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Cool/white roofing systems use paints and membranes with high solar reflectivity to reflect a portion of the incident solar radiation resulting in lowering the temperature of the exterior surfaces in respect of the conventional/black roofing systems. This study focuses on the energy performance of roofing system that is being used in buildings of the Gulf Cooperation Council countries when this roof is exposed to a hot and humid climatic conditions in Saudi Arabia. The long-term moisture performance of the white and black roofing systems were investigated in a previous study in which the results showed that no risk of condensation and mold growth occurred in the roofs with different values of solar reflectivity of the rooftop and different initial construction moisture. With the same environmental conditions that were used in the previous study, the focus of this paper is on assessing the energy performance of white and black roofing systems for a wide range of: (a) thermal insulation thickness, and (b) solar reflectivity of the rooftop. Also, considerations are given in this study to develop a practical design tool that 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. The results of this study along with the developed practical design tool can be used in future to upgrade the Saudi building code to allow using less insulation in the roofs if white roofing systems are installed.
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BACKGROUND

The global warming phenomenon and its consequences are among some issues that we currently face. This has resulted in many environmental problems such as increased precipitation intensity, increased greenhouse gas emissions, and as well higher atmospheric temperatures. Research studies in China has indicated that urban heat island effect contributed to climate warming by about 30% (Zhao, 2011; Huang and Lu, 2015). The short-wave solar radiation is one of the main drivers of urban heat islands. For example, urban surfaces reflect less solar radiation back to the atmosphere compared to vegetation and other natural ground cover. They instead absorb and store more of solar energy resulting in an increase in the surrounding temperature (Oleson et al., 2010; U.S. Environmental Protection Agency (EPA), 2010, 2018a; Peltier et al., 2018). In accordance with the U.S. Environmental Protection Agency (EPA) (2018a), the yearly average temperature of the air in a city with one million people or more can be 1–3°C warmer than its surroundings. However, during the evening, the difference can be as high as 12°C as a result of the built environment radiates the absorbed heat during the day [U.S. Environmental Protection Agency, 2008a]. It is important to point out that higher surrounding temperature basically means not only a greater demand for air conditioning (A/C) systems but also a lower coefficient of performance of the A/C systems resulting in more energy consumption to run these systems. Consequently, thermal power stations burn more fossil fuels and thus generate additional carbon emissions. Urban heat islands are hot and more polluted. This is because smog forms from the photochemical reactions of pollutants in the air, and the rate of these chemical reactions are more likely to increase at higher air temperatures. The incidents of smog increase in some cities by 3% for everyone degree the temperature increase above 21°C (Peltier et al., 2018).

According to the U.S. EPA (U.S. Environmental Protection Agency (EPA), 2018b), there are five main strategies to help mitigate the urban heat island effects. These strategies are:

1) Increasing trees and vegetative cover in urban areas in which the urban heat island effect can occur. Providing shade and cooling through evapotranspiration, however, help lower the surface and air temperatures.

2) Using cool/reflective pavements on sidewalks, parking lots, and streets to reflect more solar radiation back to the environment. The cool pavements result in lower temperatures for the pavement surfaces and surrounding air than conventional/black pavements.

3) Utilizing smart growth practices. These practices cover a range of conservation strategies and development that help protect the natural environment [U.S. Environmental Protection Agency (EPA), 2019].

4) Installing green roofing systems by growing a vegetative layer (e.g., plants, shrubs, grasses, and/or trees) on the rooftops (U.S. Environmental Protection Agency, 2008b). The vegetative layers provide shade and also absorb heat from the surrounding air through evapotranspiration. This helps reduce the rooftop and ambient air temperatures. By July 2012, about 59,000 green homes had been completed in the United States (Boral Roofing LLC, 2019).

5) Installing cool/white/reflective roofing systems, which is the focus of this study. As provided in many previous studies and this study as well, the cool roofing systems use roofing membranes or coatings with high short-wave solar reflectivity so as to reflect sunlight and heat away from the buildings, and hence reduce the cooling energy loads. This can reduce the dependence on the fossil fuels, which results in a reduction of the carbon footprint. Building owners and roofing contractors in the US have used different types of reflective roofing systems for more than 20 years (U.S. Environmental Protection Agency, 2008a).

In the building sector, energy consumption is high and although the situation differs from one country to another, buildings consume around 30–50% of the total energy (European Commission, 2010; Vrachopoulos et al., 2012). A significant amount of energy is used for cooling the buildings in the Gulf Cooperation Council countries. For example, in 2004, the building sector accounted for 90% of Kuwait's electricity consumption and the residential sector was responsible for more than 70% of the peak electricity demand in Kuwait (Krarti and Hajiah, 2011). As such, the design of the building envelopes (roofs, walls, and fenestration systems) in order to achieve energy savings can not only reduce energy consumption and hence energy demand over time, but also contribute to the fight against global warming. This paper focuses on the energy performance of only one part of the building envelope, which is the roofing system.

