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Abstract: Energy-efficient retrofitting of building envelopes is necessary to reduce global carbon
emissions and to reach net-zero goals. Cooling energy demand-dominated countries in the GCC
region require simple and effective strategies to reduce building sector energy loads. One such
approach is using high solar reflective index (SRI) paints to retrofit building roofs and walls. However,
the hot and desert conditions of the region pose a barrier to maintaining consistent radiative properties
throughout their life cycle. To this extent, research is limited in the region. The novelty of this work is
to qualitatively assess the aging characteristics of high SRI or cool paints and estimate the energy
savings for their application in residential buildings. The work encompasses comprehensive lab, pilot,
and real-scale experimental studies combined with theoretical modeling for dynamic evaluation.
Dynamic simulations enabled to determine the time-dependent aging effect on the energy savings
performance of the building retrofitted with cool roof and wall paints. A case study on a townhouse in
UAE showed annual energy savings of 34% considering cool roofs, walls, and window films. Aging
studies showed SRI reduction of 36% and 25%, respectively, for cool roofs and walls during the first
3 years. The corresponding energy-saving reductions ranged from 31 to 44% for the white roof to dark
wall colors. Using the initial values of SRI in energy models overestimates saving by 10% per year.
Considering the aging effects, this work provides insights into cool paint retrofit potential on energy,
economic savings, and CO, reductions for four major cities in the GCC region.

Keywords: solar reflective index; SRI; cool roof; cool walls; solar absorptance; cool reflective paints;
thermal emittance; aging; natural weathering; energy savings; CO, emission reduction; GCC

1. Introduction

The Paris Climate Conference in 2015 (COP21) led to an international climate agree-
ment to keep global warming at 1.5-2 °C [1]. This necessitated the use of sustainable
practices across the traditional fossil fuel-consuming sectors such as power generation,
transportation, buildings, and manufacturing. The International Energy Agency’s (IEA)
special report on net-zero emissions by 2050 emphasizes strengthening and implementing
various nations’ energy efficiency and climate policies. Particular attention should be
directed toward the buildings sector, which is responsible for one-third of global CO,
emissions [2]. In the past two decades, vast measures and strict implementation of building
energy codes and regulations in large economies such as the United States of America
(USA), United Kingdom (UK), the European Union (EU), China, and India enabled a re-
duction in building energy usage and corresponding CO, emissions. However, during
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this period, Middle East nations experienced two-fold growth in building energy usage
in commercial and residential buildings [3]. In fact, in 2019, the Middle East stood top
as the highest per-capita consumer of electrical energy in buildings among non-OCED
counties, leading the countries in the region to be the highest contributor to CO, emission
per capita [4]. One of the region’s most significant contributors to energy consumption in
buildings is air-conditioning (AC) systems. In Abu-Dhabi, United Arab Emirates (UAE),
the energy consumed by buildings is 80% of the total electricity consumption, and 70%
of this energy is used for air conditioning [5]. Similar cooling energy consumptions be-
tween 60-70% are reported for other countries in the Gulf co-operative council (GCC), e.g.,
Bahrain, Qatar, Saudi Arabia, and Kuwait [6-9].

1.1. Building Energy Regulations in GCC Related to Mitigation of Urban Heat Island Effect

Many GCC nations are currently adapting building energy codes or regulations to
benchmark and set requirements for various building design elements enabling cooling
demand reduction [10]. One of the regulations is to mitigate the urban heat island (UHI)
effect, as studies show that buildings’ cooling loads can increase up to 50% due to UHI
alone [11]. UHI is envisaged as a future challenge for hot climatic conditions accompanied
by increased cooling energy demand in the megacities of the GCC [12]. Therefore, building
codes stipulated mandatory regulations against the UHI through adopting various retrofit
strategies such as using solar reflective materials, improved shading and ambient cooling
through urban vegetation, and use of high albedo surfaces. In addition to mitigating the
UHI effect, these strategies can reduce building cooling loads [13]. Table 1 lists clauses
and requirements stipulated by various building energy codes and regulations in the
GCC region related to UHI and relevant requirements for high solar reflective index (SRI)
materials applied for building envelopes [14-21].

