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Cool/white roo ng systems use paints and membranes with hi¢p solar re ectivity to

re ect a portion of the incident solar radiation resultingn lowering the temperature of
the exterior surfaces in respect of the conventional/blackoo ng systems. This study
focuses on the energy performance of roo ng system that is beng used in buildings of
the Gulf Cooperation Council countries when this roof is exgsed to a hot and humid

climatic conditions in Saudi Arabia. The long-term moister performance of the white
and black roo ng systems were investigated in a previous stdy in which the results
showed that no risk of condensation and mold growth occurredn the roofs with different
values of solar re ectivity of the rooftop and different itial construction moisture. With
the same environmental conditions that were used in the pregus study, the focus of
this paper is on assessing the energy performance of white ahblack roo ng systems

for a wide range of: (a) thermal insulation thickness, and Ytsolar re ectivity of the
rooftop. Also, considerations are given in this study to dexop a practical design tool
that can easily be used by building engineers and architectfor determining all pairs of
the insulation thickness and the corresponding solar re etivity of the re ective roo ng

materials/coatings that resulted in the same levels of therergy performance as those
for the black roo ng systems of thicker insulation thicknes. The results of this study
along with the developed practical design tool can be used irfuture to upgrade the
Saudi building code to allow using less insulation in the rde if white roo ng systems

are installed.

Keywords: design tools, cool roof, white roof, black roof, ener gy savings, solar re ectivity

BACKGROUND

The global warming phenomenon and its consequences are asumeg issues that we currently
face. This has resulted in many environmental problems sgsdh@eased precipitation intensity,
increased greenhouse gas emissions, and as well highes@teric temperatures. Research studies
in China has indicated that urban heat island e ect contriedtto climate warming by about 30%
(Zhao, 2011; Huang and Lu, 2013 he short-wave solar radiation is one of the main drivefs o
urban heat islands. For example, urban surfaces re ect dasmdiation back to the atmosphere
compared to vegetation and other natural ground cover. Tmsyead absorb and store more of
solar energy resulting in an increase in the surrounding penature Qleson et al., 2010; U.S.
Environmental Protection Agency (EPA), 2010, 2018a; &edtial., 2018 In accordance with the
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U.S. Environmental Protection Agency (EPA) (2018hg yearly (European Commission, 2010; Vrachopoulos et al., p012
average temperature of the air in a city with one million peopleA signi cant amount of energy is used for cooling the
or more can be 1-3 warmer than its surroundings. However, buildings in the Gulf Cooperation Council countries. For
during the evening, the di erence can be as high asClas example, in 2004, the building sector accounted for 90% of
a result of the built environment radiates the absorbed heauwait's electricity consumption and the residential secto
during the day [J.S. Environmental Protection Agency, 20P8a was responsible for more than 70% of the peak electricity
Itis important to point out that higher surrounding temperater demand in Kuwait Krarti and Hajiah, 201)L. As such, the
basically means not only a greater demand for air conditigni design of the building envelopes (roofs, walls, and fenéstrat
(A/C) systems but also a lower coe cient of performance of thesystems) in order to achieve energy savings can not only
A/C systems resulting in more energy consumption to run theseeduce energy consumption and hence energy demand
systems. Consequently, thermal power stations burn morglfos over time, but also contribute to the ght against global
fuels and thus generate additional carbon emissions. Urlet h warming. This paper focuses on the energy performance
islands are hot and more polluted. This is because smog forntd only one part of the building envelope, which is the
from the photochemical reactions of pollutants in the air, androo ng system.
the rate of these chemical reactions are more likely to iaseeat Many research studiesSplecki et al.,, 2005; European
higher air temperatures. The incidents of smog increaseimeso Commission, 2010; Jo et al., 2010; Levinson et al., 2010;iday a
cities by 3% for everyone degree the temperature increaseeabdslicksman, 2010; Urban and Roth, 2010; Zirkelbach et al.,;2010
21 C (Peltier et al., 2018 Bentz, 2011; Durhman et al., 2011; Ismail et al., 2011; McHugh

According to the U.S. EPAU.S. Environmental Protection and Petrick, 2011; Vrachopoulos et al., 2012; Xu et al., 2012;
Agency (EPA), 2019pbthere are ve main strategies to help Hutchinson, 201Binvestigated the bene ts of installing re ective
mitigate the urban heat island e ects. These strategies are: and green roo ng systems on the energy savings, and reducing
. . . . the urban heat islands, local air pollution, and greenhouss g
1) Increasing trees and vegetative cover in urban areas ichwh o - . ) .

§m|35|ons. When a building with modi ed-bitumen roof was

the l_eran heat island e ect can oceulr. Providing shade an Subjected to the climates of Bostdray and Glicksman (2010)
cooling through evapotranspiration, however, help lower the . : .

! showed that it was possible to save 13% of energy by doubling the
surface and air temperatures.

. . . . amount of insulation, however, saving 12% of energy waslplessi
2) Using coollre ective pavements on sidewalks, parklngo . . .
lots, and streets to re ect more solar radiation back to y replacing this roof by a green roof. For white roo ng systems,
’ Akbari et al. (1999, 200vestigated the e ect of the short-wave

the environment. The cool pavements result in lower . . :
. solar absorption coe cient &s) of the rooftops on the heating
temperatures for the pavement surfaces and surrounding air

. and cooling energy loads of commercial and residentialdiogs
than conventional/black pavements. g 9y

L : . in the US. Their results showed that about half the amount ef th
3) Utilizing smart growth practices. These practices cover

. . insulation can be saved by decreasigérom 0.8 to 0.4 for a one-
a range of conservation strategies and development tha . - S . . .
. . Story single-family buildingLevinson and Akbari (201Gtudied
help protect the natural environmentS. Environmental . : . .
Protection Agency (EPA), 209 the potential bene ts related to installing white roo ng dgsns
gency ’ in 236 US cities. With white roo ng systems, their results skedw