Many research studies (Solecki et al., 2005; European Commission, 2010; Jo et al., 2010; Levinson et al., 2010; Ray and Glicksman, 2010; Urban and Roth, 2010; Zirkelbach et al., 2010; Bentz, 2011; Durhman et al., 2011; Ismail et al., 2011; McHugh and Petrick, 2011; Vrachopoulos et al., 2012; Xu et al., 2012; Hutchinson, 2018) investigated the benefits of installing reflective and green roofing systems on the energy savings, and reducing the urban heat islands, local air pollution, and greenhouse gas emissions. When a building with modified-bitumen roof was subjected to the climates of Boston, Ray and Glicksman (2010) showed that it was possible to save 13% of energy by doubling the amount of insulation, however, saving 12% of energy was possible by replacing this roof by a green roof. For white roofing systems, Akbari et al. (1999, 2000) investigated the effect of the short-wave solar absorption coefficient (αs) of the rooftops on the heating and cooling energy loads of commercial and residential buildings in the US. Their results showed that about half the amount of the insulation can be saved by decreasing αs from 0.8 to 0.4 for a one-story single-family building. Levinson and Akbari (2010) studied the potential benefits related to installing white roofing systems in 236 US cities. With white roofing systems, their results showed the annual savings in the energy cost was $0.356 per square meter of the roof area (nationally).

Because white roofing systems work at low temperatures due to the reflection of part of the incident solar radiation, which depends on the value of αs of the rooftop, moisture can accumulate in these roofs, and the summer season may not be sufficient to dry them (Bludau et al., 2009; Brehob et al., 2011; Ennis and Kehrer, 2011; Saber et al., 2011b, 2012c). This may cause deterioration and mold growth in the white roofing systems. As such, it is important for a given climate to use the appropriate reflective roofing material or coating when designing white roofing systems that can lead to energy savings at no risk of moisture-related problems. Brehob et al. (2011) studied the properties of reflective coatings (containing ceramic particles) that can be used in the white roofing systems. Their results showed that the value of αs is the essential feature for choosing the type of the coatings. For a number of climatic conditions, Ennis and Kehrer (2011) studied the moisture performance of black roofing systems with αs = 0.9 and white roofing systems with αs = 0.3. During the winter, their results showed that the accumulated moisture in the white roofing system was more than twice that in the black roofing system. However, the accumulated moisture during the winter dried out completely during the summer. For Chicago, Phoenix, Holzkirchen and Anchorage climates, Bludau et al. (2009) studied the accumulation of moisture in black and white roofing systems over a 5-year period. In that study, the black roofing systems were simulated with αs = 0.88, whereas the white roofing systems were simulated with αs = 0.2. The results showed that white roofing systems always work with higher moisture than black roofing systems (Bludau et al., 2009). For a number of climatic conditions in the US and Canada, Saber et al. (2011b, 2012c) investigated the moisture accumulation in black roofing systems (αs = 0.88) and white roofing system (αs = 0.2). For the climates of Saskatoon and St John's, the results showed that the white roofing systems could lead to long-term moisture-related problems (Saber et al., 2011b).

For the case of initial construction moisture, Bludau et al. (2010) studied the moisture performance of black roof (αs = 0.9) and white roof (αs = 0.2). Their results showed that the drying capacity was lower in the white roof compared to black roof. With different values of initial construction moisture, and wide range of insulation thickness (δins) and wide range of αs, most recently Saber et al. (2019b) investigated the long-term moisture performance of roofing systems when these roofs were subjected to Saudi climates. The results showed that black roofing systems always perform with lower moisture than white roofing systems. However, the highest relative humidity values in these roofs were well below 80% resulting in no risk of condensation and mold growth occurred in these roofs (Saber et al., 2019b).


Parameters Affecting the Roofing Performance

The exterior surfaces of the roofing systems are exposed to several environmental factors specific to the local climate such as dirt, wind, sunlight, snow, rain, outdoor temperature, relative humidity, and cloud index. All these environmental factors and roofing specifications (materials, dimensions, etc.) contribute to the variations in the thermal and moisture performance of the roofs. Figure 1 shows that when the incident solar radiation hits a roof surface, part of the solar radiation is reflected to the environment and the other part is absorbed by the roofing system. The absorbed part of solar radiation results in increasing the surface temperature of the roof, thereby increasing the cooling energy load in summer and decreasing the heating energy load in winter. As indicated earlier, white roofing systems use bright surfaces with high short-wave solar reflectivity to reflect a significant part of the solar radiation, thus lowering the rooftop temperature and the cooling energy load compared to conventional roof systems.
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FIGURE 1. Roofing surface subjected to incident solar radiation.


With the new advanced technology of radiative cooling materials that can be used as reflective materials in white/cool/radiative roofing systems (Kubota, 2017; Knoss, 2019; SurfaPaint ThermoDry Elastomeric Roof Paint., 2019), their short-wave solar absorption coefficients are very small and close to zero, and long-wave thermal emissivities are very high and close to 1.0 (i.e., behaves approximately as blackbody in emitting thermal energy from the reflective material to the environment). For example, Kubota and his team from Stanford University (Kubota, 2017) have recently used a multilayer optical film that reflected about 97% (i.e., the short-wave solar absorption coefficient, αs = 0.03) of the sunlight. Due to the high long-wave thermal emissivity, their material was simultaneously being able to emit the surface's thermal energy through the atmosphere. As well, Knoss and his team from University of Colorado Boulder (Knoss, 2019) developed a new material that can reflect most of the incoming solar rays back into the atmosphere (i.e., αs ≈ 0.03); while it still providing a means of emitting its surface thermal energy to the environment.

