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Abstract: This article performed a comprehensive review of the different state-of-the-art of roofing
technologies and roofing materials and their impact on the urban heat island (UHI) and energy
consumption of buildings. The building roofs are the main sources of undesirable heat for buildings,
especially in warm climates. This paper discusses the use and application of white roofing material
in emerging economies. The use of white roofing material is a suggestion because of its cooling,
evaporative and efficiency characteristics compared to traditional black roofing materials. Many re-
search studies have shown that the darker roofing surfaces that are prevalent in many urban areas
actually can increase temperature by 1 to 3 degrees Celsius to the environment surrounding these
urban areas. Additionally, improved temperature control and heat reflection also work to reduce
the energy requirements for the interior spaces of the structures that have white roofing surfaces.
The white or lighter colored roofs tend to reflect a part of the solar radiation that strikes the roof’s
surface. Consequently, one might believe that white roofing material would be commonplace and
especially so within emerging economies. Yet, this is hardly the case at all. This paper examines
the issue of white roofing materials in emerging economies from a dual perspective. The dual
perspective includes the technical details of white roofing material and its impact on lowering the
interior temperature of the affected structures, which consequently reduces hours of indoor thermal
discomfort and use of air conditioners in indoor spaces. The other element in this study, however,
involves the marketing aspect of white roofing material. This includes its adoption, acceptance and
cost-benefit in emerging economies.

Keywords: white roofs; cool roofs; reflective material; cost-benefit; energy savings; urban heat island

1. Introduction

Global warming occurs when CO2 and other air pollutants absorb solar radiation that
has bounced off the earth’s surface resulting in an increase in the air temperature near the
surface of the earth. As well, urban heat island effects contribute to global warming [1].
More recent research found that urban heat island effects contributed to climate warming
by about 30% of all other issues that contribute to climate warming [2]. The study by [3]
has shown increases in the severity of the effect of heat islands with the progress of climate
change. Unlike vegetation and other natural ground cover, urban surfaces absorb and store
more solar radiation, which leads to increasing the surrounding temperature [4,5]. It is
important to point out that the higher surrounding temperature would cause a greater
energy demand for air conditioning (A/C) systems [6]. Currently, there are five strategies
that can be applied in order to mitigate the effects of urban heat islands [7–13]). These
strategies include increasing vegetation and trees in urban areas [8], installing reflective
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pavements on streets, sidewalks and parking lots [9,10], utilizing smart growth practices
that help protect the natural environment [11], installing green roofs by growing vegetative
layers on the rooftops [12], and installing cool/white/reflective roofing systems [6,13–17].
Throughout this paper, unless otherwise specified, cool roofs, white roofs and reflective
roofs have the same meaning.

According to [18], surfaces in urban cities that are exposed to solar radiation are
primarily rooftop surfaces. For residential buildings, the intense and prolonged solar
radiation heats up the roof assembly more than any other building envelope component
as the rooftop surface has the highest exposure to solar radiation [19]. Heat gain through
residential roofs is primarily in the form of radiation [20]) and accounts for about 50% to
70% of the total heat gain into the indoor spaces below the ceiling board [21].

Because of the urban expansion phenomena, several materials especially artificial
have been introduced into the market in order to replace the natural vegetation such as
asphalt, limes, etc., which have affected drastically the environment and its temperature,
thus energy consumption of buildings. To overcome to this phenomenon, many technology
solutions have been investigated such as the use of vegetation [22,23], phase change
materials (PCM) [22,24] and reflective coatings for claddings and roofing components [25]
especially the use of the roof coating with high near-infrared reflectance (NIR) as to be
an effective solution to mitigate the UHI. Therefore, 52% of absorbed heat is due to the
near-infrared component of solar radiation. Ref. [26] has demonstrated in his paper that
cool coating is one of the most effective solutions to mitigate the UHI on both facades and
roofing systems. He uses cool coating that contains color pigments, which do not absorb
the infrared portion of the solar spectrum.

Ref. [27] has studied the influence of traditional and solar reflective coatings on the
heat transfer of building roofs in four cities with warm climates in Mexico. He has proven
by simulation and experiments that uninsulated and insulated concrete slab white reflective
roofs to have a daily heat gain between 37 and 56% compared to uninsulated and insulated
traditional slab roofs (gray roof).

Ref. [28] have focused in their research study on the modern residential roofs in
Malaysia that employed mainly red and brown roof tiles due to aesthetic factors. The au-
thors reveal the findings of their research study on the effect of roof tile colour on heat
conduction transfer through roof tiles and ceiling boards, rooftop surface temperature and
cooling load. They demonstrated that the selection of white roof tiles significantly reduces
the peaks of heat conduction transfer and rooftop surface temperature as well as the values
of heat conduction transfer and rooftop surface temperature throughout diurnal profiles,
which consequently reduces hours of indoor thermal discomfort and use of air-conditioners
in indoor spaces. A decline in peak rooftop surface temperature of up to 16.00 ◦C that
results in annual energy savings of up to 13.14% can be achieved when the roof tile colour
is changed from red to white.

Briefly, green roofs are mainly constructed by planting the rooftops of residential
buildings [8,10–12]. In hot climates, shading the outer surface of the building envelope
with green roofs has been shown to be more effective than increasing the amount of
insulation. These roofs bring many benefits to the public, private, economic, social sectors,
and the local and global environments. Both installation and the thermal performance of a
green roof vary by the type and design, region, climate and building type. A list of benefits
as a result of installing green roofs include:

• Green roofs reduce stormwater runoff where retention and/or delay of runoff eases
stress on stormwater infrastructure and sewers.

• Green roofs enhance the energy performance of buildings due to reducing the heat
flux through the roof. This results in fewer energy requirements for cooling during
summertime and thus can lead to significant cost savings.

• Green roof’s plant leaves trap dust particles from the air, and evapotranspiration cools
ambient temperatures. This contributes to reducing global warming.



Sustainability 2021, 13, 9967 3 of 21

• Green roofs cover the waterproofing membrane and thus protect it from UV rays and
extreme daily temperature fluctuations. This protection extends the lifespan of the
waterproofing membranes under green roofs in relation to traditional roofs.

• Green roofs can be designed to enhance urban food security through rooftop gardening
and food production.