4) Installing green roong systems by growing a vegetatlv?he annual savings in the energy cost was $0.356 per square mete
layer (e.g., plants, shrubs, grasses, and/or trees) on th

rooftops U.S. Environmental Protection Agency, 2008b 8Fthe roof area (nauonally).
. . Because white roo ng systems work at low temperatures
The vegetative layers provide shade and also absorb heat fr(%m

the surrounding air through evapotranspiration. This helps e to the re ection of part of the incident solar radiation,
9 9 b P ’ PS\which depends on the value af of the rooftop, moisture can

reduce the rooftop and ambient air temperatures. By Jul ccumulate in these roofs, and the summer season may not
2012, about 59,000 green homes had been completed in tée ' y

. € su cient to dry them (Bludau et al., 2009; Brehob et al.,
Unlteq StatesEora! Roo ng_LLC, 201p - 2011; Ennis and Kehrer, 2011; Saber et al., 2011b, R0nis
5) Installing cool/white/re ective roo ng systems, whicls S . .
. . . . _may cause deterioration and mold growth in the white roo ng
the focus of this study. As provided in many previous oL . .
. . systems. As such, it is important for a given climate to use the
studies and this study as well, the cool roo ng systems us . . : : o
. - - appropriate re ective roo ng material or coating when desiggi
roo ng membranes or coatings with high short-wave solar_ . .
- A white roo ng systems that can lead to energy savings at o ris
re ectivity so as to re ect sunlight and heat away from the . -
S . of moisture-related problem$3rehob et al. (20113tudied the
buildings, and hence reduce the cooling energy loads. This

can reduce the dependence on the fossil fuels, which resuﬁg)pertles of re ective coatings (containing ceramic pass)

. . . S at can be used in the white roo ng systems. Their results
in a reduction of the carbon footprint. Building owners . . i
. . showed that the value @ is the essential feature for choosing
and roo ng contractors in the US have used di erent types - L o
. the type of the coatings. For a number of climatic conditions,
of re ective roo ng systems for more than 20 years.E. . . .
Environmental Protection Agency, 2008a Ennis and Kehrer (20113tudied the moisture performance of
gency, black roo ng systems witlag D 0.9 and white roo ng systems
In the building sector, energy consumption is high andwith as D 0.3. During the winter, their results showed that the
although the situation diers from one country to another, accumulated moisture in the white roo ng system was moreitha
buildings consume around 30-50% of the total energywice thatin the black roo ng system. However, the accunteda
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moisture during the winter dried out completely during the University Kubota, 201y have recently used a multilayer
summer. For Chicago, Phoenix, Holzkirchen and Anchorageptical Im that re ected about 97% (i.e., the short-wave sola
climates, Bludau et al. (2009studied the accumulation of absorption coe cient,agD 0.03) of the sunlight. Due to the high
moisture in black and white roo ng systems over a 5-year pario long-wave thermal emissivity, their material was simuétansly
In that study, the black roo ng systems were simulated vath being able to emit the surface's thermal energy through the
D 0.88, whereas the white roo ng systems were simulated witatmosphere. As well, Knoss and his team from University of
as D 0.2. The results showed that white roo ng systems alway€olorado Boulder Knoss, 201p developed a new material
work with higher moisture than black roo ng systemBl(idau  that can re ect most of the incoming solar rays back into the
et al., 200 For a number of climatic conditions in the US and atmosphere (i.,eas 0.03); while it still providing a means of
Canada,Saber et al. (2011b, 201Z0yestigated the moisture emitting its surface thermal energy to the environment.
accumulation in black roo ng systemsa{ D 0.88) and white Fernandez and his team from Paci c Northwest National
roo ng system @s D 0.2). For the climates of Saskatoon and St.aboratory (PNNL) Fernandez et al., 20)%have used the
John's, the results showed that the white roo ng systemsdtoulradiative cooling material that was developed by Stanford
lead to long-term moisture-related problentsgber etal., 201).b  University team Kubota, 201y to investigate the potential
For the case of initial construction moistur&ludau et al. energy savings as results of using this material against using
(2010)studied the moisture performance of black roa§ 0 0.9) the best cool roof surfaces on the market. Their simulation
and white roof és D 0.2). Their results showed that the drying results using EnergyPlus model showed that using this rasiat
capacity was lower in the white roof compared to black roofcooling material has resulted in electricity saving of 10 MWh
With di erent values of initial construction moisture, andide in Miami, 13 MWh in Las Vegas, 8 MWh in Los Angeles, 3
range of insulation thicknessifs) and wide range oks, most MWh in San Francisco and 6 MWh in Chicago, per year, which
recentlySaber et al. (2019lnvestigated the long-term moisture represented 9, 16, 23, 22, and 14% of cooling electricity ggyvin
performance of roo ng systems when these roofs were sulgjecteespectively, in the above ve citieBdrnandez et al., 20).5As
to Saudi climates. The results showed that black roo ngesyst  provided inASHRAE (2005)most of construction materials have
always perform with lower moisture than white roo ng systems a surface emissivity of 0.9. In this study, the value of thmgio
However, the highest relative humidity values in thesesaoaére wave emissivity of the rooftop was taken equal 0.9. Thisevisu
well below 80% resulting in no risk of condensation and moldsame as that taken in many previous studies related to asgessi

growth occurred in these roof$S@ber et al., 2019b the energy and moisture performance of black and white roo ng
systems [e.g.B{udau et al., 2009, 2010; Saber et al., 2011b, 2012c,
i 20198)].
Parameters Affecting the Roo ng The dust and/or dirt accumulations on the rooftops can
Performance reduce their short-wave solar re ectivity, leading to armiease