Fernandez and his team from Pacific Northwest National Laboratory (PNNL) (Fernandez et al., 2015) have used the radiative cooling material that was developed by Stanford University team (Kubota, 2017) to investigate the potential energy savings as results of using this material against using the best cool roof surfaces on the market. Their simulation results using EnergyPlus model showed that using this radiative cooling material has resulted in electricity saving of 10 MWh in Miami, 13 MWh in Las Vegas, 8 MWh in Los Angeles, 3 MWh in San Francisco and 6 MWh in Chicago, per year, which represented 9, 16, 23, 22, and 14% of cooling electricity savings, respectively, in the above five cities (Fernandez et al., 2015). As provided in ASHRAE (2005), most of construction materials have a surface emissivity of 0.9. In this study, the value of the long-wave emissivity of the rooftop was taken equal 0.9. This value is same as that taken in many previous studies related to assessing the energy and moisture performance of black and white roofing systems [e.g., (Bludau et al., 2009, 2010; Saber et al., 2011b, 2012c, 2019b)].

The dust and/or dirt accumulations on the rooftops can reduce their short-wave solar reflectivity, leading to an increase in solar heat gain. Various studies and field test measurements investigated the effect of aging factors and dust and/or dirt accumulations on the changes in the rooftop properties (Akbari et al., 2005; Levinson et al., 2005; Berdahl et al., 2008; Suehrcke et al., 2008; Algarni and Nutter, 2015). With regard to the accumulation of dirt, various cleaning methods are available to bring the short-wave solar reflectivity of the roof surfaces to their original values. In the experimental study by Levinson et al. (2005), different cleaning processes were applied on light-colored roofing membrane samples (collected from roofs across the US) in order to study the effect of these cleaning processes on their short-wave solar reflectivity. The results of that study showed that inorganic carbon and black carbon were found on the sample surfaces, which led to reductions in their short-wave solar reflectivity. The cleaning processes applied to the surfaces of the samples included wiping process to mimic the wind action, rinsing to mimic the operation of the rain, washing with a dishwashing detergent to mimic homemade cleaning, and finally treating the surfaces of the samples with a mixture of sodium hydroxide and sodium hypochlorite to mimic professional cleaning. By applying the rinsing process and washing process, the dirt on the surfaces was removed, with the exception of a thin layer of contaminants. With the bleaching process, however, the layer of contaminants was removed, whereby the original short-wave solar reflectivity of these surfaces were restored (Levinson et al., 2005).

In another study (Akbari et al., 2005), the same cleaning processes that were developed by Levinson et al. (2005) were applied on 41 samples of unweathered (i.e., new materials) and weathered white membranes. These membranes were collected from different locations across the US and Canada where 16 samples were analyzed at Lawrence Berkeley National Laboratory, and 25 samples were analyzed at the National Research Council of Canada. The results showed that ~90% of the short-wave solar reflectivity of these samples were recovered (Akbari et al., 2005). Currently, an experimental study is being conducted on a number of coatings and reflective roofing materials when they are subjected to the natural dusty and highly polluted climate of Jubail Industrial City in Saudi Arabia. The main goals of that study are to: (a) investigate the changes in the short-wave solar reflectivity of these materials (b) develop cleaning technical guide for these materials, and (c) quantify the impact of dirt/dust accumulations on the overall thermal and moisture performance of the roofing systems. The results of that study will be published at a later date.

Automatic indoor air temperature control with an Optic-Variable Wall (OVW) was recently proposed by Wang et al. (2018) to reduce the HVAC (Heating, Ventilation & Air-Conditioning) energy consumption in containers. The external surface of the OVW is coated by a layer called “responsive coating.” Within the wavelength region of visible light, the characteristic of this responsive coating on the absorption and the reflection of solar radiation is sensible to its temperature. The surface characteristic of the responsive coating is quite attractive in building applications. This is because at high temperature, the responsive coating shows strong reflection (i.e., low short-wave solar absorption coefficient) to the solar radiation exposing on the OVW; while the solar reflection becomes weak (i.e., high short-wave solar absorption coefficient) at low temperature.

Wang et al. (2018) verified experimentally under natural winter conditions (i.e., low ambient temperature) the feasibility of the OVW performance on air temperature control inside a container. The test results showed that the color of OVW varies from dark at low temperature to light at high temperature, where the solar reflectivity of OVW was small at low temperature and high at high temperature. In addition, with the adoption of the OVW, their theoretical investigation on the air temperature inside a container showed that it was possible to simultaneously keep air cool in summer and warm in winter.

In another study, Wang et al. (2019a) theoretically investigated the effect of responsive coating properties on the potential of energy saving with OVW for stable air temperature control in buildings. The results of that study showed that with the adoption of the OVW, the heating load and cooling load could be simultaneously reduced. Furthermore, the results showed that the cooling load was reduced compared to optic-fixed wall having a constant low solar reflectivity, and as well the heating load was reduced compared to optic-fixed wall having a constant high solar reflectivity.

Wang et al. (2019b) conducted dynamic simulation to investigate the effect of the OVW having responsive coating on the façades of high-rise residential buildings when these buildings were subjected to the climatic conditions of Shanghai and Paris. The results showed that the potential use of the responsive coating on the south walls (or facing equator) resulted in more contribution to the energy saving than walls of other orientations. Also, the results showed that the contribution of the responsive coating to energy savings for the climatic conditions of Shanghai was (17%) about twice of that for a colder climatic conditions of Paris (8%).

