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2.5.7. GIS representation of country energy consumption

GIS was used to represent the residential areas and to characterize the energy intensities and
consumptions by regions. Since the spatial residential data was not available for all Saudi cities,
theses data was created by digitizing the current residential area for the country. Figure 2.7
shows the current residential area in all Saudi regions. After creating the necessary spatial data,
the residential building energy use intensities (EUI) and consumption data were geospatially

mapped for the country, as shown in Figures 2.8 and 2.9.

Figure 2.7 The map of Saudi Arabia showing the 13 administrative regions and the shaded area
represents the most populated current residential areas
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Figure 2.8 Energy use intensities (EUI) of Saudi residence buildings by regions
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Figure 2.9 Total energy consumption of Saudi residence buildings by regions

In general, Saudi Arabia climate can be described as hot-and-dry in the middle parts of the
country, hot-and-humid along the two coasts (i.e., Red Sea and Arabian Gulf), cold-and-dry in
the north regions. Finally, the mountainous south-west of the country is cold in the winter and
moderate in the summer [12]. As shown in Figure 2.8, the energy intensity for the hot-and-humid
region has the highest, followed by hot-and-dry, cold-and-dry, and the mountainous region.

Consequently, housing units in higher energy intensity required more annual energy compared
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with other housing units in less energy intensity areas. Moreover, more potential annual electric
energy saving was predicted by the simulations results in hot-and-humid traditional house,
apartments and villa units. Energy consumption of Saudi housing units by regions was shown in
Figure 2.9. Al-Riyadh and Makkah regions shared the largest portion of the total energy
consumptions since they account for half of the total housing units in the Kingdom of Saudi
Arabia. Finally, Table 2.6 summarizes the potential energy saving for each residence type under

the major Saudi climates.

Table 2.6 Summary of the maximum potential energy saving in housing units (as compared to
base case) under the major Saudi climates

Annual energy reduction Annual cooling energy
(0) i [0)
Climate zone | City, Region = gﬁ)) i r_?dL:jc't_lon(lA))
Apartment raditiona Villa |Apartment raditiona Villa
house house
Riyadh, 28.4 31.9 208 | 462 46.8 37.7
Al-Riyadh
Hot-dry Madinah
Al-Madinah 30.4 33.6 23.1 47.7 48.1 40.2
Jazan, Jazan 34.3 38.0 25.7 51.2 52.4 42.3
. Jeddah,Makkah 31.3 34.7 22.3 49.9 50.6 39.7
Hot-humid Dammam
' 27.1 30.2 19.5 45.0 45.0 36.0
Eastern
Skaka, Al-Jouf 25.0 28.8 18.0 48.1 49.0 39.9
Hail, Hail 26.2 29.6 17.7 47.6 47.9 36.1
Arar, Northern 255 29.0 17.4 47.0 47.0 36.4
Boorder
Cold-dry Buraydah, 272 30.7 189 | 465 47.1 36.5
Al-Qaseem
Hafr Al-Batin, 24.6 29.1 19.4 42.4 44.5 37.1
Eastern
Tabuk, Tabuk 27.6 31.3 18.2 51.0 51.5 38.3
Abha, Asir 15.2 22.3 11.1 37.0 457 28.9
Al-Adig, 19.8 25.7 142 | 390 46.6 317
. Al-Bahah
Mountainous Al-Maiaridah
Asir : ' 25.5 29.7 18.1 43.4 46.1 34.6
Najran, Najran 27.2 31.0 18.9 45.7 47.2 35.5
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2.6. Summary and conclusions

In 2011, residential buildings in Saudi consumed approximately 50% of the country’s total
electricity. So, the study described in this paper was undertaken to gain a better understanding of
residential energy use in Saudi Arabia and the influence of various building and system energy
efficiency measures. The base design residential models were carefully constructed and
compared to eight building envelope/system configurations. As a result of the study, the
following conclusions were drawn:

1. A high potential savings were predicted in Saudi residence buildings. This illustrates that
the current residence building envelops are poorly designed to minimize energy use.

2. The majority of annual energy and cooling reduction was identified to be in housing units
located in hot-and-humid and hot-and dry climate zones. A focus toward improvement in
these two areas would yield the greatest energy efficiency impact.

3. GIS representation showed that more that 85% of the current Saudi residence buildings
are located in very harsh climates.