Generally, the external surfaces of different types of roof systems (traditional, green
and cool) are exposed to several environmental factors that include dust/dirt, cloud cover-
age, sunlight, rain, snow, wind, outdoor temperature and relative humidity. The perfor-
mance of the roofs depends mainly on these factors and the roof specifications [6,14–17,29].
The absorbed solar radiation on the external surfaces of the roofing systems causes an
increase in the surface temperature of the roof, thereby increasing the cooling load in
summer and reducing the heating load in winter [30]. Unlike traditional roofing systems,
both green roofs and cool roofs are designed to reduce the amount of absorbed solar radia-
tion. The cool roofs, which are the focus of this paper, use reflective materials or coatings
that have high short-wave solar reflectivity (i.e., low short-wave absorption coefficient) to
reflect a substantial portion of the incident solar radiation.

The influences of dirt and/or particles such as dust accumulations on surfaces are
important for the solar photovoltaic (PV) panel and cool roof applications. For PV panels,
the dirt/dust accumulations on the panels obstruct or distract light energy from reaching
the solar cells, resulting in reduction in PV performance (e.g., see [31,32]) for more details).
As provided in [6,16,17] for cool roof applications, dust and dirt accumulations on the
reflective materials or coatings installed on the external surfaces of roofs can decrease
the short-wave solar reflectivity of these surfaces. This results in increasing the solar
heat gains. Additionally, a number of studies reported on the change in the properties
of roofing surfaces due to weathering factors and dirt accumulation, and also developed
cleaning processes/procedures so as to minimize the loss in the solar reflecting of the
rooftops [33–35].

The short-wave solar reflectivity is one of the most important properties for the
reflective materials that have a great effect on the amount of energy savings [14,15,36].
Most recently, experimental and numerical studies were conducted to investigate the
potential use of reflective roofing technology in hot, humid, dusty and polluted climates
such as that in Kuwait and Saudi Arabia [6,16,17]. In these studies, the dust concentration
on the surface of a Reflective Coating Material (RCM) that is currently available in the
markets was measured in terms of the turbidity when the RCM was subjected to the natural
weathering conductions of Jubail Industrial City (JIC). Additionally, due to the quite high
pollution level in JIC [37,38], black carbon, inorganic carbon and some isolated dark spots
of biomass can be seen on the surface of RCM as a thin layer between the coating and
the dust. Beside dust, this thin layer of the contaminants can contribute to reducing the
short-wave solar reflectivity of RCM. Furthermore, technical guide and cleaning processes
were developed to increase solar reflectivity of the RCM that would result in high energy
savings (see [6,16,17] for more details).

For cool roofing systems subjected to hot climates such as that in Gulf Coopera-
tion Council (GCC) countries, a simple and user-friendly design tool was recently de-
veloped [14,15]. This tool can easily be used by building engineers and architects for
determining all pairs of the insulation thickness and the corresponding solar reflectivity
of the reflective roofing materials/coatings that resulted in the same levels of the energy
performance as those for the black roofing systems of thicker insulation thickness. As well,
this design tool can be used to upgrade the building codes in order to allow using less
insulation in the roofs if cool/white/reflective roofing systems are installed [17].

This section has introduced the concept of the different roofing systems that exist
and made a difference between green/white/reflective/cool roofs, etc. and identified the
advantages of these different roofing systems.
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2. Technical Background and Cost-Benefit

The use of white roofing materials is known to have thermal performance that makes
it desirable in some climatic conditions and undesirable in others. The existing research
indicates that solar energy striking roof structures have a significant effect on the thermal
characteristics of the underlying structure. The use of white roofing material that is
classified as a reflective surface material, relies on brightness as a means to reflect much of
the short-wave radiation emitted by sunlight and striking the rooftop [36,39]. The result is,
of course, a lower surface temperature of the roof material and therefore of the underlying
structure. As such, the white roofing materials have affected significantly the interior
heating and cooling energy loads of the structure itself.

On the technical side of this paper, some work on the specific materials that can be
used in white roofs must be discussed. The feature of white roofs is much more involved
than simply painting a roof with a reflective coating. Rather, reflective roofing material
can be silicone-based and be painted or sprayed onto a structure or, alternatively, it can
be a membrane material that is attached to the roof via adhesive [40]. Regardless of the
specific material, the effectiveness of reflective roofing material is typically measured by
determining the material’s Solar Reflectance Index (SRI) rating. The SRI rating can see
some materials that can reflect as much as 90% or more of the solar radiation striking
the roof [41]. Regardless of the specific SRI rating, reflective roofing materials can take a
number of different forms and applications and these should be discussed in some depth.

The costs of the reflective roofing materials along with the cost-benefit analysis can be a
shared activity. The research process into costs of the materials itself is not technical but the
ideal reflective roofing material for emerging markets does require some technical details
such as its thermal properties, durability, etc. This is why costing and cost-benefit analysis
benefits from a shared input format in this particular proposed article. The marketing
element in the cost-benefit analysis can be integrated into the technical discussion either
with a separate heading or as part of the overall discussion.

2.1. Application and Maintenance

The application process of white roofing material requires technical knowledge as
does the maintenance processes involved. Yet, the maintenance processes involved in
white roofing materials must also be known from a marketing perspective. This is because
emerging economies typically have limited resources available. At a granular level, how-
ever, entities that utilize white roofing materials as a means to reduce the cooling energy
load of a structure, reduce environmental heat build-up and as well seek to control costs
have to consider the post-application phase of the material. As mentioned, the technical
application of the white roof depends upon the form of white roofing material selected.
Likewise, the maintenance is also dependent upon what material is selected. In effect,
cost factors must also be considered with respect to ongoing maintenance of white roofs in
developing markets.

2.2. Link between Reflective Roofing Material and Emerging Economies

This section introduces the concept of emerging economies and identifies the relation
that exists between the reflective roofing materials and emerging economies.