By allowing more absorption of the solar radiation in winter while maintaining high solar reflection in summer, the concept of the responsive coating when it is applied on the rooftops would simultaneously result in reducing the cooling load during the summer season and as well reducing the heating load during the winter season. For a wide range of the short-wave solar absorption coefficient of the rooftop (0–0.88) and a wide range of insulation thickness [0–8″ (203 mm)], this study focused on the energy performance of a roofing system, that is commonly used in the buildings of the Gulf Cooperation Council countries, when it was subjected to Saudi hot and humid climates. Each value of the short-wave solar absorption coefficient was taken constant through the whole year. This represents the case of installing optic-fixed roof. Under different climatic conditions, a future study is recommended to compare the overall energy savings as a result of installing responsive coating on the rooftop (i.e., optic-variable roof) against the overall energy savings for the case of using optic-fixed roof (i.e., similar to this study).

In short, a logical step toward achieving energy-efficient buildings is to design roofing systems that offer potential energy savings at low risk of condensation and mold growth. The main parameters that affect the hygrothermal performance of the roofing systems are roof type, climate conditions (wind, sunlight, snow, rain, etc.), amount of insulation and the value of αs for the rooftop. With regard to the accumulation of dust and dirt on the rooftops, some cleaning processes are currently available that can be used to bring their short-wave solar reflectivity to approximately their initial values.




OBJECTIVES

Due to reflecting part of the incident short-wave solar radiation, white roofing systems run at lower rooftop temperatures in respect of black roofing systems. For the type of the roofing system shown in Figure 2 that is commonly being used in buildings of the Gulf Cooperation Council countries, the questions are:

a) Do white roofing systems having different amount of insulation lead to moisture-related problems when they subjected to Saudi climates?

b) For the same amount of insulation, what is the amount of energy saving as a result of using white roofing systems (having different reflective materials and coatings) in place of the black roofing system?

c) What is the minimum amount of the insulation in white roofing system that results in the same energy performance as that for black roofing system with thicker insulation thickness?


[image: Figure 2]
FIGURE 2. A schematic of roofing system with different insulation thicknesses.


This study is an extension of a previous study (Saber et al., 2019b) in which a hygrothermal model was developed to investigate the thermal and moisture performance of white and black roofing systems. That model was validated against experimental data, and its predictions were in good agreements with the test data. The full descriptions of the model, its validations, initial conditions, boundary conditions, simulation periods, and simulation parameters that include the material properties of all layers of the roofing system, indoor conditions, and outdoor conditions are available in (Saber et al., 2019b). In that study (Saber et al., 2019b), the model was used to address the question in (a) above for the black and white roofing systems shown in Figure 2. With different values of initial construction moisture, the results of the long-term moisture performance of the black and white roofing systems showed that no risk of moisture-related problems occurred (see Saber et al., 2019b for more details).

In this study, the previously developed and validated model (Saber et al., 2019b) is used to address the questions in (b) and (c) above. Consequently, the main objectives are to:

1) Conduct numerical simulations for the roof shown in Figure 2 with a wide range of δins [0–8″ (203 mm)] and a wide range of αs (0.88–0.05), in order to investigate the energy performance of black and white roofing systems.

2) For the same value of δins, determine the amounts of energy savings as results of installing white roofing systems with different values of αs instead of installing black roofing systems.

3) Use the results obtained in (1) above to determine the reductions in the amount of insulation in white roofing systems having different values of αs that provide the same energy performance levels as those for black roofing systems with thicker insulation thickness.

4) Use all results of this study to develop a practical design tool that can be used for identifying all δins and αs pairs that result in the same levels of energy performance as those for the black roofing systems.



BRIEF DESCRIPTIONS OF THE HYGROTHERMAL MODEL

The previously developed hygrothermal numerical model (Saber et al., 2019b) was used in this study to conduct numerical simulations in order to assess the energy and moisture performance of the roofing system shown in Figure 2 for wide ranges of insulation thickness [0–8″ (203 m)] and short-wave solar absorption coefficient (0–0.88) of the rooftop. In the various material layers of different building components, this model solves simultaneously the time dependent 2D and 3D moisture transport equation, energy equation, surface-to-surface radiation equation (e.g., the surface-to-surface radiation in enclosed airspaces in building components having airspace layers such as walls and roofs with reflective insulations, double/triple glazing systems such as windows, curtain walls, and skylight devices), and air transport equation. The air transport equation is the Navier-Stokes equation for the airspace layers (e.g., air cavities), and the Darcy equation (Darcy Number, DN ≤ 10−6) and Brinkman equation (DN > 10−6) for the porous material layers. With and without moisture transport, the model was extensively benchmarked against experimental results from the evaluation of a number of different building component assemblies (Saber et al., 2010a,b, 2011a, 2012a,b; Saber, 2012, 2013a,b,c,d, 2014). Saber et al. (2019a) provided a summary of model validations against experimental data.

In building applications that are similar to this study, the model was used to assess the hygrothermal performance of white and black Modified-Bitumen (MOD-BIT) roofing systems when they were subjected to different climatic conditions of North America (Saber et al., 2011b, 2012c). In the MOD-BIT roofing systems, the surface-to-surface radiation equation and Navier-Stokes equation were solved in the enclosed airspace between the steel deck and the vapor barrier (made of bituminous paper, Type II felt) that was attached to a rigid polyisocyanurate board (Saber et al., 2011b, 2012c). In this study, however, the surface-to-surface radiation equation and Navier-Stokes equation were not solved since there is no airspace inside the roofing system under consideration (see Figure 2).