The exterior surfaces of the roo ng systems are exposed ftim solar heat gain. Various studies and eld test measuretsien
several environmental factors speci c to the local climatehs investigated the e ect of aging factors and dust and/or dirt
as dirt, wind, sunlight, snow, rain, outdoor temperaturdateve  accumulations on the changes in the rooftop properti@siari
humidity, and cloud index. All these environmental factarsd et al., 2005; Levinson et al., 2005; Berdahl et al., 200Brc&ee
roo ng speci cations (materials, dimensions, etc.) cobuie to et al.,, 2008; Algarni and Nutter, 20)L5With regard to the
the variations in the thermal and moisture performance of theaccumulation of dirt, various cleaning methods are avadabl
roofs. Figure 1 shows that when the incident solar radiation to bring the short-wave solar re ectivity of the roof surfsc
hits a roof surface, part of the solar radiation is re ected toto their original values. In the experimental study bgvinson
the environment and the other part is absorbed by the roo nget al. (2005)di erent cleaning processes were applied on light-
system. The absorbed part of solar radiation results in iasirgy  colored roo ng membrane samples (collected from roofs across
the surface temperature of the roof, thereby increasing théhe US) in order to study the e ect of these cleaning processes
cooling energy load in summer and decreasing the heatingn their short-wave solar re ectivity. The results of thatdy
energy load in winter. As indicated earlier, white roo ngsggms  showed that inorganic carbon and black carbon were found
use bright surfaces with high short-wave solar re ectivity on the sample surfaces, which led to reductions in their short-
re ect a signi cant part of the solar radiation, thus lowegrthe  wave solar re ectivity. The cleaning processes applied to the
rooftop temperature and the cooling energy load compared tsurfaces of the samples included wiping process to mimic
conventional roof systems. the wind action, rinsing to mimic the operation of the rain,
With the new advanced technology of radiative coolingwashing with a dishwashing detergent to mimic homemade
materials that can be used as reective materials ircleaning, and nally treating the surfaces of the sampledwit
white/cool/radiative roo ng systems Kubota, 2017; Knoss, a mixture of sodium hydroxide and sodium hypochlorite to
2019; SurfaPaint ThermoDry Elastomeric Roof Paint., »019mimic professional cleaning. By applying the rinsing process
their short-wave solar absorption coe cients are very smalland washing process, the dirt on the surfaces was removed,
and close to zero, and long-wave thermal emissivities ang vewith the exception of a thin layer of contaminants. With the
high and close to 1.0 (i.e., behaves approximately as blagkbodleaching process, however, the layer of contaminants was
in emitting thermal energy from the re ective material toegh removed, whereby the original short-wave solar re ecyivitf
environment). For example, Kubota and his team from Stanfordhese surfaces were restorédyinson et al., 2005
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FIGURE 1 | Roo ng surface subjected to incident solar radiation.

In another study Qkbari et al.,, 2005 the same cleaning
processes that were developed lyvinson et al. (2005were

high at high temperature. In addition, with the adoption of
the OVW, their theoretical investigation on the air tempeanst

applied on 41 samples of unweathered (i.e., new materialg)side a container showed that it was possible to simultasgou

and weathered white membranes. These membranes wekeep air cool in summer and warm in winter.

collected from di erent locations across the US and Canada In another study, Wang et al. (2019a)theoretically
where 16 samples were analyzed at Lawrence Berkeley Natioimalestigated the e ect of responsive coating properties on
Laboratory, and 25 samples were analyzed at the Nationtie potential of energy saving with OVW for stable air
Research Council of Canada. The results showed tH#% temperature control in buildings. The results of that study
of the short-wave solar re ectivity of these samples wershowed that with the adoption of the OVW, the heating load and
recovered Akbari et al., 200p Currently, an experimental study cooling load could be simultaneously reduced. Furthermdre, t
is being conducted on a number of coatings and re ectiveresults showed that the cooling load was reduced compared to
roong materials when they are subjected to the naturaloptic- xed wall having a constant low solar re ectivity, and as
dusty and highly polluted climate of Jubail Industrial City well the heating load was reduced compared to optic- xed wall
in Saudi Arabia. The main goals of that study are to: (ahaving a constant high solar re ectivity.

investigate the changes in the short-wave solar re egtioit Wang et al. (2019b)conducted dynamic simulation to
these materials (b) develop cleaning technical guide fes¢h investigate the e ect of the OVW having responsive coating on

materials, and (c) quantify the impact of dirt/dust accuntidas
on the overall thermal and moisture performance of the roo n
systems. The results of that study will be published at
later date.

Automatic indoor air temperature control with an Optic-
Variable Wall (OVW) was recently proposed byang et al.
(2018) to reduce the HVAC (Heating, Ventilation & Air-
Conditioning) energy consumption in containers. The exi@rn
surface of the OVW is coated by a layer called “respons

coating.” Within the wavelength region of visible light, the

the facades of high-rise residential buildings when thesleings

gwere subjected to the climatic conditions of Shanghai anisPa
dhe results showed that the potential use of the responsive
coating on the south walls (or facing equator) resulted in eor
contribution to the energy saving than walls of other oriatibns.
Also, the results showed that the contribution of the respeais
coating to energy savings for the climatic conditions of Sjteai
was (17%) about twice of that for a colder climatic conditiofis o

ivearis (8%).

By allowing more absorption of the solar radiation in winter

characteristic of this responsive coating on the absorptind a while maintaining high solar re ection in summer, the corptef

the re ection of solar radiation is sensible to its tempena&ulhe
surface characteristic of the responsive coating is quitacive
in building applications. This is because at high temperatiire,
responsive coating shows strong re ection (i.e., low shveatre
solar absorption coe cient) to the solar radiation exposing o

the responsive coating when it is applied on the rooftops would
simultaneously result in reducing the cooling load duringeth
summer season and as well reducing the heating load during
the winter season. For a wide range of the short-wave solar
absorption coe cient of the rooftop (0-0.88) and a wide rangfe

the OVW; while the solar re ection becomes weak (i.e., higtinsulation thickness [0-#(203 mm)], this study focused on the

short-wave solar absorption coe cient) at low temperature.
Wang et al. (2018)\eri ed experimentally under natural
winter conditions (i.e., low ambient temperature) the fédgy

energy performance of a roo ng system, that is commonly used
in the buildings of the Gulf Cooperation Council countries, whe
it was subjected to Saudi hot and humid climates. Each value of

of the OVW performance on air temperature control inside athe short-wave solar absorption coe cient was taken constant
container. The test results showed that the color of OVWesri through the whole year. This represents the case of insgallin
from dark at low temperature to light at high temperature, wler optic- xed roof. Under di erent climatic conditions, a future

the solar re ectivity of OVW was small at low temperature andstudy is recommended to compare the overall energy savirgs as
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result of installing responsive coating on the rooftop (iagptic-
variable roof) against the overall energy savings for thee cd
using optic- xed roof (i.e., similar to this study).

