
the corresponding highest hourly heat loss of the black roofs were
2.105 W/m2 , which was about 0.735 times that for the cool roof
(2.841 W/m2 ). As such, black roof require higher cooling load
than that for cool roof. On the other hand, black roof require
lower heating load than that for cool roof.
In summary, buildings with cool roofs would require more
heating load during the winter time than buildings with black
roofs. Conversely, buildings with cool roofs would require less
cooling load in the summer time than buildings with black roofs.
For the roofing system (see Figure 1) with a wide range of
insulation thicknesses [0–203 mm (8.0 inch)] and wide range of
short-wave solar absorption coefficients (αs = 0.88, 0.8, 0.7, 0.6,
0.5, 0.4, 0.3, 0.2, 0.1 and 0.05), the predicted heat fluxes were used
to evaluate the monthly and yearly energy loss, EH,L (contributed
to the heating energy load), and the monthly and yearly energy
gain, EC,L (contributed to the cooling energy load). The yarely
EH,L represents the area under the curve of the negative heat flux
only during a period of 1 year (Figure 10B). Whereas, the yearly
EC,L represents the area under the curve of the positive heat flux
only during a period of 1 year (Figure 10A). The values EH,L and
EC,L were determined as:

EH,L =

t=365day

Z

EC,L =

t=365day

Z

Yearly Conductive Energy Gain and Loss
qind,surf if qind,surf < 0
0
if qind,surf ≥ 0



dt, and

qind,surf if qind,surf > 0
0
if qind,surf ≤ 0



dt.

t=0

t=0

For all values of the insulation thickness considered in this study
[0–203 mm (8.0 inch)], the obtained results for the conductive
energy gains and losses were used to determine the contribution
to the yearly cooling energy load (EY,C ) and the contribution
to the yearly total energy load (EY,T ). Additionally, as results
of using reflective roofing materials and coatings with different
values of the short-wave solar absorption coefficients (αs ) in the
roofs, the values of EY,C and EY,T were used to determine the
contribution to the energy savings in yearly cooling energy load
(ΓY,C ) and the contribution to the energy savings in the yearly
total energy load (ΓY,T ). For a given insulation thickness, the
values of ΓY,C and ΓY,T for cool roofs with different values of αs
relative to the black roof with αs = 0.88 are calculated as:

(14)

Equation (14) above was also used to determine the monthly
conductive energy gain and loss where the integration periods
were conducted over each month during the whole year.

Monthly Conductive Energy Gain and Loss
The numerical simulations were conducted for the roof shown in
Figure 1 of different insulation thicknesses and different shortwave solar absorption coefficients, αs = 0.88, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3, 0.2, 0.1, and 0.05. Note that αs = 0.88 corresponds to a roof
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FIGURE 11 | Effect of the rooftop short-wave solar absorption coefficient on the contributions to the monthly cooling and heating energy loads (A,B) and yearly
cooling and total energy loads (C,D) for roof having 1ins = 102 mm (4.0 inch).

Contribution to the Reductions in Energy
Loads of Cool Roofs Relative to Black
Roofs of Same Insulation Thickness

thicknesses relative to conventional/black roofs with the same
insulation thickness.
As examples for the insulation thickness of 102 mm (4.0 inch)
and 152 mm (6.0 inch), the obtained results for EY,C and EY,T ,
and ΓY,C and ΓY,T are provided, respectively, in Figures 11C,D,
12C,D. In these6 figures, the values of EY,C and EY,T are plotted
on the left y-axis, whereas the values of ΓY,C and ΓY,T are
plotted on the right y-axis. As shown in these figures, decreasing
the short-wave solar absorption coefficient has resulted in
decreasing the yearly cooling load and the yearly total load for
different insulation thicknesses. For example, as shown on the

Reflective roofing material and roof insulation are not
comparable options for saving building energy. They work
differently. Building owners must make separate decisions
to either upgrade roof insulation levels or install reflective
roofing materials. The results provided below show the
potential contribution to the reductions in the cooling
energy loads due to using cool roofs with different insulation
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FIGURE 12 | Effect of the rooftop short-wave solar absorption coefficient on the contributions to the monthly cooling and heating energy loads (A,B) and yearly
cooling and total energy loads (C,D) for roof having 1ins = 152 mm (6.0 inch).