4. Reducing heat gain by adding thermal insulation and use of high efficient air
conditioning units have the greatest potential on annual energy (94%) and cooling
reduction (96%) compared to the rest of building configurations.

5. Spatial data for residence buildings in all Saudi cities was produced and available for

future studies.
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3. Survey of Sky Effective Temperature Models Applicable to Building Envelope Radiant
Heat Transfer

Algarni, S., Nutter, D., 2015. Survey of Sky Effective Temperature Models Applicable to
Building Radiant Heat Transfer., ASHRAE Transactions, vol. 121, part 2-in press.

3.1. Abstract

Radiative sky cooling is a result of heat loss by long wave emission towards the sky. For the
use in heat transfer applications and calculations, researchers have studied and proposed different
sky effective temperature models and correlations since the early 1900s. One such use is for
calculating a building’s cooling loads, where the sky long wave exchange is an effective building
energy balance element. Several factors influence the effective sky temperature, including
location, ambient temperature, dew point temperature, and cloud cover. As a result, knowledge
of current sky temperature models is important to better understand and characterize building
heat transfer interactions; i.e. sky long wave radiative exchange. Therefore, the objective of the
work described in this paper is to provide a comprehensive survey of existing sky temperature
models from the available literature. The role of sky radiative exchange within building energy
calculation is demonstrated. Moreover, the models are categorized by data input requirements
and wide-ranging results are shown under various climate conditions. Finally, for selected

models, a comparison of hourly sky radiation exchange from a horizontal surface is provided.

3.2. Introduction

During summertime conditions, heat gain through a building’s exterior surface includes
various forms of absorbed incident solar radiation, long wavelength radiation exchange, and

absorbed heat via convection. For many years, the conventional method to account for these
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Similar to the Berdahl and Martin model, the following general model is proposed to account

for dusty sky conditions:

TSky = (gsky—clear + gdust (1 - 8Sky—clear)AO D) 025 X Ta (10)

mb

In the new dusty sky model, the dusty sky emissivity is assumed to be 0.8 due to dust high
emissivity (Maghrabi et al. 2011). Generally, Aerosol Optical Depth (AOD) varies between 0
corresponds to an extremely clean sky and 1 for very dusty sky. The dusty sky model
approximated the measured Saudi sky temperatures for AOD of 0.4, 0.7, and 0.9 for blowing
dust, dust storm, and severe dust storm respectively as shown in Figure 4.5

AOD worldwide hourly- monthly ground-based measurements are available at AERONET
web site (http://aeronet.gsfc.nasa.gov/new_web/data.html). The AERONET data are cloud
cleared; therefore, the dusty sky model is recommended for annual building simulation models
for dusty and non-cloudy climates. Figure 4.6 shows NASA map of world average AOD from
June 2000 through May 2010, (http://earthobservatory.nasa.gov/Features/Aerosols/). It shows
West Africa, the Middle East, India, and China share a big portion of desert dust and smoke

concentration.
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Figure 4.5 Comparison of hourly variations between measured (Meas.) and predicted (Pred.) dust
sky temperatures
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Figure 4.6 NASA world AOD distribution where dark red indicates sky high aerosol
concentration and light beige represents a clean sky
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For this study, the recommended sky temperature models with their sky factors for Riyadh,
Saudi Arabia are summarized in Table 4.5. These models can be used for sites which have

similar sky and climatic conditions.

Table 4.5 Recommended sky temperature models for Riyadh, Saudi Arabia

Sky condition Model Sky Factor/AOD
Clear Aubinet (1994)- Equation 7 0

Overcast . 0.1
Cloudy Partly Berdahl Ie;nd I\t/_lartlg (1984)- 0.2
Scatter quation 0.4
Blowing dust 0.4
Dust Dust storm Dusty sky model-Equation 10 0.7
Severe storm 0.9

4.7. Results and Discussion

The results of heat transfer through the non-insulated and insulated roofs are presented. In
both cases, clear sky conditions are assumed. Then the sky long wave radiation exchange is
presented for clear, cloudy and dusty Saudi sky conditions and four other extreme hot-dry global
sites including Alice Springs, Australia; Jaisalmer, India; Khartoum, Sudan; and Phoenix, AZ,

United States.