RESULTS AND DISCUSSIONS

This study focuses on the energy performance of only one part of the building envelope, which is the roofing system, subjected to the outdoor climatic conditions of the Eastern Province of Saudi Arabia, which is hot and humid climate. For the internal moisture loads, however, the black and cool roofing system were subjected to the indoor conditions that were based on the simple method of the design criteria for moisture control in buildings of ASHRAE Standard 160 (ASHRAE, 2009). This simple method classifies the indoor humidity level into three based on the outdoor temperature. The indoor relative humidity values are estimated to be 40 and 70% when the outdoor temperature is below and equal to −10°C and above or equal to 20°C, respectively. The indoor relative humidity values are computed between 40 and 70% for outdoor temperature between −10 and 20°C.

As indicated earlier, the full details of the long-term moisture performance of the roofing system shown in Figure 2 are available in a previous study (Saber et al., 2019b). At different values of initial moisture content, called “construction moisture,” in white and black roofing systems, subjected to Saudi climate, that study showed that no risk of moisture-related problems occurred in these roofs. As extension to the previous study (Saber et al., 2019b), the results of the energy performance of black and white roofing systems (see Figure 2) for wide ranges of δins and αs are discussed next.


Effect of αs on the Hourly Thermal Performance

As an example of a roofing system with δins = 6″ (152 mm), Figure 3A shows comparisons of the hourly rooftop temperatures for white roofing systems with αs = 0.05 and black roofing system (αs = 0.88). During the daytime, this figure shows that the high value of αs (i.e., large amount of the absorbed incident solar radiation) for the black roofing system has resulted in its rooftop temperature was greatly higher than that of the white roof with αs = 0.05. Throughout the whole year, the highest rooftop temperature for the black roof (occurred in August) was 91.5°C compared to 50.8°C for the white roofing system of αs = 0.05. However, during the night, the rooftop temperatures of the black roof and white roof were roughly the same. For a wide range with αs (0.88–0.05), Figure 4 shows the monthly average rooftop temperature of roofing systems with δins = 6″ (152 mm). As shown in this figure, the monthly average rooftop temperature increases with increasing αs. The highest values of these temperatures occurred in July followed by August. In July, the highest average rooftop temperature for the white roofing system with αs = 0.05 (39.1°C) was 11.3°C lower than that of black roofing system (50.4°C).


[image: Figure 3]
FIGURE 3. Comparison of: (A) hourly rooftop temperature and (B) hourly indoor surface heat flux of white and black roofing systems [δins = 6″ (152 mm)].



[image: Figure 4]
FIGURE 4. Comparison of monthly average rooftop temperatures of roofing system for a wide range of αs [δins = 6″ (152 mm)].


On the indoor surface of the black roofing system (αs = 0.88) and white roofing system (αs = 0.05), Figure 3B shows comparisons of the hourly heat fluxes. In this figure, when the heat flux is positive, this is called “heat gain” (i.e., heat enters the building where the system contributes to the cooling energy load). However, when the heat flux is negative, this is called “heat loss” (i.e., the heat leaves the building where the system contributes to the heating energy load). Throughout this paper, unless otherwise specified, the terms of cooling energy load, heating energy load and total energy load represent the contributions to the energy loads from the roofing system only. As can be seen in Figure 3B, because of the high rooftop temperature of the black roofing system (see Figure 3A), its heat gain is considerably higher than that of the white roofing system. Throughout the whole year, the highest hourly heat gain for black roofing system was 5.90 W/m2, which was 1.86 times that for white roofing system with αs = 0.05 (3.17 W/m2). However, the highest hourly heat loss throughout the year for the black roof was 2.11 W/m2, 0.74 times that for the white roofing system (2.84 W/m2). Accordingly, a black roof requires a higher cooling load than that with white roof. Conversely, a black roof requires lower heating load than that with white roof. In Saudi Arabia, the high heat gain takes place during peak electrical demand periods that occur in summer. Thus, installing white roofing systems can help reduce the peak electricity demand. It is important to point out that decreasing the energy consumption during the period of peak electricity demand can also reduce demand fees that some utilities charge.



Effect of αs on the Monthly Energy Loads

The hourly heat fluxes on the indoor surface [e.g., see Figure 3B) for the case of roofing systems with δins = 6″ (152 mm)] were used to determine the monthly cooling and heating loads for wide ranges of δins, [0–8″ (203 mm)] and αs (0.88–0.05). As examples of roofing systems with different values of αs and having δins of 2″ (51 mm), 4″ (102 mm), 6″ (152 mm), and 8″ (203 mm), Figures 5A–D, respectively, show the monthly cooling loads (+ve values) and the monthly heating loads (–ve values). In cold climates, the energy sources needed for heating the residential buildings are frequently fossil fuels; while those needed for the cooling loads are electrical energy. Because of the difference in prices per thermal unit due to using fossil fuels and the electrical energy, the heating load and the cooling load must be specified individually (Bludau et al., 2009; Saber et al., 2011b, 2012c). In hot climates such as that in Saudi Arabia, however, the energy sources for both heating and cooling loads are mainly electrical energy. So, the total load can be obtained as the sum of the heating load and cooling load (see Figures 6A–D) for roofs having different values of δins.