Emerging markets are the centrepiece of global economic growth. As such, it is im-
portant to identify the link between reflective roofing material and emerging economies.
In order to fully explore this link, one must first characterize what is meant by an emerging
market. Emerging markets are those markets that are in the process of transitioning from
a developing market to a developed market. They are characterized by some degree of
market volatility, high growth potential for investors, and tend to have low to middle per
capita income rates across their general populations. The link between energy demand,
energy consumption, and climate change through the production of greenhouse gas emis-
sions is irrefutable. While developed countries typically have the resources necessary to
both develop new construction designs and technologies to reduce energy consumption
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and emissions, emergent economies lack such resources. Consequently, without an un-
derstanding of how to improve building design, efficiency, and construction in emergent
economies, reducing global greenhouse gas emissions and especially carbon dioxide (CO2)
will be largely impossible. Research has demonstrated that as much as 75% of all energy
demand involves industrial activities and/or buildings located in emerging economies
globally [42]). Thus, even if developed markets are fully successful in reducing overall
energy consumption, emissions, and gaining sustainability, climate change will continue
unabated due to inefficient activities in emerging economies.

The use of passive energy efficiency designs is critical in any economy as a means to
reduce energy consumption, achieve sustainable energy usage patterns and to reduce the
human impact on global warming. Passive energy design-build techniques by definition
do not require ongoing energy commitments in the same way that active or non-passive
design-build solutions do. However, in emerging economies, such passive building designs
are extremely important. This is because emerging economies tend to lack the resources
necessary to reverse integrate more energy-efficient solutions with respect to energy-
efficient materials used in building construction. This importance with respect to emerging
economies can be seen in the degree to which energy consumption increases. For example,
on average, overall energy consumption globally among all countries is expected to increase
by more than 100% by the year 2050 but in emerging economies, this figure is believed to be
more than 300% on average [43]. Hence, if emergent economies can deploy energy-efficient
building designs and integrate energy-efficient building envelope materials at the outset,
they can reduce this dramatic gap in expected energy usage growth moving forward.
Specifically, in the design phase of new construction, passive energy-efficient solutions
greatly reduce forward energy demands per structure.

In fact, the design-build phase of construction in emergent economies can address
issues that have significant positive effects on energy consumption throughout the life of
the structure. Even more pertinent to emergent economies is the fact that such solutions
during the design-build process often do not come with excessive upfront costs if addressed
during this phase. This is as opposed to addressing them later on during a deep restoration
later in the structure’s lifespan. Such solutions during this design-build phase include
the simple use of increased insulating material, improved fenestration that reduces solar
loading, the use of reflective surfaces including roofing material on all structure envelopes,
improved sealing techniques, and designing out what are referred to as thermal bridges
beneath the roof structure that conduct heat into the interior of the building [44]. All of
these solutions reduce the energy use of the structure throughout its lifespan and work
in conjunction with reflective roofing surfaces. The use of supplemental design-build
solutions that address long-term energy use and demand work to amplify the positive
effect of reflective roof materials in the operating costs of the structure over its entire
lifespan. The result is structured so that it not only reduces the use of energy required
to operate them on a long-term basis but also reduces the cost or even the necessity for
major restorations in order to achieve long-term sustainability in the future. Such major
restorations are themselves very costly and resources dependent which presents additional
problems for emergent economies.

One aspect of energy-efficient building construction and materials such as the use of
reflective roofing material that is often overlooked involves the financial element. This par-
ticular element is especially important if it is considering an emerging economy. The ob-
servation is that most if not all emerging economies implemented more energy-efficient
design-build solutions if they were able to manage such solutions financially. Sustainability
in energy use, usage growth, and zero-carbon emissions may be able to be achieved without
significant cost increases but such solutions often require sophisticated financial structures
during the funding process of a structure. Thus, emerging economies can benefit greatly
from implementing sustainable finance methods as a precursor to new building design
and construction. These are financial structures that include instruments such as blended
financing, social responsibility factors, and green finance structures that are introduced as
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a criterion to foreign direct investment or FDI [42]. These types of financial structures are
focused on building design and construction techniques that are inherently more energy-
efficient than would otherwise be the case. This reduces the inclination within emerging
economies to award construction contracts based purely on upfront costs. In essence,
design-build solutions that are based primarily on upfront costs typically result in dramat-
ically higher operating costs over the lifecycle of a structure. In essence, such long-term
lifecycle costs ultimately end up costing more than the estimates for more energy-efficient
design-build solutions. That is, energy-efficient financial structures incentivize energy-
efficient design-build solutions for both local and outside economic participants.

Much of the need for both financial and technological energy-efficient solutions in
emergent economies relates to the specific idiosyncrasies of emerging economies them-
selves. In effect, while developed markets do tend to have a high percentage of established
infrastructure in place, emerging economies are still in the process of building out much
of their internal infrastructure. Thus, where developed markets are both implementing
new energy-efficient building construction techniques and directing enormous amounts of
capital towards deep restorations of existing structures, emergent economies are focused
primarily on building new infrastructure. This dynamic is expressed in certain ways with
an emphasis on the type of energy that is utilized to fuel economic activity itself. For in-
stance, countries such as Vietnam still rely heavily on dirty energy sources such as coal
to support economic activity and Ethiopia which still needs to electrify some 50% of its
market [45]. The net result is such that almost all of the downstream activity in these and
similar emergent economies such as new building construction, employ solutions that
themselves are inherently inefficient.

Still, in regards to emergent economies, the overall emphasis on sustainability in
building design and construction must remain on the integration of efficient building
techniques. Therefore, the use of reflective material in emerging markets is primarily the
same as it is in developed markets. Yet, the scope and scale of reflective building design and
construction techniques should be broadened for emerging markets simply because of the
lack of resources compared to developed markets. The resource has demonstrated that the
use of reflective roofing material as well as reflective material on other envelope structures
is quite simply the most effective way to reduce the energy requirements necessary to
cool/heat a structure. Yet, one other consideration that emerging markets can easily
integrate into their development plans during the design-build process for new structures
is to consider the reduction of urban heat islands in which heavily urbanized developments
themselves become heat sinks [46]. Such heat sinks contribute to the energy requirements
for the structures that exist within them. Hence, designing the development pattern
of economic centres can contribute to the reduction of heat loading of a given structure.
Additionally, emerging economies can further improve the effectiveness of reflective roofing
solutions but augmenting them with solutions such as radiant barriers that block the
transmission of any solar energy that does infiltrate the structure [47]. Regardless, emerging
economies have a range of alternatives within the design-build phase of new construction
that they can avail themselves of. Combined, the overall effect is the reduction not only of
energy requirements but of future energy requirement growth.