4.7.1. Non-insulated roof heat transfer components
Figure 4.7 shows the inner and outer temperature distribution of a non-insulated roof along
with the ambient temperature of July. Results were considered after several cycles to represent

the steady periodic situation over a complete cycle. In addition, the inside room temperature was
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set as 25°C. Results showed fluctuations in the inside roof surface temperature due to the
ambient temperatures and absorbed solar radiation variations. It should be noted that the outer
roof surface temperatures are higher after midday due to the solar radiation peak and below the

ambient temperature in night and morning hours because of night sky cooling.
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Figure 4.7 Non-insulated roof temperature distributions during a day of July Riyadh, Saudi
Arabia

Typically, during daylight hours, the solar absorbed (gsolar) is the dominant heat gain onto the
surface. On the other hand, the sky long wave radiation (gsky) contributes as a cooling source for
buildings as long as the effective sky temperature is lower than the ambient air temperature. The
outside roof convection (gconv) heat transfer is the result of the difference between the outside

roof and ambient temperature difference. Similarly, the combined internal convection and
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radiation heat transfer (q;) is the result of the difference between the inside roof and room design
temperature difference.

As shown in Figure 4.8, gsky represents a major heat loss factor (i.e. off-setting heat gains);
greatest at midday, which helps reduce the total heat gain over the course of the day. In general,
Qsky help to reduce heat all day long and shows clearly at night in the absence of solar radiation.
In addition, qconv lOSSeES are negative whenever the outside roof temperature is higher than the
ambient air temperature. Finally, the total net heat transfer (gnet) IS positive during daytime and

negative at nights because of the sky night cooling effect. The total daily gnet sShould be equal to

the ;.
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Figure 4.8 Non-insulated roof heat transfer components variations during a typical summer day
of July Riyadh, Saudi Arabia
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4.7.2. Insulated roof heat transfer components

The insulated roof represents a typical residential roof with an inner single insulation layer.
Figure 4.9 shows the variation of inner and outer roof surface temperatures with the ambient
temperature during the 21% of July. The insulation improves roof thermal behavior compared to
non-insulated results; the inner surface fluctuations are reduced and as a result, better thermal
comfort and a lower amount of cooling is required. The inner roof temperature is closer to the

setting temperature during the early hours of the day and higher in the late afternoon.
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Figure 4.9 Insulated roof temperature distributions during a day of July Riyadh, Saudi Arabia

Figure 4.10 shows similar profiles for roof heat components as shown in the case of the non-
insulated roof. However, the combined internal heat transfer rate is reduced because the inner
surface fluctuations are less. As a result, the total net heat transfer is lower compared to the non-

insulated roof case. Insulation helps reducing surface temperature fluctuations by around 2°C
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during peak hours and 57% less inside surface combined heat transfer rate or "required cooling

load".
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Figure 4.10 Insulated roof heat transfer components variations during a typical summer day of
July Riyadh, Saudi Arabia

4.7.3. Sky long wave radiative exchange

The sky long wave radiative exchange varies with effective sky temperature and the roof’s
exterior surface temperature. A daily absorbed solar radiation of 3322.51 W-hr/m? and 2028.67
W-hr/m? were estimated in July and January respectively. The steady 24 hour exterior surface
temperature distribution of the non-insulated roof for July and January was selected. Then the
sky radiative exchange using the mean, minimum and maximum effective sky temperature

models are calculated for the seven sky conditions and results are shown in Figure 4.11.
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Results show that clear sky and severe storm dusty sky conditions are the two most extreme
cases. In clear sky conditions (Figure 4.11a), the sky cooling exchange is the most beneficial for
building in all sky models for both July and January. A daily mean clear sky cooling around
2645 W-hr/m? and 2385 W-hr/m? is estimated in July and January respectively. On the other
hand, sky cooling diminishes during severe storm conditions where the sky releases heat to the
building. Generally the sky long wave radiation contributes to a cooling exchange with
buildings under all sky conditions except severe storm dusty sky. The estimated cooling
exchange can be in a mean range between 436 W-hr/m?, in dust storm conditions, and 1636 W-
hr/m?, in scattered cloudy sky conditions. Furthermore, a similar daily profile of sky long wave
exchange for July and January can be observed. However, in case of using the maximum sky
temperature model, better sky long exchange is always expected for January. Finally, the sky
radiative exchange is estimated for four other extreme hot-dry global sites. The ASHRAE 2013
clear sky model and the sky temperature models (as recommended in Table 4.5) were
implemented to evaluate the impact of different sky conditions. The ASHRAE IWEC2 weather
data was used to estimate Alice Spring sky factors. Similarly, National Weather Service Forecast
Office was used to estimate phoenix sky factors. Khartoum and Jaisalmer sky’s factors were
equaled to Saudi sky factors due to the lack of their sky data and their similar sky conditions.