[image: Figure 5]
FIGURE 5. Monthly energy loads for a wide range of αs of roofing systems having insulation thickness of: (A) 2.0″, (B) 4″, (C) 6.0″, and (D) 8″.
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FIGURE 6. Monthly total energy loads for a wide range of αs of roofing systems having insulation thickness of: (A) 2.0″, (B) 4″, (C) 6.0″, and (D) 8″.


For a given value of δins, Figures 5A–D show that the monthly cooling load decreases with decreasing αs. Conversely, the monthly heating load increases with decreasing αs. For a given value of αs, because the highest rooftop temperatures occurred in July (see Figure 4), Figures 5A–D show that the highest cooling load occurred in July, followed by August. In July, the cooling loads for the black roofing systems (αs = 0.88) having δins of 2″ (51 mm), 4″ (102 mm), 6″ (152 mm), and 8″ (203 mm), were 364, 214, 152, and 117 Wd/m2, respectively. For white roofing systems with αs of 0.2, the corresponding cooling loads were 237, 139, 98, and 76 Wd/m2, respectively. Additionally, for white roofing systems with αs of 0.05, the corresponding cooling loads were 208, 122, 86, and 67 Wd/m2, respectively. For different values of δins, these represent energy savings in the monthly energy loads by 35 and 43%, respectively, as results of using white roofing systems with αs of 0.2 and 0.05 instead of black roofing systems (αs = 0.88).

Note that the largest share of electricity consumption in buildings is used for cooling in Saudi Arabia (e.g., see Figure 5). This may cause significant strain on the country's electricity grid during the summer. The Saudi Electricity and Cogeneration Regulatory Authority has announced that the Council of Ministers has approved gradual revision of energy prices including changes to electricity tariffs that has taken effect on January 1, 2018, where lower energy consumption (1–6,000 kWh/month) are charged at a lower rate of 18 halala/kWh, whereas higher energy consumptions (>6,000 kWh/month) are charged at a higher rate of 30 halala/kWh. Consequently, the Saudi buildings should be designed/retrofitted with the intent of minimizing the cooling energy loads so as to help not only reduce the annual electrical peak demand especially during the summer but also reduce the cost for operating the buildings.




YEARLY ENERGY LOADS

Reflective roofing materials/coatings and roof insulation are not comparable options to enhance the energy performance of buildings. They work differently. Separate decisions must be made by the building owners either to improve roof insulation levels or to install reflective roofing material/coating. For wide ranges of δins [0–8″ (203 mm)] and αs (0.88–0.05), the results for the monthly cooling, heating and total energy loads (e.g., see Figures 5, 6) were used to calculate the yearly cooling loads and yearly total loads. The results provided next show the potential savings (relative to black roofing systems with the same δins) in the yearly loads due to using white roofing systems of different values of αs.


Savings in Yearly Energy Loads of White Roofs in Respect of Black Roofs

As examples of roofing systems with different values of αs and having δins of 2″ (51 mm), 4″ (102 mm), 6″ (152 mm) and 8″ (203 mm), the results for the yearly cooling and total loads are provided in Figures 7A–D, respectively. For a given δins, these figures show that decreasing αs has resulted in reductions in the yearly cooling and total loads. In addition, for a given αs, increasing δins resulted in reductions in the yearly cooling loads and yearly total loads. For examples, with αs = 0.88 (black roof), 0.2 and 0.05, the yearly cooling and total loads for the roofing system having: (a) δins of 2″ (51 mm) were 2242, 1238, and 1043 Wd/m2, and 2303, 1502, and 1386 Wd/m2, respectively (Figure 7A), (b) for δins of 4″ (102 mm) were 1314, 728, and 614 Wd/m2, and 1350, 883, and 814 Wd/m2, respectively (Figure 7B), (c) for δins of 6″ (152 mm) were 931, 515, and 435 Wd/m2, and 955, 625, and 577 Wd/m2, respectively (Figure 7C), and (d) for δins of 8″ (203 mm) were 720, 399, and 337 Wd/m2, and 738, 484, and 447 Wd/m2, respectively (Figure 7D). For different values of δins, Figures 7A–D show that decreasing αs from 0.88 (black roof) to 0.2 and 0.05 resulted in savings in the yearly cooling loads by 45 and 53%, respectively. As well, the corresponding savings in the yearly total loads were 35 and 40%, respectively.


[image: Figure 7]
FIGURE 7. Effect of αs on the yearly cooling and total loads, and energy savings in these loads for roofing systems having insulation thickness of: (A) 2.0″, (B) 4″, (C) 6.0″, and (D) 8″.


This study mainly focuses on the energy performance of only one part of the building envelope, which is the roofing system. As indicated above, using reflective roofing materials/coatings with low αs in Saudi climates has resulted in significant reductions in the yearly energy loads in relation to black roofing systems of the same δins. However, to explore the effect of these reductions on the overall energy requirements for the whole building, another study is currently being conducted to assess the energy performance of the whole building instead of the roofing system only in which the effect of the following factors are accounted for:

1) Details of all building envelope components, namely: (a) roofing systems (b) wall systems, and (c) fenestration systems (windows, skylight devices),

2) Cardinal orientations of the wall systems,

3) Cardinal orientations of the windows,

4) Window-to-wall ratios,

5) Number of stories in the building,

6) Type of the building (attached or detached),

7) Outdoor conditions in which the building is subjected to, and

8) Internal loads, air leakage rate, and lighting.