Emerging economies experience certain economic and construction issues that devel-
oped markets do not. These issues are primarily resource-related as well as technology-
related with respect to cost, affordability, and even availability. Yet, as this section has
indicated, emergent markets tend to also experience sustainability issues involving energy
efficiency due to a lack of financial sophistication in the funding process for new structures.
These particular issues can prevent a new structure from being able to maximize energy
efficiency at the outset resulting in the need for a deep restoration earlier in a structure’s
lifecycle than might otherwise be the case. Other solutions for emerging economies involve
design-build techniques such as site selection and radiant barriers that reduce the long-term
growth in energy demand itself.
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3. White Roofing Systems Cost-Benefits

Many previous studies [4,48–57] including this current study have shown that green
and reflective roofs are not only protection from solar radiation and rain but can save
energy, mitigate urban heat islands, decrease greenhouse gas emissions, and reduce local air
pollution while increasing the thermal comfort level (i.e., indoor air quality). The reflective
roofs are widely known in the markets as white roofs and cool roofs. Ref. [58] have used
the DOE-2 energy simulation tool to investigate if the reflective roofs have an effect on
the heating and cooling energy use for buildings in the USA. That study showed that the
estimated net saving of about $750 M in annual energy payments for an annual electricity
savings around 10 TWh and the peak electrical power reduction was about 7 GW.

Ref. [59] have shown in their study on a single-family one-storey building that by
increasing the reflectivity of the roof from 20% to 60% is equivalent to a 50% reduction
of the roof insulation thickness in hot climates. This comes to support the introduction
of the reflective roof materials in the proposed ASHRAE SSPC 90.2. Four prototypes of
commercial buildings in 236 US cities have been simulated by [60] in order to determine
their annual cooling and heating energy loads. In that study, a short-wave solar reflectivity
of 55% has replaced the cool roof and with short-wave solar reflectivity of 20% by a
conventional grey roof. The results showed that the cool roofs showed an annual energy
saving per unit conditioned roof area fluctuating from $1.14/m2 in Arizona to $0.126/m2

in West Virginia ($0.356/m2 the rest of the USA).
The study by [61] has shown that energy saving is highly dependent on roof type,

climate and quantity of insulation used for cool and green roofs. As an example, for a
typical one-storey building in Boston with a modified-bitumen roof and a thermal resistance
RSI of 2.7 m2 K/W (R-value of 15.3 ft2 F hr/BTU), if you double the insulation thickness,
you can save 13% in cooling and heating energy. However, when you install a green roof
instead, you can save 12% energy. However, for the same building in Lisbon (Portugal),
and by adding twice the quantity of the insulation, the results showed that there is almost
no energy saving, whereas by installing a green roof, the result shows 26% reduction in
energy use [61].

4. Energy Performance and Energy Saving in Buildings and Its Effect on the
Environment in Hot and Cold Climate Zones

The continuous increase for example of greenhouse gas (GHG) emissions, the precipi-
tation intensity and the atmospheric temperatures were the direct consequences of global
warming. A high percentage of the local and global effects of climate change have been
impacted by buildings and other infrastructures. In hot climate zones such as Saudi Arabia,
most of the energy is used for cooling, which impacts directly global warming.

Ref. [57] have shown that 30–40% of the total energy demand is due to the high
energy consumption in buildings. This can be different from one geographical zone to
another, such as in Europe, the buildings are responsible for about 40–50% of energy use.
A large portion of this energy is used for heating (European Commission 2010). Figure 1a,b
and ref. [62,63] show that in Canada, the third important sector of energy use and GHG
emissions is the building sector, just after industry and transportation, which is about 27%
and 23% respectively.
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Figure 1. (a) Secondary energy use by sector [62,63]. (b) GHG Emission by sector [62,63].

The secondary energy use (Figures 1a,b and 2a,b) is the energy used by final con-
sumers in various sectors of the economy, GHG emissions by sector and distribution of
residential and commercial energy use respectively. This includes, for example, the energy
used by vehicles in the transportation sector. Secondary energy use also encompasses
energy required to heat and cool homes or businesses in the residential and commer-
cial/institutional sectors. In addition, it comprises energy required to run machinery
in the industrial and agricultural sectors. Energy is used in all five sectors of the econ-
omy: residential, commercial/institutional, industrial, transportation, and agriculture.
The industrial sector accounted for the largest share of energy, followed by transportation,
residential, commercial/institutional, and agriculture.

Figure 2. (a) Distribution of residential energy use by end use [62,63]. (b) Commercial/Institutional energy use by end use [62,63].

On the contrary, in hot climate zones such as in GCC countries, a large portion of
the energy is used for cooling. Ref. [51] have shown in their study that in Kuwait, 90% of
the electricity consumption is due to buildings, where 70% of the electricity peak demand
in 2004 is due to the residential sector. The authors reported as well that in Canada
(Figure 1a,b), the residential sector used about 17% of the energy where about 10% for the
commercial and institutional sector are responsible for 14% and 9%, respectively, for the
GHG emissions. Figure 2a,b shows the distribution of secondary energy use in residential
and commercial/Institutional energy use by end-use. Figure 2a shows that the largest share
in the distribution of energy use by end-use in residential buildings is the space heating
which represents about 55–63% in commercial buildings (see Figure 2b).

In order to save energy in buildings, the building envelope design (i.e., walls, roofs
and fenestration systems) plays a pivotal role. The energy conservation efforts will mainly
not only reduce the energy consumption but also the GHG emissions by 50% (Figure 3)
(see [64] for more details). As such, having a holistic approach is the best for energy
efficiency. The first step is to improve the building envelope performance even before
improving the energy performance of the mechanical systems.
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Figure 3. Energy Consumption and GHG Emissions [64].

This research study focuses only on one part of building envelope, which is the cool
roof system. Using an urban canyon model coupled to a global climate model, [4] have
studied the impacts of globally installing cool roofs. The results showed that a reduction
by 33% in the annual heat island can lead to reducing the daily maximum and minimum
temperatures by 0.6 ◦C and 0.3 ◦C, respectively. In order to attenuate the effect of global
warming a reduction of the energy demand for building operation will help and which
imply a reduction of operating cost. This can be achieved by designing a high-performance
building envelope having roofing systems with high potential of energy savings at no risk
of condensation and its related problems such as mold growth [52,65–67].