In short, a logical step toward achieving energy-e cient
buildings is to design roo ng systems that o er potential eggr
savings at low risk of condensation and mold growth. The main
parameters that aect the hygrothermal performance of the3)

2)

wide range 085 (0.88-0.05), in order to investigate the energy
performance of black and white roo ng systems.

For the same value ofi,s, determine the amounts of
energy savings as results of installing white roo ng system
with dierent values of ag instead of installing black
roo ng systems.

Use the results obtained in (1) above to determine the

roo ng systems are roof type, climate conditions (wind, sght,
snow, rain, etc.), amount of insulation and the valueagffor

the rooftop. With regard to the accumulation of dust and dirt
on the rooftops, some cleaning processes are currently biaila
that can be used to bring their short-wave solar re ectivity 4)
approximately their initial values.

reductions in the amount of insulation in white roo ng
systems having di erent values af that provide the same
energy performance levels as those for black roo ng systems
with thicker insulation thickness.

Use all results of this study to develop a practical desigh t
that can be used for identifying al},s andag pairs that result
inthe same levels of energy performance as those for the black
roo ng systems.

OBJECTIVES

Due to re ecting part of the incident short-wave solar radiat,

. . BRIEF DESCRIPTIONS OF THE
white roo ng systems run at lower rooftop temperatures in

respect of black roo ng systems. For the type of the roo ngHYGROTHERMAL MODEL
system shown inFigure 2 that is commonly being used in
buildings of the Gulf Cooperation Council countries, the
questions are:

The previously developed hygrothermal numerical modzlt{er

et al.,, 2019pwas used in this study to conduct numerical

simulations in order to assess the energy and moisture

a) Do white roong systems having dierent amount of performance of the roo ng system shown Figure 2 for wide
insulation lead to moisture-related problems when theyranges of insulation thickness [02%203 m)] and short-wave
subjected to Saudi climates? solar absorption coe cient (0—0.88) of the rooftop. In the vaus

b) For the same amount of insulation, what is the amount ofmaterial layers of di erent building components, this model
energy saving as a result of using white roo ng systems (itavi solves simultaneously the time dependent 2D and 3D moisture
di erent re ective materials and coatings) in place of thedia transport equation, energy equation, surface-to-surfackation
roo ng system? equation (e.g., the surface-to-surface radiation in eredos

¢) What is the minimum amount of the insulation in white airspaces in building components having airspace layers such as
roo ng system that results in the same energy performance agalls and roofs with re ective insulations, double/triple glag
that for black roo ng system with thicker insulation thicless? systems such as windows, curtain walls, and skylight dgyice

. . . . and air transport equation. The air transport equation is the
Th n nsion of a pr r l.,201 . . .
IS study is an extension of a previous stuger etal, 201pb Navier-Stokes equation for the airspace layers (e.g., wities),

in which a hygrothermal model was developed to mvestlga'[eiinol the Darcy equation (Darcy Number.\D 10 ) and

the thermal and moisture perform_ance of Wh'te and .bIaCIﬁBrinkman equation (R > 10 ©) for the porous material layers.
roong syst(_ams. Th_at_model was _vahdated against experl_aientWith and without moisture transport, the model was extensjive
data, and its predlctlons_ were in good agreer_nents .W'th th enchmarked against experimental results from the evalpati
test data. The full descriptions of the model, its valldauonsOf a number of di erent building component assemblieSaper

initial conditions, boundary conditions, simulation peds, and t al., 2010a,b, 2011a, 2012a.b; Saber, 2012, 20132018,

simulation parameters that mcl_ude the mgt_enal properties ogaber et al. (2019grovided a summary of model validations
all layers of the roo ng system, indoor conditions, and ootat . .
against experimental data.

conditions are available inSber et al., 2013ibin that study In building applications that are similar to this study, the

(Saber et al.,, 201pbthe model was used to address the .
S - model was used to assess the hygrothermal performance af whit
question in (a) above for the black and white roo ng systems

I o - . and black Modi ed-Bitumen (MOD-BIT) roo ng systems when
shown inFigure 2 With di erent values of initial construction . . o I
. . they were subjected to di erent climatic conditions of North
moisture, the results of the long-term moisture performarnde

the black and white roo ng systems showed that no risk of': n;teer::;z; Stt?:i,ruff;ig—tg?slulr?écioafgi]att?oen'\gOuDa-t?orrll— ;%(x)zire]iga
moisture-related problems occurred (sBeber et al., 201%0or Y ' q

: Stokes equation were solved in the enclosed airspace between
more details). he steel deck and the vapor barrier (made of bituminous paper,
In this study, the previously developed and validated mod P bapet,

. . ype |l felt) that was attached to a rigid polyisocyanurate loar
;?)ik\)/ir Etoﬂ;:qoulgrm;stiitr?lgi(:mdc:f)fesctt?\?ezuaiztlt?s in (b) and (C)(Saber etal., 2011b, 20)4a this study, however, the surface-to-

surface radiation equation and Navier-Stokes equatiorevwat
1) Conduct numerical simulations for the roof shown in solved since there is no airspace inside the roo ng systeneund
Figure 2 with a wide range of,s [0-8°°(203mm)] and a consideration (seEigure 2).
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FIGURE 2 | A schematic of roo ng system with different insulation thickesses.