Effect of δins on the Energy Performance of Black Roofs

For black roofing systems (αs = 0.88) of different values of δins, the results of the yearly cooling and total loads are provided in Figure 8. Because the yearly heading load for the case of a black roofing system is much lower than the yearly cooling load, the yearly total load (i.e., heating load + cooling load) is a little higher than the yearly cooling energy load (see Figures 8A,B). For small values of δins [δins ≤ 2″ (51 mm)], Figure 8 shows that the yearly energy loads and the associated reduction rates in these energy loads (i.e., the derivative of the energy load w.r.t. δins, |dYCLB/d δins| and |dYTLB/d δins|, plotted on the right y-axis of Figure 8) significantly decrease with increasing δins. For example, the reduction rates in the yearly energy loads |dYCLB/d δins| and |dYTLB/d δins| were, respectively, 151, 72, and 30 (Wd/m2)/mm for δins of 0.5″ (13 mm), 1″ (25 mm), and 2″ (51 mm). However, for large values of δins (δins ≥ 4), the yearly energy loads and the associated reduction rates in these energy loads slightly decrease with increasing δins. For example, for δins of 4″ (102 mm), 6″ (152 mm), and 8″ (203 mm), the values of |dYCLB/d δins| and |dYTLB/d δins| were, respectively, only 11, 6, and 4 (Wd/m2)/mm.


[image: Figure 8]
FIGURE 8. Effect of δins on: (A) the yearly cooling load and reduction in this load, and (B) the yearly total load and reduction in this load with respect to δins for black roofing systems.


For black roofing systems (αs = 0.88) of different values of δins, the yearly cooling energy loads (YCLB) and the yearly total loads (YTLB) that are provided in Figures 8A,B, respectively, can be given as functions of δin as:

[image: image]
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The coefficients a0 through a5 in Equations (1) and (2) are listed in Table 1. Also, for specified YCLB and YTLB, the associated value of δins that is needed can be determined from the following correlations:
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Where the coefficients a0 through a5 in Equations (3) and (4) are listed in Table 1. Note that in Equations (1) through (4), the units of YCLB and YTLB are in Wd/m2 and the unit of δin is in inch.


Table 1. List of the coefficients a0 through a5 for the correlations given by Equations (1)–(4).

[image: Table 1]




δINS AND αS PAIRS

Figure 9 shows the results of yearly energy loads for wide ranges of δins and αs. The results of yearly energy loads were used to recognize the δins and αs pairs at which the energy performance of such roofing system with these δins and αs pairs are the same as that for the black roofing system (αs = 0.88). Figure 10A shows the pairs of δins and αs for a number of yearly cooling loads. Additionally, Figure 10B shows the pairs of δins and αs for a number of yearly total loads.


[image: Figure 9]
FIGURE 9. Effect of δins on: (A) the yearly cooling energy load, and (B) the yearly total energy load for wide range αs.



[image: Figure 10]
FIGURE 10. Different δins & αs pairs for same: (A) yearly cooling loads and (B) yearly total loads.



Example of δins and αs Pairs for Same Value of Yearly Cooling Energy Load

As example, Figure 11A shows that the yearly cooling energy load for a black roofing system (αs = 0.88) having δins = 8″ (203 mm) is 720 Wd/m2. This load can be achieved with the pairs of δins and αs that are given as:

[image: image]

The value of δins in Equation (5) should be in inch. For this yearly cooling load (YCL) of 720 Wd/m2, Figure 11A shows that a 0, 25, 50, and 59% savings in insulation thickness [i.e., δins = 8″ (203 mm), 6″ (152 mm), 4″ (102 mm), and 3.26″ (83 mm)] would require that the value of αs must be, respectively, 0.88 (i.e., black), 0.55, 0.19, and 0.05.


[image: Figure 11]
FIGURE 11. A design chart for all δins & αs pairs, and the associated savings in insulation that provides the same (A) yearly cooling load of 720 Wd/m2 (B) yearly total load of 738 Wd/m2 as black roofing system having δins of 8″.




Example of δins and αs Pairs for Same Value of Yearly Total Energy Load

As an example, a yearly total energy load of YTL = 738 Wd/m2 that relates to a black roofing system with δins = 8″ (203 mm) and αs = 0.88 (Figure 11B) can be obtained with the pairs of δins and αs that are given as:

[image: image]

The value of δins in Equation (6) should be in inch. From Figure 11B or Equation (6) for YTL = 738 Wd/m2, a 0, 12.5, 25, and 44% savings in insulation thickness [i.e., δins = 8″ (203 mm), 7″ (178 mm), 6″ (152 mm), and 4.48″ (114 mm)] would require that the value of αs must be, respectively, 0.88 (i.e., black), 0.70, 0.48, and 0.05. Next, a practical design tool was developed for the roofing system shown in Figure 2 that can be used to determine all δins and αs pairs for different yearly energy loads.




PRACTICAL DESIGN TOOL FOR DETERMINING δINS AND αS PAIRS

The obtained results for the roofing systems investigated in this study (Figure 2) and having different values of δins [0–8″ (203 mm)] without and with reflective roofing materials/coatings of a wide range of αs (0.05–0.88) were used to develop a practical design tool. This tool can easily be used to determine all possible pairs of δins and αs that resulted in the same yearly cooling and total loads as those for the reference/black roofing systems (i.e., αs = 0.88). Examples of design charts for all possible pairs of δins and αs as well as the corresponding savings in the insulation thickness (in respect of the reference/black roof) that provide the same yearly energy cooling load (YCL = 720 Wd/m2) and yearly total energy load (YTL = 738 Wd/m2) as those for a black roofing system with δins of 8″ (203 mm) are provided in Figures 11A,B, respectively.