(ΓY,T ) were 34.6 and 53.3%, respectively. Similar results for
the contributions to the reductions in the yearly cooling loads
and yearly total loads were obtained for all values of insulation
thickness considered in this study [e.g., see Figures 12C,D for
insulation thickness of 152 mm (6.0 inch)].

left y-axis of Figures 11C,D for insulation thickness of 102 mm
(4.0 inch), decreasing αs from 0.88 to 0.2 and 0.05 has resulted
in: (a) decreasing EY,C from 1314.3 Wd/m2 to 727.5 Wd/m2
and 613.8 Wd/m2 , respectively, and (b) decreasing EY,T from
1349.6 Wd/m2 to 882.8 Wd/m2 and 814.2 Wd/m2 , respectively.
Additionally, as shown on the right y-axis of Figures 11C,D,
the corresponding contribution to the energy savings in the
yearly cooling load relative to black roof (ΓY,C ) were 44.7
and 53.3%, respectively, and the corresponding contribution to
energy savings in the yearly total load relative to black roof

Frontiers in Energy Research | www.frontiersin.org

Effect of Insulation Thickness
A black roof with specified insulation thickness (1ins ) is
referred in this study as “reference roof.” To determine the
reduction in the thermal insulation and the corresponding
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FIGURE 13 | Effect of the insulation thickness on the contribution to the yearly cooling energy load (A), yearly total energy load (B) and the reductions in these loads
with respect to insulation thickness for black roof.

Due to the conductive heat gain and loss for a given insulation
thickness in black roof subjected to the weather conditions
of the Eastern Province of Saudi Arabia, the value of the
contribution to the yearly heating load is significantly lower
than the value of the contribution to the yearly cooling load. As
such, Figures 13A,B) show that the contribution to the yearly
total load is slightly higher than the contribution to the yearly
cooling load. For small values of insulation thickness [1ins ≤
51 mm (2 inch)], Figure 13 shows that both the contributions
to the yearly energy loads of black roof and the corresponding
reduction rates in these loads with respect to the insulation
thickness decrease significantly with increasing the insulation
thickness. For example, the reduction rates in the yearly cooling
loads with respect to insulation thickness |dYCLB /1ins | (plotted
on the right y-axis of Figure 13A, were 151, 72 and 30
(Wd/m2 )/mm for insulation thickness of 13 mm (0.50 inch),

short-wave solar absorption coefficient (αs ) of a reflective roof
that provides the same energy performance level as the reference
roof, numerical simulations were conducted for black roof
(αs = 0.88) shown in Figure 1 and having a wide range of
1ins of 0–203 mm (8.0 inch). As well, for each value of 1ins ,
numerical simulations were conducted to predict the energy
performance for a wide range αs of 0.05–0.8. Examples of the
simulation results for the contributions to the monthly and
yearly energy loads are provided in Figure 11 [1ins = 102 mm
(4.0 inch)] and Figure 12 [1ins = 152 mm (6.0 inch)]. For
black roof (αs = 0.88) of different 1ins , the results of the
contributions to the yearly cooling loads and the contributions
to the yearly total loads are summarized in Figures 13A,B,
respectively. Whereas for roof of different 1ins and αs , the
results of the contributions to the yearly energy loads are
summarized in Figure 14.
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FIGURE 14 | Effect of the insulation thickness on the contribution to yearly cooling energy load (A) and yearly heating energy load (B) (in log scale) for different
short-wave solar absorption coefficients.

25 mm (1.0 inch), and 51 mm (2.0 inch), respectively. For
large values of insulation thickness [1ins ≥ 102 mm (4 inch)],
however, the contributions to the yearly cooling loads of black
roof and the corresponding reduction rates in these loads
with respect to the insulation thickness decrease slightly with
increasing the insulation thickness. For insulation thickness
of 102 mm (4.0 inch), 152 mm (6.0 inch) and 203 mm (8.0
inch), the values of |dYCLB /1ins | were only 11, 6 and 4
(Wd/m2 )/mm, respectively.

and short-wave absorption coefficient are provided in Figure 14.
These results were used to identify the pairs of the thermal
insulation thickness (1ins ) and the short-wave solar absorption
coefficient (αs ) at which the energy performance level of such roof
with these pairs are the same as that for the reference roof (i.e.,
with specified 1ins and αs = 0.88). As examples for few values
of the contributions to the yearly cooling loads (YCL = 720,
812, 931, 1090, 1314, 1658, and 2242 Wd/m2 ) and few values
of the contributions to the yearly total loads (YTL = 738, 833,
955, 1119, 1350, 1702, and 2303 Wd/m2 ), Figures 15A,B show
the corresponding pairs of 1ins and αs that were extracted from
Figures 14A,B for the same contribution to the yearly cooling
loads, and the same contributions to the yearly total loads of the
roofs, respectively.

Pairs of Insulation Thickness and
Short-Wave Solar Absorption Coefficient
All results of the contributions to the yearly energy loads of
the roof (see Figure 1) with wide ranges of insulation thickness
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FIGURE 15 | Thermal insulation—short wave absorption coefficient pairs for the same contribution to: (A) yearly cooling energy loads and (B) yearly total energy loads.