As shown in Table 4.6, very similar results were found compared to the Saudi Sky impact with a
maximum variation of + 4% as in Khartoum site. Under all sites conditions, sky radiative
exchange generally participates in reducing roof exterior surface temperatures, resulting in

lowering heat transfer into buildings.
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Figure 4.11 Daily heating and cooling sky long wave radiative exchange over a horizontal
surface using the mean, minimum, and maximum effective sky temperatures under: (a) clear sky,
(b) scattered cloudy sky, (c) partly cloudy sky, (d) overcast cloudy sky, (e) blowing dusty sky, (f)
storm dusty sky, and (g) severe storm dusty sky. Not shown is a daily absorbed solar radiation of

3322.51 W-hr/m? and 2028.67 W-hr/m? were estimated in July and January of Riyadh, Saudi
Arabia respectivel
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Table 4.6 Daily mean sky long wave radiative exchange over a horizontal surface in extreme hot-dry global sites

Alice Springs, . . Phoenix, AZ, Riyadh, Saudi
Australia** Jaisalmer, India | Khartoum, Sudan United States** Arabia
Sky Condition Daily sky-roof long wave exchange load, (W-hr/m?)
Summer | Winter | Summer | Winter | Summer | Winter | Summer | Winter | Summer | Winter
Clear -2595 -2328 -2618 -2344 -2725 -2481 -2592 -2326 -2645 -2385
Scatter -1599 -1570 -1620 -1579 -1685 -1671 -1610 -1575 -1636 -1607
Cloudy Partly -1260 -1301 -1271 -1310 -1323 -1387 -1265 -1307 -1285 -1334
Overcast -863 -994 -871 -1001 -906 -1059 -859 -987 -880 -1018
Blg\lj\gtng -1002 -1098 -1012 -1110 -1052 -1174 -998 -1095 -1022 -1129
Dust Dust storm - - -431 -659 -448 -697 - - -435 -671
Severe
- - 615 158 640 167 - - 621 160
storm

*A0D of 0.2 was used for the blowing dust case

*Sky factors of 0.2, 0.4, and 0.5 were used for the cloudy sky conditions (source: http://www.nws.noaa.gov/)
*Sky factors of 0.2, 0.3, and 0.4 were used for the cloudy sky conditions (source: ASHRAE IWEC2 weather data)



http://www.nws.noaa.gov/
http://www.nws.noaa.gov/

4.8. Summary and Recommendations

4.8.1. Summary

The effect of sky radiative cooling on building roofs was investigated in this study. The study
was performed by considering the following three steps. First, the newly ASHRAE 2013 clear
sky model was implemented for better estimation of solar radiation during daytime. Second, the
measured sky temperatures were compared with sky models in literature and then appropriate
sky temperature models selected and dusty sky model proposed. Third, as a result of the previous
steps, the one-dimensional transient model was developed to investigate the effect of sky
radiative exchange on building roofs. Two kinds of horizontal roofs were considered in the study
under the extreme hot-dry climate of Riyadh, Saudi Arabia.

Based on the local extensive measurements of Saudi sky, clear sky temperatures were
predicted by using the Aubinet (1994) model. It was found that the Berdahl and Martin (1984)
model agreed with the measured scattered, partly, and overcast cloudy sky temperatures using
fraction factor of 0.1, 0.2, and 0.4 respectively. Furthermore, the dusty sky model agreed with the
measured blowing dust, dust storm, and severe storm dusty sky temperatures with AOD of 0.4,
0.7, and 0.9 respectively. In the numerical model results, sky long wave radiation generally
contributes in reducing the total roof heat gain. Finally, the effects of sky long wave radiation on
a horizontal surface were shown, including sky radiative exchange under all Saudi skies

conditions over a 24 hour period for winter and summer and similar extreme hot-dry global sites.
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4.8.2. Recommendations