For all yearly cooling and total energy loads of roofing systems with a wide range of δins [0–8″ (203 mm)] and wide range of αs (0.05–0.88), the results provided in Figure 9 were used to develop the following correlations:
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Where:

• YCLN is the normalized yearly cooling energy load with respect to the yearly cooling energy load of black roofing systems (YCLB), which is given by Equation (1).

• YTLN is the normalized yearly total load with respect to the yearly total energy load of black roofing systems (YTLB), which is given by Equation (2).

• αN is the normalized short-wave solar absorption coefficient of the rooftop with respect the short-wave solar absorption coefficient of black roofing system of αB = 0.88.

Figures 12A,B show that the calculated values of YCLN and YTLN using Equations (7) and (8) are in good agreements with the predicted values of YCLN and YTLN for the wide ranges of δins and αs. Also, the results shown in Figure 9 were used to develop the following correlations:
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Figures 13A,B show that for all values of δins [0–8″ (203 mm)] and αs (0.05–0.88) considered in this study, the calculated yearly cooling loads (YCL = YCLN × YCLB) using the correlations given by Equations (1) and (7) and the calculated yearly total loads (YTL = YTLN × YTLB) using the correlations given by Equations (2) and (8) are in good agreements with the predicted values that are provided in Figure 9 (within ± 1%). Note that the correlations developed in this study are applicable for different types of coatings and reflective roofing materials available in the market.


[image: Figure 12]
FIGURE 12. Dependence of: (A) the normalized yearly cooling load and (B) the normalized yearly total load on the normalized rooftop short-wave solar absorption coefficient for roofing systems having different δins and αs.



[image: Figure 13]
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).


To obtain the pairs of δins and αs that result in the same yearly cooling energy loads (YCL) and yearly energy total loads (YTL) as those for the reference/black roofing system, the building designer can either:

a) Specify the type of the reflective roofing material (i.e., αs is known) and then follow the simple procedure that is shown in Figure 14A to determine the corresponding value of δins, or

b) Specify the value of δins and then follow the simple procedure that is shown in Figure 14B to determine the corresponding value of αs of the rooftop. Once the value of αs is known, the type of reflective roofing material/coating can be selected accordingly.

Last but not the least, for given reflective roofing material/coating (i.e., the value of αs is known) and value of δins for the roofing system, the correlations given by Equations (1), (2), (7), and (8) can easily be used to determine the yearly cooling and total energy loads as provided by the simple procedure shown in Figure 14C.


[image: Figure 14]
FIGURE 14. Flowchart for the procedures of determining: (A) the δins & αs pair for given reflective roofing material/coating, (B) the δins & αs pair for given insulation thickness, and (C) the yearly energy loads for given δins & αs.




SUMMARY AND CONCLUSIONS

This study is an extension of a previous study that focussed on assessing the long-term moisture performance of black and white roofing systems. The results of the previous study showed that no risk of moisture-related problems occurred in these roofing systems. The type of the roofing system considered in this and the previous studies is commonly used in the buildings of the Gulf Cooperation Council countries. The model that was developed and validated against experimental data in the previous study was used in this study to assess the energy performance of black and white roofing systems for a wide range of insulation thickness δins [0–8″ (203 mm)] and a wide range of the short-wave absorption coefficient of the rooftop αs (0.88–0.05). For the same value of δins, the results showed that white roofing systems experienced an increase in the heating loads in respect of black roofs. However, the decrease in the cooling loads with white roofing systems was considerably greater than the increase in heating loads. As such, using white roofing systems have resulted in net energy savings compared to black roofing systems. For a given value of δins, the results showed that decreasing the value of αs of the rooftop from 0.88 (black roof) to 0.2 and 0.05 resulted in savings in the yearly cooling loads by 45 and 53%, respectively, and savings in the yearly total loads by 35 and 40%, respectively.

For wide ranges of δins and αs, the results of the numerical simulations were used to recognize all possible pairs of δins and αs that resulted in the same yearly energy loads as those for the black roofing systems of thicker insulation thickness. Also, these results were used to develop a practical design tool that can easily be used to determine all possible pairs of δins and the corresponding αs that resulted in the same yearly energy loads as those for the black roofing systems. This design tool uses a number of correlations that were developed in this study and provided by Equations (1) through (4) and Equations (7) through (10). These correlations are applicable for all values of δins ≤ 8″ (203 mm) and all values of αs ≤ 0.88. The calculated values of all parameters using correlations were in good agreements with the predicted values of these parameters (within ± 1%). The procedure of using this design tool is provided in Figure 14. Additionally, for given δins and αs for the roofing system, the correlations given by Equations (1), (2), (7), and (8) can easily be used to determine the yearly energy loads as described in the simple procedure shown in Figure 14C.

The results of this research study have shown the potential capabilities of using different coatings and reflective roofing materials for: (a) enhancing the energy performance of the roofing systems for a given insulation thickness, and (b) using less amount of insulation that resulted in obtaining the same energy performance levels as those of black roofing systems of thicker insulation thickness. Additionally, they obtained results in this research study can be used in future to upgrade the Saudi building code in order to allow using less roof insulation if white roofing systems are installed.
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