Example of 1ins and αs Pairs for Same
Yearly Cooling Load

solar absorption coefficient to be αs = 0.88 (i.e., black), 0.45, 0.21,
and 0.05, respectively.

Figure 16A shows an example for the yearly cooling load (YCL)
of 931 Wd/m2 that corresponds to a reference/black roof having
1ins = 152 mm (6.0 inch) and αs = 0.88. As shown in this figure,
YCL = 931 Wd/m2 can be achieved via using the pairs of 1ins
and αs that can be given as:

Example of 1ins and αs Pairs for Same
Yearly Total Load
As example, a contribution to the yearly total load (YTL) of
955 Wd/m2 that corresponds to a reference/black roof having
1ins = 152 mm (6.0 inch) and αs = 0.88 (see Figure 16B)
can be achieved via using the pairs of 1ins and αs that can be
given as:

αs = −0.581 + 0.286 1ins − 0.0071 12ins , 1ins in inch. (16)
From Equation (16) or Figure 16A for YCL = 931 Wd/m2 , a
0, 33.3, 50.3, and 61.0% savings in insulation thickness [i.e.,
1ins = 152 mm (6.0 inch), 102 mm (4.0 inch), 76 mm (3.0 inch),
and 60 mm (2.35 inch)] requires the values of rooftop short-wave
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αs = −1.585 + 0.614 1ins − 0.0339 12ins , 1ins in inch. (17)
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FIGURE 16 | Design chart for all pairs of 1ins and αs and the corresponding reductions in insulation that provide the same contribution to (A) yearly cooling load
(B) yearly total load as the reference/black roof of 1ins = 152 mm (6.0 inch).

SUMMARY AND CONCLUSIONS

From Equation (17) or Figure 16B, a 0, 33.5, and 45.3% savings
in insulation thickness [i.e., 1ins = 152 mm (6.0 inch), 102 mm
(4.0 inch), and 83 mm (3.25 inch)] requires the values of rooftop
short-wave solar absorption coefficient to be αs = 0.88 (i.e.,
black), 0.33 and 0.05, respectively. A simple design tool for the
roof considered in this study that can be used for determining
the different pairs of the insulation thickness and the short-wave
solar absorption coefficient will be published at a later date.
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For wide ranges of insulation thicknesses and rooftop shortwave solar absorption coefficients, numerical simulations were
conducted in this study to investigate the energy and moisture
performance of black roofs and cool roofs with different reflective
roofing materials and coatings. The type of roof considered
in this study is commonly used in low-rise buildings in Saudi
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Arabia. This roof was subjected to hot and humid weather of
the Eastern Province of Saudi Arabia and the indoor conditions
as per the simple method of ASHRAE Standard 160. Results
showed that black roofs always perform with lower moisture
than cool roofs. For all black and cool roofs having different
initial moisture conditions, no moisture changes occurred from
year-to-year after 7 years. In other words, regardless the values
of the initial moisture conditions, the relative humidities in the
roofing systems after 7 years at a given date were the same as
those at the corresponding date of the subsequent years. Since the
highest relative humidities in the black and cool roofs were well
below 80%, no risk of condensation and mold growth occurred
in these roofs.
For given insulation thickness, the results showed that using
cool roofs resulted in an increase in the contributions to the
heating energy loads compared to that with black roofs. The
decrease in the contributions to the cooling energy loads for cool
roofs, however, were typically much greater than the increase
in the contributions to the heating energy loads. Thus, cool
roofs have resulted in net energy savings compared to black
roofs. In order to determine the amount of thermal insulation
and the corresponding short-wave solar absorption coefficient of
a reflective roof that provided approximately the same energy
performance level as the black roof, numerical simulations were

conducted for wide ranges of insulation thicknesses [0–203 mm
(8.0 inch)] and rooftop short-wave solar absorption coefficients
(0.05–0.88). The obtained results were used to identify all possible
pairs of the thermal insulation thickness and the corresponding
short-wave solar absorption coefficient at which the energy
performance of such roof with these pairs were the same as those
for the reference/black roofs. As per the findings of this study, it
is recommended to install reflective roofs in new buildings and
also for upgrading the current buildings in Saudi Arabia. The
results provided in this paper along with the results of another
experimental study (currently being conducted on a number of
commercial reflective roofing materials to investigate the effect
of the dirt and dust accumulation on the solar reflectivity of
these materials, and also to develop a cleaning process that is
applicable to Saudi climates) can help for future upgrading the
Saudi Building Code so as to allow less roof insulation if reflective
roof is installed.
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