Table 1. Regulations or guidelines related to the use of high SRI materials for buildings.

Country

Building Energy Efficiency Regulation or Code

Requirement

Bahrain [14]

Bahrain Energy Conservation Code—Thermal
Insulation Requirements (1999), Clause 3.4:

Cool roof solar reflectance > 0.65 and the thermal
emittance > 0.75.

Kuwait [15]

Energy Conservation Code of Practice
No. R-6 (2014)

Not specified

United Arab Emirates
(UAE) [16-19]

Estidama Pearl Building/Villa Rating System
(PBRS/PVRS) “RE-2: Cool Building Strategies”

Roofs — SRI > 78

Abu Dhabi International Energy Conservation
Code (AD IECC)

SRI > 64 (3-year aged) OR

Solar Reflectance > 0.55 AND

Thermal Emittance > 0.75 Equivalent SRI = 60
(3-year aged)

Dubai Green Building Regulations 304.01 Urban
Heat Island Effect “High SRI Roof”

Steep-sloped (>1:6): SRI > 29
Flat or low-sloped (<1:6): SRI > 78 For 75% of
roof area

Ras Al Khaimah—Barjeel, Green Building
Regulations (2018), 405.02 Urban Heat Island
Effect Reduction

Use light-colored roof materials with a high SRI.

- White color materials (SRI~90)
- Beige color materials (SRI~80)
- Light yellow or light grey materials (SRI~75)

Saudi Arabia [20]

Saudi Energy Efficiency
Building Code (2007)

Minimum Solar Reflectance Index of 64 for roof

Qatar [21]

Global Building Assessment System (GSAS)
Design and build Guidelines manual, 2019
[S.7] Heat island effect

Consider materials with high solar reflectance (SR)
Install roofs with high-albedo values
Use building materials that are light in color

As shown in Table 1, the mandatory use of opaque external roofing surfaces complying
with a minimum roof Solar Reflective Index (SRI) value is one of the retrofit strategies
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mentioned as being implemented in GCC countries. High Solar Reflective Index (SRI)
materials, also called “cool” materials, are used to reduce the solar heat gain on building
roofs and other surfaces [22]. It is a very cost-effective method that could help reduce
the urban heat island effect, thereby improving outdoor thermal comfort [23]. As per the
requirements in Table 1, the materials with an initial SRI value of 78 or greater for flat
and low-slope roofs and 29 or greater for steep-sloped roof surfaces must be used for
the opaque buildings. Cool roof applications in different weather conditions and various
building typologies have been proven to reduce cooling loads and improve urban air
temperature [24]. For example, a study on multiple commercial building roofs in California,
USA, with a 45% increase in solar reflectance enabled a reduction of the peak surface
temperatures by 33—42 °C, which in turn reduced 52, 18, and 4% of cooling energy in a
department store building, a school building, and cold storage facility, respectively [25].

1.2. Energy Savings Using High Solar Reflective Index Materials for Retrofitting

For many parts of the GCC having hot and arid climatic conditions, the accrued
benefits in energy savings using high-SRI materials are even higher [26]. An experimental
study in Bahrain assessed the performance of five real roofs, including lightweight con-
crete, roofing felt, metal sheets, and ceramic tiles. The results show that materials with
low thermal mass and high SRI paint material on the surface can reflect large amounts of
solar irradiation [26]. For typical roofing of buildings in Saudi Arabia, researchers showed
that the replacement of black roofs with cool roofs resulted in annual energy savings of
25% and 34% of total energy loads without and with weekly cleaning, respectively [27].
Likewise, cool walls are another well-known retrofit strategy demonstrated in several
climatic conditions with a significant energy savings impact than cool roofs [28]. A simula-
tion study on retrofitting a villa in Abu Dhabi, United Arab Emirates (UAE) showed that
combined annual energy savings of 14,785 kW could be obtained using cool roofs (31%)
and cool walls (69%) in comparison with a reference villa [28]. However, applying cool
walls in buildings is not common in the GCC region, and to that extent, even cool roof
applications are not well assessed and adopted in the region due to certain limitations,
especially the aging effect on radiative properties.