Roofing systems have evolved in the construction industry. A “green” roofing has
evolved for many decades now, and it contributes more and more in helping the environ-
ment by reducing GHG emissions and fighting against global warming in general. In order
to enhance the roof’s contribution to environmental requirements, “green” roofing has
evolved into one of two types: highly reflective or “cool” roofing systems, and vegetative
roofing systems. Ref. [67] presented a practical decision-making procedure for designing
and selecting a sustainable green roofing system. In that study, the author considered
several roofing assemblies available in the market, compared the disadvantages and advan-
tages of each, and illustrated which assemblies meet cool roofing and vegetative roofing
guidelines. That study also offered a good understanding of “green” roof options that are
viable for different types of buildings [67].

Short-wave solar radiation consists of ultraviolet, visible light, and near-infrared
radiation from the sun that reaches the Earth. The latter is one of the key drivers of urban
heat islands. Urban surfaces reflect less solar radiation back to the environment. Instead,
more solar radiation is stored and absorbs resulting in an increase in the temperatures of the
surrounding [4,5,13,68]. Using cool pavements for example (either reflective or permeable)
on parking areas, sidewalks and streets to reflect more solar energy back to the atmosphere.
The temperatures of the surfaces of the pavement and the surrounding air are lower than
traditional pavements because of the use of cool pavements [11]. To improve the urban
climate during the heat waves, [21] used smart wetting of building materials and [69]
evaluated the effect of different cool pavement strategies on the heat island mitigation.
For example, in a city of 1 million inhabitants or higher, the annual mean air temperature
can be higher than its close environment by 1 ◦C and 3 ◦C. In the nighttime, however,
the difference can reach 12 ◦C or higher because the built environment radiates the heat
absorbed during the daytime [5].

When the surrounding temperature increases, it means not only air conditioning
systems demand will increase but also their coefficient of performance will decrease, which
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results in more energy consumption to operate these systems. Additionally, urban heat
islands are not only uncomfortably warm, but are also smoggier. This is due to smog
composition from the photochemical reactions of air contaminants can result in increasing
air temperatures. For example, [68] showed that in some cities, the incidence of smog
increases 3% for each degree higher than 21 ◦C.

According to the U.S. EPA [5], five approaches that can attenuate the impact of the
urban heat island were recommended. These approaches include:

(1) Growing more trees and green areas in places with a potential of the urban heat
island. This helps lower surface and air temperatures by providing shade and cooling
through evapotranspiration. Note that plants absorb water through their roots and
emit it through their leaves. This movement of water is called transpiration. As well,
evaporation also occurs from vegetation’s surfaces and the surrounding medium.
The transpiration and evaporation together are called evapotranspiration. Conse-
quently, evapotranspiration cools the air by absorbing the heat from the surrounding
air to evaporate water [13].

(2) Installing green roofs by increasing a vegetative layer on the rooftops. The vegetative
layer provides shade. This aids a decrease in the temperatures of the roof surface and
the surrounding air. Another benefit of installing green roofs is that they have high
thermal mass that attenuates the variations of the temperature on buildings during
the day, which can help improve building comfort and as well reduce peak energy
demands. Note that thermal mass is the ability of a material to store heat. During
peak temperature hours, a material with high thermal mass absorbs heat rather than
transfer it to the living space. This keeps the interior of the home comfortable during
peak temperature hours. At nighttime, the absorbed heat is released, helping the home
to stay warm. Correct use of thermal mass can delay heat flow through the building
envelope by as much as 10 to 12 h. This produces a warmer house at nighttime and
during winter months and a cooler house during the daytime and summer months.
As of July 2012, there were nearly 59,000 completed green home projects in the United
States, most of which were single-family homes with detached garages [70].

(3) Installing cool/reflective/white roofs, which is the focus of this paper. These roofs
use roofing materials (e.g., Membranes and coatings) with high short-wave solar
reflectivity. Good roofing systems can insulate, reduce heat transference and help save
electrical energy. This eventually reduces the carbon footprint due to the reduction of
the dependency on fossil fuels. In the United States, different types of reflective roofs
have been used for more than 20 years [13]. Several studies on reflective roofs have
shown a reduction in roof surface temperatures and energy demand that is needed
for buildings [14,15,36,39,55,71–73].

(4) Applying innovative practices. These cover a variety of development and preservation
approaches to protect the environment [5]. Because of the importance of reflective
and green technology for saving energy in buildings, a workshop [74] entitled “Green
Technologies and Energy Efficiency (GTEE 2017)”, was held on 26 April 2017, at the
King Faisal University in Saudi Arabia. Among many goals of this workshop, two of
these goals were to: (a) gather experts in green technologies and energy efficiency
and initiate communication and cooperation channels within the framework of the
Kingdom of Saudi Arabia (KSA) 2030 Vision, and (b) initiate green technologies and
energy efficiency-related research activities by institutions and companies.

This section explored how the energy demand has increased drastically in the last
10 to 20 years and what are the main factors that affect energy consumption negatively.
It clarified how roofing technologies can be part of the solution in energy savings in hot
climate zones, for example.

5. Marketing Considerations and Cost Benefit

The marketing discussion in this article addresses factors involving cost-benefit, main-
tenance and how the technology is adopted. In terms of the cost-benefit, it has to be
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understood that emerging economies often have limited capital and material resources.
These factors have to be accounted for when introducing a new technology such as white
roofing materials. If the cost to adopt the technology outweighs the long-term operational
savings of the white roof material, then there is little rationale for the technology to be sup-
ported by either government or private enterprise. Among some of the cost factors involved
in the cost-benefit are those such as the upfront cost of the material, the maintenance cost
associated with specific technology deployed, the long-term cost savings associated with a
particular white roof application and the durability of the specific material selected [40].
If not all of these factors are considered, then the targeted emerging economy is less likely
to consider any such technology adoption.

Still, as is often the case in emerging markets, the general population has certain reser-
vations about any technology uptake that is accompanied by increased costs. Furthermore,
the type of roof structures that predominates in a given market also affects the decision
to deploy the technology as well. If the constituents in the emerging economy believe
that the white roofing material selected is less durable and thus more costly in terms of
replacement frequency, no amount of marketing convinces them to adopt it. The fact is that
how this technology is marketed to the constituents in the emerging economy is ultimately
the factor that leads to its adoption or denial. One aspect of the marketing message with
respect to white roofing materials that must be emphasized is durability since temperature
is a main factor in durability where black roofs typically experience higher temperature.
Additionally, the associated benefits of cooler interior temperatures, lower cooling costs
and, in general, improved visual appearance of white roof materials should form the
nucleus of the marketing message. Increasingly, the most relevant themes then in white
roofing technology relate to global climate change.