RESULTS AND DISCUSSIONS in white and black roo ng systems, subjected to Saudi climate,
that study showed that no risk of moisture-related problems

This study focuses on the energy performance of only one part @fccurred in these roofs. As extension to the previous st&dyoer

the building envelope, which is the roo ng system, subjedt®d et al., 2019) the results of the energy performance of black and

the outdoor climatic conditions of the Eastern Province alii  white roo ng systems (seEigure 2) for wide ranges ofins and

Arabia, which is hot and humid climate. For the internal mioise a5 are discussed next.

loads, however, the black and cool roo ng system were stdajec

to the indoor conditions that were based on the simple methbd oEffect of as on the Hourly Thermal

the design criteria for moisture control in buildings of ASAE  Performance

Standard 160 ASHRAE, 200p This simple method classies As an example of a roo ng system witty,s D 6°°(152 mm),

the indoor humidity level into three based on the outdoor Figure 3A shows comparisons of the hourly rooftop

temperature. The indoor relative humidity values are estéda temperatures for white roo ng systems withs D 0.05 and

to be 40 and 70% when the outdoor temperature is below anglack roo ng system & D 0.88). During the daytime, this

equal to 10 C and above or equal to 2G, respectively. The gure shows that the high value afs (i.e., large amount of the

indoor relative humidity values are computed between 40 andbsorbed incident solar radiation) for the black roo ng

70% for outdoor temperature betweerl0 and 20C. has resulted in its rooftop temperature was greatly highanth
As indicated earlier, the full details of the long-term nmtai®  that of the white roof withas D 0.05. Throughout the whole year,

performance of the roong system shown iffigure 2 are the highest rooftop temperature for the black roof (occuriad

available in a previous studys@ber et al., 201pbAt dierent  August) was 91.5 compared to 50.& for the white roo ng

values of initial moisture content, called “constructiomisture,”  system ofas D 0.05. However, during the night, the rooftop
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FIGURE 3 | Comparison of: (A) hourly rooftop temperature and(B) hourly indoor surface heat ux of white and black roo ng systens [dns D 6°%(152 mm)].

temperatures of the black roof and white roof were roughlyAugust. In July, the highest average rooftop temperatureter t
the same. For a wide range witla (0.88—0.05)Figure 4 shows white roo ng system withag D 0.05 (39.1C) was 11.3C lower
the monthly average rooftop temperature of roo ng systemghan that of black roo ng system (50.€).

with dns D 699152 mm). As shown in this gure, the monthly On the indoor surface of the black roo ng systemag(D
average rooftop temperature increases with increasingrhe  0.88) and white roo ng systemag D 0.05), Figure 3B shows
highest values of these temperatures occurred in July folldoyed comparisons of the hourly heat uxes. In this gure, when
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FIGURE 4 | Comparison of monthly average rooftop temperatures of roo g system for a wide range ofas [dns D 6°°(152 mm)].

the heat ux is positive, this is called “heat gain” (i.e., heaout that decreasing the energy consumption during the period of
enters the building where the system contributes to theiogol peak electricity demand can also reduce demand fees that some
energy load). However, when the heat ux is negative, this isitilities charge.

called “heat loss” (i.e., the heat leaves the building whieee t

system contributes to the heating energy load). Throughbist ~ Effect of ag on the Monthly Energy Loads

paper, unless otherwise speci ed, the terms of cooling energyhe hourly heat uxes on the indoor surface [e.g., Begure 3B
load, heating energy load and total energy load represent tHer the case of roo ng systems witti,s D 6°0(152 mm)] were
contributions to the energy loads from the roo ng systemnl used to determine the monthly cooling and heating loads fatevi
As can be seen irFigure 3B because of the high rooftop ranges ofins, [0-8%203 mm)] andas (0.88-0.05). As examples
temperature of the black roo ng system (seigure 3A), its heat  of roo ng systems with di erent values ofs and havingdps
gain is considerably higher than that of the white roo ng®m.  of 2°0(51 mm), #9(102 mm), 8°(152 mm), and 8°(203 mm),
Throughout the whole year, the highest hourly heat gain fackl ~Figures 5A-D respectively, show the monthly cooling loads
roo ng system was 5.90 W/ which was 1.86 times that for (Cve values) and the monthly heating loads (~ve values). i col
white roo ng system withas D 0.05 (3.17 W/m). However, the climates, the energy sources needed for heating the resdien
highest hourly heat loss throughout the year for the blackfro buildings are frequently fossil fuels; while those neededHer
was 2.11 W/rR, 0.74 times that for the white roo ng system cooling loads are electrical energy. Because of the di erémc
(2.84 W/n). Accordingly, a black roof requires a higher cooling prices per thermal unit due to using fossil fuels and the eleatri
load than that with white roof. Conversely, a black roof rega  energy, the heating load and the cooling load must be speci ed
lower heating load than that with white roof. In Saudi Arajtlae  individually (Bludau et al., 2009; Saber et al., 2011b, 20lrPlot
high heat gain takes place during peak electrical demand periodlimates such as that in Saudi Arabia, however, the enetgges
that occur in summer. Thus, installing white roo ng systese  for both heating and cooling loads are mainly electricalrgge
help reduce the peak electricity demand. It is important to fioin So, the total load can be obtained as the sum of the heatimly loa
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and cooling load (se€igures 6A-D for roofs having di erent
values ofis.