This work has shown that sky long wave radiative exchange is generally a benefit for
building cooling loads; therefore, the effective sky temperatures should be carefully predicted
and included in building load calculations. For all Saudi skies and similar hot and dry climate
site conditions ( i.e., Alice Springs, Australia; Jaisalmer, India; Khartoum, Sudan; and Phoenix,
AZ, United States.), the presented sky models should be used instead of approximation. In a
dusty climate, using hourly-monthly AOD as a dusty cover in annual simulation is also
recommended. Careful consideration for calculating horizontal and non-horizontal surfaces
incident solar radiation is required. ASHRAE 2013 clear sky model shows better results and
accuracy than the previous ASHRAE clear sky models. Therefore, ASHRAE 2013 clear sky
model is recommended for solar radiation calculations. Future research efforts should include the
effect of dust and aging with time on the roof solar properties. Finally, improving current

residential roof insulation helps in reducing cooling load and improves thermal comfort.
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Appendix 2: Nomenclature of Chapter 4

AOD = Aerosol optical depth

ap = beam air mass exponents

ad = diffuse air mass exponents

C1,.N = roof layers thermal capacities, (J/kgK)
Es = beam normal irradiance, (W/m?)

Eq = diffuse horizontal irradiance, (W/m?)
Eo = solar constant, (W/m?)

Fss = view factor with respect to sky

fetoud = cloud sky fraction

Kt = clearness index

Ki..N = roof layers thermal conductivities, (W/mK)
Li N = roof layers thickness, (m)

m = air mass

N = roof multiple layers

Py = vapor pressure, (millibars)

Qconv = outside roof heat convection, (W/m?)
Qi = combined internal heat transfer, (W/m?)
Qlsky = sky long wave radiation, (W/m?)

Osolar = absorbed solar radiation, (W/m?)

Tamb = ambient air temperature, (°C)

Tap = dew point temperature, (K)

Tsky = effective sky temperature , (°C)

Tx=L = exterior surface temperature , (°C)
Greek

To = beam pseudo-optical depth

Td = diffuse pseudo-optical depth

PL..N = roof layers densities, (kg/m?)

€ = exterior surface emissivity

Ecloud = cloudy sky emissivity

Edust = dusty sky emissivity

Esky = sky emissivity

Esky-clear = clear sky emissivity

B = solar altitude angle

o = Stefan-Boltzmann constant, (W /m?K*)
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5. Influence of Dust Accumulation on Building Roof Thermal Performance and Radiant
Heat Gain in Hot-Dry Climates

Algarni, S., Nutter, D., 2015. Influence of Dust Accumulation on Building Roof Thermal
Performance and Heat Gain, Energy and Buildings-in press.
5.1. Abstract

This paper presents an effort to estimate the impact of dust accumulation on exterior building
roof absorptivity and total radiative heat gain. A new model is introduced to calculate a building
solar absorptivity as a function of dust accumulation rate. Hourly dust deposition is modeled
using the Non-hydrostatic Multi-scale Model (NMMB) to predict monthly averaged dust
accumulation over time. The correlation sensitivities to its input parameters and the impact of
dust accumulation on building annual loads are also studied. Results show that dust accumulation
increases the roof solar absorptivity from its initial value up to dust absorptivity based on the site
climatic condition and roof characteristics. The predicted monthly averaged accumulated dust for
all studied sites varies between 1.3 and 73.8 g/m?/month. The new model has resulted in an
annual cooling space increase of 44.7 to 181.1 kWh/m?/year, for the selected hot-dry sites with
moderate to extreme dust storm conditions. Heating reductions were found to be 0.5-13.1
kwWh/m?2/year which are not significant in comparison to the increase in annual cooling load. The
results of this work were attempted to improve the predictive capability of current building

simulation models.

5.2. Introduction
In buildings, roofs are exposed to a big portion of incident solar radiation, which affects the

required cooling load by increasing the roof surface temperature. A roof’s exterior surface is, in
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fact, exposed to several environmental factors specific to the local climate such as dust, rain,
sunlight, snow, and wind, all of which contribute to variations in the roof’s thermal properties.

Several studies and field test measurements have been conducted to investigate changes in
roof thermal properties due to weathering factors and dirt over a large time interval. For
example, Berdahl et al. [1] provided an overview of weathering factors that influence roof solar
absorptivity of different roof material. The study also explained that roof weathering can increase
the solar absorptivity value except in the case of very low-reflective roof materials. Suehrcke et
al. [2] investigated the effect of weathering on building solar absorptance over a long period of
time. After eight years, weathered white paint with a low initial absorptivity of 0.2 demonstrated
an increase of 15%. The Cool Roof Rating Council (CRRC) [3] published a set of extensive roof
solar absorptivity and emissivity data in Arizona, Florida, and Ohio in the US. Sleiman et al. [4]
analyzed around 1357 CRRC roof samples and found that the mean solar reflectance loss was -6
% to 17% of product type after three years of natural exposure. Weather and age effect are the
driving factors in the study. However, these analyses may be refined since CRRC recently
released over 2480 samples of roof products [3]. Similarly, the California Energy Commission
estimated a reduction in solar reflectance to be 0% to 30% for a typical white membrane and
white applied coating within the first three years [5].