The two unique features of white roofing materials that make its marketing and
advertising much more feasible in the open market involve their inherent energy efficiencies
and enhancing the indoor air quality (i.e., increasing the comfort level). White roofing
materials and cool roofs in general have two unique features that differentiate them from
other roofing materials vis-à-vis energy-related factors. The two unique features that have
been discussed from a technical perspective in other sections of this study include: (1) white
roofing materials have a higher solar reflectance factor than do traditional roofing materials,
and (2) white roofing materials or cool roofs have a greater capacity to release heat that
has been absorbed into the material and is usually given as a ratio somewhere in between
0 to 1 [75]. From a technical perspective, these two points are extremely important as
they essentially determine the overall energy efficiency of the roofing system. However,
from a marketing perspective, these two points offer enormous leverage in the marketing
collateral developed to sell and market these materials to the public, contractors, and civil
governments and agencies.

It should be noted, of course, that not all cool roofs are comprised of white roofing
materials. However, white roofing materials are typically the easiest method to capture
these benefits of cool roofing technologies because they are inherently more solar reflective
than other colors and usually has a higher level of thermal emittance (i.e., higher long-
wave thermal emissivity), which helps radiate more of the absorbed heat by the rooftop
back to the environment. Any type of product or service that is sold and marketed to
the public, corporate entities and government agencies benefit from marketing messaging
that accurately communicates what exact properties about the product or service that
differentiate them from others in their respective markets or industries [76]. Given this,
cool roof technologies and white roofing materials would both benefit from marketing
messaging that accurately captures what exactly differentiates them from traditional roofing
technologies. Thus, a marketing message that succinctly informs the targeted consumer
that white roofing materials and cool roofs save an enormous amount of energy and operate
much more efficiently due to their thermal emittance are two themes that immediately
capture the consumers’ attention due to global factors such as climate change, peak oil
and environmental decay [77]. Hence, consumers, whether public or private, government
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or corporate, all have some level of interest in cost savings. In addition, when such cost-
savings can simultaneously benefit the earth’s environment, the consumer benefits through
goodwill, public relations and corporate social responsibility-related factors.

Yet, developing an effective marketing plan along with associated marketing mes-
sages might be difficult when speaking of esoteric technologies such as roofing materials.
The marketing message that is developed for the target markets has to make the rationale
for adopting such roofing solutions palatable from a cost-benefit perspective but also
from a public relations/social equity perspective. In this regard, the marketing collateral
developed to sell and market white roofing materials and cool roof technologies should
address some or all of the following elements in one fashion or another [77]:

1. Characterize the lifecycle expectations associated with the roofing technology selected
2. Determine for the consumer how well the roofing technology will survive over time
3. Inform the consumer how the material resists the phenomena such as mold, mildew

and discoloration
4. The cost of repairing any damage to the roofing technology
5. The routine cost of maintenance and upkeep of the roofing technology
6. Identifying what the installation process requires in terms of time and cost
7. Who is installing the roofing technology and are the installers skilled in the selected

materials
8. The flexibility of the roofing technology selected during extreme fluctuations of

temperature.

It is important to spend the necessary effort to fully explore each of the eight factors
above prior to the development of a marketing platform for white roofing materials and
cool roof technologies in order to ensure that the resulting marketing plan comprehensively
responds to consumer needs. As well, some of these marketing-related initiatives must
be tailored to those markets where white roofing and cool roofing technologies are more
inclined to be installed.

6. Cool Roofs Pros and Cons and Its Relationship with the Weather

In the design stage of roofing systems, the energy savings and risk of condensation
are important. The moisture-related problems can lead to deterioration of roofing materials
and affect negatively the thermal performance by means of reduction in overall thermal
resistance and service life of the roofing systems. This can lead as well to mold growth
in those systems and affect the indoor air quality (IAQ) and the occupants’ health and
comfort [14,15,76–82].

The roof surface reflectivity can affect the quantity of the absorbed short-wave energy
of the roof. Since the short-wave solar radiation has the capacity during the summer and
daytime to dry out the roof, the solar reflectivity becomes an important parameter for the
selection of roofing materials [6,14,15,36,39,83]. The characteristic of the cool roofs is to
maintain surface temperatures lower than those from the black roof (dark) because of its
low short-wave solar absorption coefficient. This may lead to moisture-related problems
in cold climate zones [84] as such observed for both black and cool roofs [14,15]. Several
studies have investigated the moisture-related problems due to the colour of the roofing
membrane in commercial buildings with a low slope such as in [85] research. Their study
was done for cold climate with the focus on single-ply roofing systems with highly reflective
materials, white TPO/PVC and black membranes, where they are attached mechanically on
low slope roofs (≤2:12). In this research study, hygrothermal simulations were conducted
for a one-year period on those roofing systems for the following cities in the USA: Boston,
Albany, Chicago, Cleveland and Detroit. Two cases were studied: (i) 10% short-wave solar
reflectivity for black roofs, and (ii) 70% short-wave solar reflectivity for white roofs. Since
those systems are mechanically attached to the metal deck and to account for the leakage
due to the attachment, the vapour permeance of metal was taken at 0.75 perms. The results
showed that even there is condensation below the membrane TPO/PVC in the winter,
all roofs have dried out in the summer.



Sustainability 2021, 13, 9967 13 of 21

Hygrothermal simulations were conducted [86] for a 5-year period. They explored
the moisture accumulation in different roofing systems (i.e., white with 80% short-wave
solar reflectivity and black roofs with 12%) for different cities in the USA and Germany
(Phoenix, AZ, Chicago, IL, Anchorage, AK, and Holzkirchen, Germany). The results of this
study showed that the white roofs have more moisture accumulation than the black ones.
Three roofing systems cases, dark, bright and shaded flat roofs, have been studied by [87]
for their hygrothermal performance with initial construction moisture. In the summer,
the results showed that the bright roofs have the lowest surface temperatures with a smaller
drying potential than the two other roofing systems. The highest surface temperature and
humidity fluctuations were shown in the dark roofs with high heat fluxes. The roof with
shaded surfaces has shown as well a low temperature and drying potential.