For a given value af,s, Figures 5A—Dshow that the monthly
cooling load decreases with decreasiag Conversely, the
monthly heating load increases with decreasigFor a given

loads for the black roo ng systemsgd D 0.88) havingi,s of 2°°
(51 mm), #9102 mm), 4152 mm), and 81203 mm), were 364,
214,152, and 117 Wd/fnrespectively. For white roo ng systems
with ag of 0.2, the corresponding cooling loads were 237, 139,
98, and 76 Wd/rd, respectively. Additionally, for white roo ng

value ofas, because the highest rooftop temperatures occurred isystems withag of 0.05, the corresponding cooling loads were

July (sed-igure 4), Figures 5A-Dshow that the highest cooling

208, 122, 86, and 67 WdAnrespectively. For di erent values of

load occurred in July, followed by August. In July, the coolingdys, these represent energy savings in the monthly energy loads
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FIGURE 6 | Monthly total energy loads for a wide range ofs of roo ng systems having insulation thickness of(A) 2.0% (B) 4% (C) 6.0% and (D) 8

by 35 and 43%, respectively, as results of using white roo n@ouncil of Ministers has approved gradual revision of energy
systems withag of 0.2 and 0.05 instead of black roo ng systemsprices including changes to electricity tari s that has takeect
(asD 0.88). on January 1, 2018, where lower energy consumption (1-6,000
Note that the largest share of electricity consumptionkWh/month) are charged at a lower rate of 18 halala/kWh,
in buildings is used for cooling in Saudi Arabia (e.g., seevhereas higher energy consumptiorsg,000 kWh/month) are
Figure 5. This may cause signi cant strain on the country's charged at a higher rate of 30 halala/kWh. Consequently, the
electricity grid during the summer. The Saudi Electricityda Saudi buildings should be designed/retro tted with the intef
Cogeneration Regulatory Authority has announced that theminimizing the cooling energy loads so as to help not onlyuesl
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the annual electrical peak demand especially during the summegearly total loads. The results provided next show the poténtia

but also reduce the cost for operating the buildings. savings (relative to black roo ng systems with the sadine) in
the yearly loads due to using white roo ng systems of di erent
YEARLY ENERGY LOADS values o

Re ective roo ng materials/coatings and roof insulationear S@vings in Yearly Energy Loads of White

not comparable options to enhance the energy performance dR00fs in Respect of Black Roofs

buildings. They work di erently. Separate decisions must beAs examples of roo ng systems with di erent valuesafand
made by the building owners either to improve roof insulationhaving dns of 2°°(51 mm), #9(102 mm), °(152 mm) and 8°
levels or to install re ective roo ng material/coating. Favide (203 mm), the results for the yearly cooling and total loads ar
ranges ofdns [0-8°°(203 mm)] andas (0.88—0.05), the results provided in Figures 7A-D, respectively. For a givetls, these
for the monthly cooling, heating and total energy loads (esge  gures show that decreasings has resulted in reductions in
Figures 5 6) were used to calculate the yearly cooling loads anthe yearly cooling and total loads. In addition, for a givag

FIGURE 7 | Effect ofas on the yearly cooling and total loads, and energy savings ifese loads for roo ng systems having insulation thickness of(A) 2.0% (B) 4% (C)
6.0% and (D) 8%°
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increasingdns resulted in reductions in the yearly cooling loads (Figure 7A), (b) for dpns of 4°°(102mm) were 1314, 728, and
and yearly total loads. For examples, withD 0.88 (black roof), 614 Wd/n?, and 1350, 883, and 814 Wdfmrespectively
0.2 and 0.05, the yearly cooling and total loads for the rap n (Figure 7B), (c) for dns of 6°%(152 mm) were 931, 515, and 435
system having: (ains of 2°9(51 mm) were 2242, 1238, and Wd/m?, and 955, 625, and 577 WdfrespectivelyRigure 70,
1043 Wd/n?, and 2303, 1502, and 1386 Wdinrespectively and (d) for dns of 89203 mm) were 720, 399, and 337 Wd/m

FIGURE 8 | Effect of dns on: (A) the yearly cooling load and reduction in this load, an@B) the yearly total load and reduction in this load with respedio dps for black
roo ng systems.
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and 738, 484, and 447 WdAnrespectively Rigure 7D). For  for dps of 0.2%13 mm), %25 mm), and #8951 mm). However,
di erent values ofdys, Figures 7A-D show that decreasings for large values ofi,s (dns ~ 4), the yearly energy loads and the
from 0.88 (black roof) to 0.2 and 0.05 resulted in savings irassociated reduction rates in these energy loads slightsedse
the yearly cooling loads by 45 and 53%, respectively. As weljth increasingdns. For example, fod,s of 4°°(102 mm), 6°
the corresponding savings in the yearly total loads were 35 an(152 mm), and 8°(203 mm), the values of ¥Clg/d dns| and
40%, respectively. |dYTLg/d dins| were, respectively, only 11, 6, and 4 (Wdjfmm.
This study mainly focuses on the energy performance of only For black roo ng systemsag D 0.88) of di erent values of
one part of the building envelope, which is the roo ng systera. A dys, the yearly cooling energy load¥Lg) and the yearly total
indicated above, using re ective roo ng materials/coagmwith  loads Y TLg) that are provided irFigures 8A,B respectively, can
low ag in Saudi climates has resulted in signi cant reductions inbe given as functions af, as:
the yearly energy loads in relation to black roo ng systenis o
the samedns. However, to explore the e ect of these reductions s

on the overall energy requirements for the whole building, YClgD & jps 1)

another study is currently being conducted to assess theggne ibo

performance of the whole building instead of the roo ng syste os

only in which the e ect of the following factors are accounfed: YTLeD & s @)
iDO

1) Details of all building envelope components, namely: (a)
roo ng systems (b) wall systems, and (c) fenestration sgste The coe cients ap through as in Equations (1) and (2) are
(windows, skylight devices), listed in Table 1 Also, for speciedYClLg and YTLg, the
2) Cardinal orientations of the wall systems, associated value af,s that is needed can be determined from
3) Cardinal orientations of the windows, the following correlations:
4) Window-to-wall ratios,
5) Number of stories in the building,

6) Type of the building (attached or detached), D »s Vol ®)
7) Outdoor conditions in which the building is subjected &md ns 50 a YClg.
8) Internal loads, air leakage rate, and lighting. ;@5
. _ i
Effect of dns on the Energy Performance of ins D iDOa‘ VTls. “)

Black Roofs
For black roo ng systemsas D 0.88) of di erent values ofl,s, Where the coe cientsag through as in Equations (3) and (4)
the results of the yearly cooling and total loads are provitked are listed inTable 1 Note that in Equations (1) through (4), the
Figure 8 Because the yearly heading load for the case of a blackits of YCLg and YTLg are in Wd/n? and the unit ofd, is
roo ng system is much lower than the yearly cooling load, thein inch.