Several studies have concluded that improving roof thermal performance results in a major
reduction in building energy consumption. For example, high reflective roof (cool roof) has been
widely introduced to improve roof thermal performance by reducing cooling energy demand [6-
9]. Field tests in Florida and California showed that a 15% and 50% reduction of cooling load
can be reached using high reflective building roof coatings [10]. Although installing cool roof

has been recommended to reduce heat gain and to improve thermal comfort [11-14], dust
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accumulation on building roof may diminishes the benefit of cool roof systems in hot-dry dusty
climates.

Dust accumulation on a building roof is a common environmental factor that widely impacts
roof thermal performance in hot-dry climates. Within the United States, the high plains area has
moderate aerosol (dust) concentration levels. Deserts in North Africa, the Middle East and Asia
are the main sources of such storms, and North African and Middle Eastern deserts are
considered the two biggest natural dust sources, 50% and 25% respectively [15]. Consequently,
dust accumulation on a building’s roof can be expected to occur in and around these extremely
hot and dry locations.

Dust flux has been measured and modeled for different applications such as human health
impact, air quality, soil formation, and transportation visibility. Several experimental studies
have measured dust deposition rates as an average over fairly short time periods in areas such as
North Africa, America, the Middle East, and Asia [16-23]. Additionally, dust atmospheric
models have been designed to predict dust emission, concentration and deposition [24-26]. Dust
accumulation can be then be calculated as the sum of hourly dust deposition over a selected time
period.

Because dust has a relatively high absorptivity, accumulated dust on a roof’s surface will
increase the overall roof absorptivity, resulting in higher absorbed solar radiation into the
building. As a result, the absorbed solar radiation increases the demand for air conditioning,
which may further increase greenhouse gas emissions. Moreover, in hot and dry climates in
particular, where air conditioning usage is extremely high, dusty roofs lead to very high peak
energy consumption, creating a need for more power plants. It would seem that ultimately,

accumulated dust on rooftops in fact renders cool roofs inefficient. To the authors’ best
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knowledge, the impact of dust accumulation is generally overlooked, whereas estimating it
would significantly improve roof thermal performance.

The purpose of this study is to provide a physical understanding of the impact of
accumulated dust specifically on horizontal building roof thermal performance. Also, the study is
attempted to improve the capability of existing building energy simulation models for an
accurate estimation of the building’s’ required cooling load, especially in hot-dry dusty climates.

In this paper, the influence of dust accumulation on the absorptivity of a horizontal surface
(e.g., a building roof) and heat gain are studied. A correlation between roof solar absorptivity
and dust accumulation is introduced. In addition, dust deposition is modeled to predict the
monthly and annual dust accumulation on a building roof using a more accurate calculated solar
absorptivity. Finally, the study covers parameter sensitivity and overall impact of roof dust

accumulation with annual building loads.

5.3. Heat transfer mechanisms within dust particles and settling roof surface

A horizontal surface (roof) with settling idealized dust particles is shown in Figure 5.1. Roof
surface to dust particles heat transfer mechanisms can be defined as Packed Beds heat transfer
and summarized as follows: (1) conduction heat transfer between dust particle to another particle
and dust particle to roof surface, (2) convection heat transfer between ambient air, roof surface,
and dust particle, and (3) radiation heat transfer between dust particle to another particle, and

particle to roof surface.
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Figure 5.1 (a) Roof top view settling dust particles and (b) heat transfer modes within dusty
surface-side view including: (1) conduction, (2) convection, and (3) radiation heat transfer