Hygrothermal simulations on white and black Modified-Bitumen (MOD-BIT) roofing
systems have been conducted by [14,15]) to evaluate their energy and moisture accumu-
lation for different climate zones in North America based on their Heating-Degree-Days
(HDD) such as Toronto (ON), Montreal (QC), St. John’s (NL), Saskatoon (SK), Seattle (WA),
Wilmington (AZ), and Phoenix (AZ). In the cities of St. John’s and Saskatoon, the white
roofs showed the highest moisture accumulation over time than the black ones which could
lead to moisture damage. On the contrary, there is no risk for the black roofs. The simula-
tion results for Toronto, Montreal, Seattle, Wilmington, and Phoenix, showed that the white
roofs have a low risk of experiencing moisture damage. The yearly heating loads of the
white roof were slightly higher than that of the black roof. Conversely, the yearly cooling
loads of the black roof were much important than the white roof. Thus, buildings with
white roofs in these locations are predicted to result in net yearly energy savings compared
to buildings with black roofs.

Most recently, several researchers [14–16,72–88] conducted several studies to inves-
tigate the performance of cool and black roofs in terms of energy and moisture when
they were subjected to different hot and humid climates in GCC countries. These studies
covered several thicknesses of roof insulation material and surface solar reflectivity. These
roofing systems showed no risk of condensation, thus, no risk of mold growth and roofs
with high solar reflectivity showed significant energy savings. For the Eastern Province
of Saudi Arabia and Kuwait City, respectively, the highest hourly surface temperatures of
the black roofs were found to be 93.2 ◦C and 84.0 ◦C compared to 65.4 ◦C and 61.5 ◦C for
a white roof at no cleaning condition, and 52.7 ◦C and 52.6 ◦C for white roofs at weekly
cleaning conditions. The full results of that study that include material characterizations,
installing guidelines, cleaning procedures, test results, three-dimensional numerical results,
etc., are available in [69,70].

7. Application and Maintenance of Cool Roofs

The application process of white roofing material requires technical knowledge as
does the maintenance processes involved. Yet, the maintenance processes involved in white
roofing materials must also be known from a marketing perspective. This is because emerg-
ing economies typically have limited resources available. At a granular level, however,
entities that utilize white roofing materials as a means to reduce the cooling energy load of
a structure, reduce environmental heat build-up and as well seek to control costs have to
consider the post-application phase of the material. As mentioned, the technical application
of the white roof depends upon the form of white roofing material selected. Likewise, main-
tenance is also dependent upon what material is selected. In effect, cost factors must also
be considered with respect to ongoing maintenance of white roofs in developing markets.

The exterior surface of the roofing system is exposed to dust/dirt, rain, snow, wind,
cloud index, exterior temperature and relative humidity, etc. All these external conditions
as well as the roofing systems specifications (components, dimensions, etc.) could affect
the roofing system’s thermal and hygrothermal performance. As shown in Figure 4,
when solar radiation hits the surface of a roofing system, a portion of this energy is
reflected and the other portion is absorbed. Due to this energy absorption, the roof’s
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surface temperature increased, thus in the summer, the cooling energy load increased and
in the winter, the heating energy load decreased. On the other hand, white roofing systems
use surfaces with low short-wave solar absorption coefficient to show a significant portion
of the incident short-wave solar radiation, and therefore, lowers the cooling energy load
and as well the roof’s surface temperature compared to black roofing systems.

Figure 4. Schematic of roofing surface subjected to incident solar energy.

The surface solar reflectivity can be affected negatively by the accumulation of dust
or dirt on those surfaces, which can result in increasing solar heat gains. Several re-
searchers [29,30,33–35] have investigated the negative effect of the dust or dirt accumula-
tion and weathering factors on the roofs’ thermal properties. Additionally, several cleaning
processes of dust or dirt on roofing systems’ surfaces have been established to bring back
roofing surfaces’ solar reflectivity to its original value such as in Levinson et al. [34] studies
on light-coloured roofing membranes’ solar heat gain.

In the study [34], several roofing membranes with white or light gray polyvinyl
chloride collected from different locations in the USA were tested. Black and inorganic
carbon were found on the surface of the sample. These contaminants reduce the solar
reflectivity of these membranes. To analyze the influence of several cleaning processes on
the solar reflectivity values, the sample surfaces were firstly wiped to mimic the action of
the wind action, then rinsed to mimic rain effect, and they were washed in the third step
to simulate a homemade cleaning process using a phosphate-free dishwashing detergent.
As a final step, all the surfaces were treated with sodium hydroxide and a mixture of
sodium hypochlorite to mimic real cleaning processes. The outcomes of study [34] showed
that after washing and rinsing processes, almost all the dirt deposited on the surface
was removed except for thin layers of organic carbon and some isolated dark spots of
biomass. Bleaching processes cleared these last two contaminants recovering the loss of
solar reflectivity.

Akbari et al. [35] used an identical cleaning process established in [34] on unweath-
ered (i.e., new materials) and weathered single ply roofing membranes from several North
American sites. In this research study, 16 types of roofing materials were tested at Lawrence
Berkeley National Laboratory (LBNL), following all the cleaning processes concerning
the weathered samples surface treatment, and 25 other types were tested at the National
Research Council of Canada, applying just wiping processes on the surface of the roof-
ing material. The results showed that all types of cleaning recovered near 90% of their
unweathered solar reflectivity and thus, showed their effectiveness.

To the best of our knowledge, most (if not all) previous studies related to characterizing
the impact of dust or dirt accumulation on the rooftops and its impact on cool roofs’ energy
performance were conducted in non-dusty climates. As such, a new joint research study
between the KSA’s Jubail University College (JUC) and Kuwait Institute for Scientific
Research (KISR), called “JUC-KISR project” was initiated to address this issue in a dusty
climate. Several roofing materials with different emissivity are currently being tested and
numerically modelled under the dusty and polluted climate of KSA’s Jubail Industrial
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City. The objectives of JUC-KISR project include: (i) motioning the short-wave solar
reflectivity’s variation of the tested materials, (ii) developing a technical guide for dust and
dirt cleaning processes for the tested materials, and (iii) quantification the effect of dirt and
dust accumulation of on the overall roofing systems’ energy and moisture performance.
The developed technical guide will be proposed later to International Organizations such
as ASTM or ASHRAE to develop an international standard for the cleaning procedure of
different reflective materials for use in residential and commercial buildings when they are
subjected to dusty and non-dusty climates.