yearly total load (i.e., heating loa@ cooling load) is a little
higher than the yearly cooling energy load ($8gures 8A,B.
For small values ahns [dns  2°%51 mm)], Figure 8shows that
the yearly energy loads and the associated reduction rateese
energy loads (i.e., the derivative of the energy load wipd,
|dYCLg/d dns| and |dYTLg/d dyg|, plotted on the right y-axis of
Figure 8) signi cantly decrease with increasigs. For example,
the reduction rates in the yearly energy load¥@lg/d di,s| and
|[dYTLg/d dins| were, respectively, 151, 72, and 30 (W&yhmm

dins AND ag PAIRS

Figure 9shows the results of yearly energy loads for wide ranges
of dns and as. The results of yearly energy loads were used to
recognize thel,s and as pairs at which the energy performance
of such roo ng system with thes#,s andag pairs are the same as
that for the black roo ng systemgs D 0.88).Figure 10Ashows

the pairs ofdns and ag for a number of yearly cooling loads.

TABLE 1 | List of the coef cients ag through as for the correlations given by Equations (1)—(4).

Coeff. Eq. (1) Eq. (2) Eq. (3) Eq. (4)

dns 3% 3976 mm) < dns 3% 3976 mm) < YCLg < 1,600 YCLg 1,600 YTLg < 1,600 YTLg 1,600

(76 mm) dns 8% (76 mm) dns 8% Wd/m 2 Wd/m 2 Wd/m 2 Wd/m 2

(203 mm) (203 mm)

ao 7664.64 7664.64 7916.1 7916.1 3.4625EC01 1.0953EC01 3.5519ECO01 1.0881ECO01
ar 8537.15 4947.06 8878.55 5126.71 7.7165E 02 8.5293E 03 7.3243E 02 8.2092E 03
ap 6986.53 1636.38 7298.9 1699.06 8.1886E 05 3.0909E 06 6.5419E 05 2.8817E 06
ag 3466.61 285.44 3630.81 296.76 4.2880E 08 5.9452E 10 2.2209E 08 5.3687E 10
as 900.51 25.06 944.61 26.08 9.3860E 12 5.7859E 14 1.5988E 12 5.0607E 14
as 93.075 0.873 97.74 0.909 3.3468E 16 2.2371E 18 1.8023E 15 1.8952E 18
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FIGURE 9 | Effect of dns On: (A) the yearly cooling energy load, andB) the yearly total energy load for wide ranges.

Additionally, Figure 10B shows the pairs off,s and as for a (203 mm) is 720 Wd/rA. This load can be achieved with the pairs
number of yearly total loads. of dns andag that are given as:

Example of dj,s and as Pairs for Same sD 0.6265C 0.2197 s 3.9354 103 2.  (5)
Value of Yearly Cooling Energy Load

As exampleFigure 11A shows that the yearly cooling energy The value ofi,s in Equation (5) should be ininch. For this yearly
load for a black roo ng systemag D 0.88) havingdns D 8°° cooling load (YCL) of 720 Wd/rh Figure 11A shows that a 0,
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FIGURE 10 | Differentdns & as pairs for same:(A) yearly cooling loads and(B) yearly total loads.

25, 50, and 59% savings in insulation thickness [iigs,D 8°°© Example of dns and ag Pairs for Same

(203 mm), 84152 mm), #9102 mm), and 3.2883 mm)] would  \/alue of Yearly Total Energy Load

require that the value afs must be, respectively, 0.88 (i.e., black) o5 an example, a yearly total energy load of YO'Z38 Wd/n?
0.55,0.19, and 0.05. that relates to a black roo ng system withs D 8°4203 mm) and
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FIGURE 11 | A design chart for alld,s & as pairs, and the associated savings in insulation that provis the same (A) yearly cooling load of 720 Wd/n? (B) yearly total
load of 738 Wd/m? as black roo ng system havingds of 8%°

as D 0.88 Figure 11B can be obtained with the pairs df,sand  was developed for the roo ng system shown kigure 2 that
asthat are given as: can be used to determine alhs andas pairs for di erent yearly

energy loads.
sD 1.8013C 0.5142ihs 0.0224672, (6)

The value ofd,s in Equation (6) should be in inch. From PRACTICAL DESIGN TOOL FOR

Figure 11Bor Equation (6) for YTLD 738 Wd/n?, a 0, 12.5, DETERMINING di,s AND as PAIRS

25, and 44% savings in insulation thickness [idhs D 8%

(203mm), P°(178 mm), 6°(152mm), and 4.48(114mm)] The obtained results for the roong systems investigated
would require that the value ofs must be, respectively, 0.88 in this study Eigure2 and having dierent values of
(i.e., black), 0.70, 0.48, and 0.05. Next, a practical desigin dns [0-8°4203mm)] without and with re ective roo ng
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materials/coatings of a wide range &f (0.05-0.88) were used roo ng systems (i.eas D 0.88). Examples of design charts for all
to develop a practical design tool. This tool can easily bd tse possible pairs ofi,s and as as well as the corresponding savings
determine all possible pairs dfis andas that resulted in the same in the insulation thickness (in respect of the referencegklianof)
yearly cooling and total loads as those for the referenaekbl that provide the same yearly energy cooling load (MZL720

FIGURE 12 | Dependence of:(A) the normalized yearly cooling load andB) the normalized yearly total load on the normalized rooftoptert-wave solar absorption
coef cient for roo ng systems having differentd,s and as.
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Wd/m?) and yearly total energy load (YTD 738 Wd/n?) as For all yearly cooling and total energy loads of roo ng system
those for a black roo ng system witbns of 8°(203mm) are  with a wide range of,s [0-8°%203 mm)] and wide range ais
provided inFigures 11A,B respectively. (0.05-0.88), the results providedrigure 9were used to develop