However, combined conduction and radiation heat transfer from particle to particle and
particle to surface can be ignored due to dust particle and roof surface thermal equilibrium [27,
28]. In addition, because the dust particles are tiny compared to roof surface, particles can be
considered as planes. That is, view factors between particles as well as between particles and
roof surface are approximated as zeros; hence, radiant heat transfer does not take place. As a
result, for building energy calculation, accumulated dust over a building roof can be
approximated as a coating layer. Due to its high absorptivity, accumulated dust strongly affects
total roof surface solar absorptivity, A. As shown in Figure 5.2, a fully dusty roof (A=0.8) is
subjected to double the amount of absorbed solar radiation as compared to a non-dusty concrete

roof (A=0.4).
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Figure 5.2 Variation of absorbed solar radiation under two roof conditions; (a) clean roof and (b)
dusty roof

5.4. Role of solar absorptivity and thermal emissivity in building heat gain

Roof solar absorptivity is a key factor in determining exterior roof surface temperature.
Generally, lower solar absorptivity maintains a lower roof surface temperature and vice versa.
An energy balance on a building’s horizontal roof under steady state conditions can be written

as:

Al solar — hout (TS _Ta) +Feao (T84 _Tsiy) + hin (Tin _Tset) (1)

Equation (1) shows solar absorptivity, thermal emissivity, and other environmental factors
affecting the roof’s outside surface temperature. In general, low solar roof absorptivity and high
thermal emissivity (cool roof) are usually recommended to reduce roof surface temperature,

thereby reducing the cooling load.
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Usually a roof has high thermal emissivity (about 0.9 for most nonmetal materials), which
offsets the dust impact. In the very different case of materials with low emissivity, such as
aluminum coating and unpainted metal, the dust actually serves to increase roof emissivity, thus
lowering roof surface temperature. However, on the other hand, due to its high absorptivity, the
net effect of accumulated dust is an increase in total roof absorptivity, resulting in a greater total
expected absorbed solar radiation into the building. And although a high solar absorptivity
slightly reduces winter heating load, in hot and dry climates, any such benefit is greatly
outweighed by an overall greater increase in annual cooling load. Despite their critical
significance, transient solar absorptivity and thermal emissivity are often not included building
energy calculations. To conclude, solar absorptivity and thermal emissivity are both key

parameters that affect the roof surface temperature, and each is influenced by accumulated dust.

5.5. Mathematical model of roof solar absorptivity in dusty conditions
The literature indicates a linear relationship between roof solar absorptivity and the weather-

age effect as a function of exposure time, and can be written as:

A =2 + ﬂ(ﬂ’dust - ﬂ“new—roof) (2)

new-roof

Based on more than three years of field experiments, [} was approximated as constant values
such as 0.3 by California Energy Commission [5] and 0.17 as proposed by Sleiman et al. [4]. In
dusty climates, a roof is exposed to dust deposition which affects total roof solar absorptivity.
Therefore, total roof solar absorptivity may be written as a function of dust accumulation f(M) as

follows:
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A= ﬂ“new,mof + AdUSt (/Idust - ﬂ“new—roof) (3)
Aroof

or

A=4 + f (M )(ﬂ“dust _ﬂ“new—roof) (4)

new—roof

The accumulated dust particles, including sand, clay and other particles, are analyzed by
considering several assumptions. Homogenous dust particle distribution as well as a spherical
dust particle with a fixed mean diameter and density is assumed. And the rate of dust deposition
on a building’s horizontal rooftop and at ground level are assumed to be identical. In addition, a
gray, diffuse, and opaque roof surface is assumed. Therefore, settled dust particles per unit area
that may cover a roof area of Nzr?.

In an analysis similar to Al-Hasan’s [29] dusty photovoltaic panel, accumulated dust mass
flux on a roof is defined as the product of total number of dust particles, a dust particle’s volume,

and dust density. The total number of dust particles can be calculated as:

NoM oM ©)

:V xp. (3
» > P (4m’ijpp

As a result, a ratio of unit area covered by dust (A) is defined as:

1.5M
Ppxdy

(6)
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Clearly, it is improbable that a single layer of equally distributed and non-overlapping dust
particles would completely cover an entire roof area, since small gaps between settling dust
particles usually exist. For example, dust particle arrangement in square and hexagon packing

covers 78% and 91% of the underlying area, respectively [30] as shown in Figure 5.3.

Figure 5.3 Square and hexagon particles packing

Therefore, equation (6) may be written as a function of a packing factor (f) as follows:

1.5M
ppxd,

A=

f (")

Finally, by substituting equation (7) in equation (4), the roof solar absorptivity can be

expressed as a function of dust accumulation, dust size, density, and packing factor as follows:

1.5M

new-roof pp X d

A=A f (ﬂ“dust new—roof) (8)
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