In the JUC-KISR project, one of the reflective coating materials was characterized and
tested under the highly polluted and dusty weather of Jubail Industrial City. Thereafter,
this reflective coating material was used in one of the most common roofing systems in
GCC countries when it was exposed to Kuwait City and Eastern Province of Saudi Arabia’s
environmental conditions. For Saudi Eastern Province climates, Figure 5 shows that the
yearly cooling load (EC, Y) of the conventional/black roof (1077 Wd/m2) decreased to
706 Wd/m2 (i.e., a reduction in EC, Y by 53%) and 563 Wd/m2 (i.e., a reduction in EC,
Y by 91%) as a result of installing reflective coating material at no cleaning condition and
weekly cleaning condition, respectively. Furthermore, as shown in Figure 6 for Kuwait City
climates, the yearly cooling load of the black roof (1091 Wd/m2) decreased to 730 Wd/m2

(i.e., a reduction in EC, Y by 49%) and 592 Wd/m2 (i.e., a reduction in EC, Y by 84%) as a
result of installing reflective cooling material at no cleaning condition and weekly cleaning
condition, respectively.

For the Eastern Province of Saudi Arabia and Kuwait City’s environmental conditions,
respectively, the highest hourly black roofs’ surface temperatures were 93.2 ◦C and 84.0 ◦C
compared to 65.4 ◦C and 61.5 ◦C for white roof at no cleaning condition, and 52.7 ◦C and
52.6 ◦C for white roofs at weekly cleaning conditions. The full results of the JUC-KISR
project that include material characterizations, installing guidelines, cleaning procedures,
test results, three-dimensional numerical results, etc., are available in [71,72].

Figure 5. Comparison of the yearly cooling energy load of conventional/black roof and white
roof based on no cleaning condition and weekly cleaning condition and subjected to Saudi Eastern
Province climates [71,72].
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Figure 6. Comparison of the yearly cooling energy load of conventional/black roof and white
roof based on no cleaning condition and weekly cleaning condition and subjected to Kuwait City
climates [71,72].

In summary, a logical step towards achieving energy-efficient buildings in cities with
extreme climatic conditions is to design roofing systems with simultaneous energy savings,
no condensation and less risk of moisture problems. The main parameters affecting the
energy and moisture performance of roofing systems are a type of roof, environmental
conditions, amount of insulation and the solar reflectivity of the roofing surfaces. Several
cleaning processes have been used to increase the solar reflectivity to reach approximately
its initial value in case there is dust/dirt accumulation on the roofing surface.

8. Conclusions

This paper discussed in some depth the issue of white roofing materials and cool
roofing technologies with a view to identifying how these technologies affect technology
uptake and adoption. The technical aspects of what actually comprise white roofing
solutions and cool roof technologies are explored in some depth. This paper reviewed most
of the concepts of white roofing materials with the focus on their energy performance, cost-
benefit, maintenance process and their impact on the emergent countries. This paper gave
a retrospective as well on the concept of different roofing systems that exist and identified
differences among them such as Green/White/Reflective/Cool roofs. The emerging
economies concept was explored and a tight relation that exists between the reflective
roofing materials and these emerging economies were established. The link between energy
demand, energy consumption, and climate change through the production of greenhouse
gas emissions is irrefutable. While developed countries typically have the resources
necessary to both develop new construction designs and technologies to reduce energy
consumption and emissions, emergent economies lack such resources. On average, overall
energy consumption globally among all countries is expected to increase by more than 100%
by the year 2050 but in emerging economies, this figure is believed to be more than 300%
on average. Hence, the emergent economy has to deploy energy-efficient building designs
and integrate energy-efficient building envelope materials at the outset, thus, they can
reduce this drastic gap in expected energy usage growth moving forward. Specifically,
in the design phase of new construction, passive energy-efficient solutions greatly reduce
forward energy demands per structure. The design-build phase of construction in emergent
economies can address issues that have significant positive effects on energy consumption
throughout the life of the structure. This paper discussed as well in some depth the issue
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of white roofing materials and cool roofing technologies with a view to identify how these
technologies affect technology uptake and adoption. The technical aspects of what actually
comprise white roofing solutions and cool roof technologies are explored in some depth.
The study focused on cool roofing systems subjected to hot climates such as that in Gulf
Cooperation Council (GCC) countries. Factors such as a cool roof’s solar reflectance and its
overall thermal emittance were reviewed. These two factors in particular are extremely
critical from a technical perspective as well as a marketing-related perspective. This is
because these two factors (solar reflectance and thermal emittance) generally determine
the overall energy efficiency of the roofing technology selected.

Yet, these two factors also work to determine the character of a cool roof technology’s
marketing messaging, platform and purchase rationale because they directly relate to global
issues such as climate change, energy savings and environmental responsibility, and so
forth. In essence, while the technological characteristics of white roofing material and
cool roof technologies are critical from performance-based perspectives, and a technology
adoption perspective, these factors must be related to practical outcomes from a consumer-
related vantage point.

The adoption of white roof tiles or other non-white roof colours with high solar
reflectance in countries subjected to tropical climates can be increased by spreading aware-
ness among house owners, through various stakeholders, that emphasizes the cost savings
that the house owners can enjoy, which can potentially, from the stance of the house owners,
outweigh all of the other disadvantages. Thus, further research on the development of
solar-reflective paint or coating products that can significantly increase the solar reflectance
values of non-white roof tiles is essential to overcome issues related to maintenance diffi-
culties and lack of preference among house buyers towards white roof tiles.

This review study has shown the importance in achieving energy-efficient building
in cities with extreme climatic conditions by designing roofing systems that considered
simultaneously the energy savings with less risk of moisture problems. The main parame-
ters affecting the energy and moisture performance of roofing systems are types of roof,
environmental conditions, amount of insulation and the solar reflectivity of the roofing
surfaces. Several cleaning processes have been identified to increase the solar reflectivity
to reach approximately its initial value in case there is dust/dirt accumulation on the
roofing surface.
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