FIGURE 13 | Comparison of model predictions of:(A) yearly cooling loads and(B) yearly total loads with those calculated using Equations §1(2), (7), and (8).
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the following correlations: YTy D YTL=YTlLg, nD &« B. (20)

YCLy D 0.438C 0.490 N C 0.072 ,%,, YCly D YCL=YClLg,
Figures 13A,Bshow that for all values afns [0-8°%(203 mm)]

ND s ) ) andas (0.05-0.88) considered in this study, the calculated yearl
YTLy D 0.587C 0.258 n C 0.156 , YTy D YTL=YTLs,  ¢ooling loads (YCLD YCLy  YCLg) using the correlations

ND &8 (8) given by Equations (1) and (7) and the calculated yearlyl tota
loads (YTLD YTLy  YTLg) using the correlations given by
Where: Equations (2) and (8) are in good agreements with the predicte

YCLy is the normalized yearly cooling energy load withValues thatare provided ifigure 9(within  1%). Note that the
respect to the yearly cooling energy load of black roo ngcorrelations developed in this study are applicable for di erent
systemsYClLg), which is given by Equation (1). types of coatings and re ective roo ng materials availalte i
YTLy is the normalized yearly total load with respect to thethe market.

yearly total energy load of black roo ng systen¥d(s), which To obtain the pairs off,s andas that result in the same yearly
is given by Equation (2). cooling energy loads (YCL) and yearly energy total loadsL.{YT

a is the normalized short-wave solar absorption coe cient @S those for the reference/black roong system, the bugdin
of the rooftop with respect the short-wave solar absorptiorfl€signer can either:
coe cient of black roo ng system ofag D 0.88. a) Specify the type of the re ective roo ng material (i.ag is

Figures 12A,Bshow that the calculated values ¥Ly and known) and then follow the simple procedure that is shown
YTLy using Equations (7) and (8) are in good agreements with 1" Flgyre 14Ato determine the correspondmg valuedys, or
the predicted values &fCLy andY TLy for the wide ranges afs b) Specify the value af,s and then follow the simple procedure

andas. Also, the results shown iRigure 9were used to develop ~ thatis shown inFigure 14Bto determine the corresponding
the following correlations: value of ag of the rooftop. Once the value obs is

known, the type of re ective roo ng material/coating can be
selected accordingly.

2

N D 0.94%C2.344YCly  0.397YCLY, Last but not the least, for given re ective roo ng materiediating
YCLy D YCI=YClg, NnD s B ) (i.e., the value oég is known) and value ofi,s for the roo ng
N D 2.551C 5.562YTLy 2.018YTL§, system, the correlations given by Equations (1), (2), (7, @)

FIGURE 14 | Flowchart for the procedures of determining(A) the ds & as pair for given re ective roo ng material/coating,(B) the dns & as pair for given insulation
thickness, and (C) the yearly energy loads for giveri,s & as.
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can easily be used to determine the yearly cooling and to&lgy  the black roo ng systems. This design tool uses a number of
loads as provided by the simple procedure showRigure 14C  correlations that were developed in this study and provided by
Equations (1) through (4) and Equations (7) through (10) €8k

SUMMARY AND CONCLUSIONS correlations are applicable for all valuesdpfs ~ 8°°(203 mm)
and all values odis  0.88. The calculated values of all parameters

This study is an extension of a previous study that focussed d#sing correlations were in good agreements with the predicte
assessing the long-term moisture performance of black aritewh values of these parameters (within 1%). The procedure of
roo ng systems. The results of the previous study showed thatsing this design tool is provided ifigure 14 Additionally, for
no risk of moisture-related problems occurred in these rog n 9ivendns andas for the roo ng system, the correlations given by
systems. The type of the roo ng system considered in this &ied t Equations (1), (2), (7), and (8) can easily be used to detezrthia
previous studies is commonly used in the buildings of the Gulyearly energy loads as described in the simple procedure shown
Cooperation Council countries. The model that was developet? Figure 14C
and validated against experimental data in the previous study The results of this research study have shown the potential
was used in this study to assess the energy performance @¥Pabilities of using dierent coatings and re ective roo ng
black and white roo ng systems for a wide range of insulationmaterials for: (a) enhancing the energy performance of the
thicknessdns [0-8°°(203 mm)] and a wide range of the short- 00 Ng systems for a given insulation thickness, and (b) gdigss
wave absorption coe cient of the rooftops (0.88—0.05). For the amount of insulation that resulted in obtaining the same rgye
same value afts, the results showed that white roo ng Systemsperformance levels as those of black roo ng systems of thicke
experienced an increase in the heating loads in respect of blathsulation thickness. Additionally, they obtained resuiftsthis
roofs. However, the decrease in the cooling loads with whiteesearch study can be used in future to upgrade the Saudibgild
roo ng systems was considerably greater than the increase Fode in order to allow using less roof insulation if white rog
heating loads. As such, using white roo ng systems havdtezsu Systems are installed.
in net energy savings compared to black roo ng systems. For
a given value ofdns, the results showed that decreasing theDATA AVAILABILITY STATEMENT
value ofag of the rooftop from 0.88 (black roof) to 0.2 and
0.05 resulted in savings in the yearly cooling loads by 45 anthe raw data supporting the conclusions of this manuscript will
53%, respectively, and savings in the yearly total loads bp@®5 abe made available by the authors, without undue reservatmn
40%, respectively. any quali ed researcher.

For wide ranges ofins and as, the results of the numerical
simulations were used to recognize all possible paidgodndas AUTHOR CONTRIBUTIONS
that resulted in the same yearly energy loads as those fdldak
roo ng systems of thicker insulation thickness. Also, thessults HS is the Principal Investigator, conducted the numerical
were used to develop a practical design tool that can easily Isgmulations, and prepared the manuscript. WM conducted
used to determine all possible pairsthf and the corresponding literature review, analyzed the data from numerical simolat
as that resulted in the same yearly energy loads as those fand contribute to prepare the manuscript.
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