1.3. Ageing or Long-Term Exposure Effect on High SRI Materials

Although the cool roofs and cool walls retrofitting strategy has shown potential
cooling load reduction, their long-term performance in terms of consistent energy savings
would be challenging due to the harsh climatic conditions in the GCC region. Several
studies reveal that the decrease in solar reflectance of roof coatings is a more dynamic
and essential factor in evaluating the long-term energy and cost savings potential [29].
A dynamic simulation study on aged and restored cool roofs in Tunisia showed a payback
period of 3.4 years and net savings of up to 44.53 Tunisian dirhams/m? [30]. Moreover,
the energy efficiency benefits achieved by retrofitting roofs and walls with cool or high
SRI paints can be framed into the sustainable decarbonization process. For example, the
high-scale implementation of cool roofs for residential buildings in Andalusia, Spain, could
potentially avoid 136,000 metric tons of CO, emissions every year from the production of
electricity [31].

To the best of our knowledge, a gap in the literature exists in the GCC region regarding
studies on dynamic assessment and long-term combined energy savings benefits of using
cool roofs and cool walls. Notably, the literature does not explore using location-specific
SRI value (accounting for both solar reflectance and thermal emittance) and its degradation
over time. To this extent, this paper aims to evaluate the effect of aging on the energy
performance of both cool roofs and cool walls based on their SRI values experimentally
measured at a natural weathering site in UAE [32]. This requires a specific mathematical
simulation model incorporating solar reflectance and emittance values and aging patterns
to estimate the energy dynamics of the cool roof and cool walls separately and accurately
when their SRI values decrease due to the aging effect. As commercial building energy
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simulation packages do not incorporate this ability, a simple energy model is developed in
this work. The novelty of this paper is the dynamic evaluation and long-term assessment
(the first 3 years) of cooling energy savings using high SRI paints envisioned practically
and theoretically for the region. This paper provides a comprehensive numerical study
for the simulation of the energy performance of cool roofs and walls when used to retrofit
residential buildings belonging to a housing community in UAE. Further, all the findings
reported in the study are validated with lab, pilot, and real-scale experimental work.
Experimental investigations are done to determine the aging of cool paints, to validate the
numerical model, and to ascertain the energy savings performance of cool roofs and walls
through retrofitting an actual residential townhouse building in a housing community
of Ras Al Khaimah (RAK), UAE. We considered that the weather of RAK makes this
city a good choice representing the GCC to analyze the potential advantages of using
high SRI cool roofs and walls in achieving considerable energy and economic savings.
Given that the residential housing stock must be energy renovated in order to minimize
energy consumption and to achieve indoor comfort conditions, which is especially crucial
for housing communities in GCC region, this work attempts to clarify the relevance of
adopting cool roofing as an effective method in various GCC counties. The findings of the
numerical and experimental study are extended to other geographic scenarios in the GCC
region having similar weather conditions to those existing in UAE.

2. Methodology

This study explored the cool roof and cool walls retrofit strategy for a typical town-
house building in the UAE. Experimental lab tests on cool paints, model development, pilot
and real-scale building tests for validation, dynamic simulation, and parametric evaluation
were carried out in the study. Figure 1 shows the flow chart of the methodology followed
in this study organized within five main steps as the scope of the work.

Weather File and Fuel Price

Weather — Experimental case: 1-weather for selected GCC cities
1-on site measurement of 2-fuel prices in selected regions

Scope of work
1. Aging and Long term

SRI values evaluation for OUtd_‘"_’r temperature, relati.ve

cool roof and cool walls humlfilty, solar radiation, wind

2. (a) Theoretical model velocity 1. Aging and Long term SRI

development and (b) 2-evaluation of heat transfer evaluations:

validation through pilot coefficient and sky r.latural weathering of cool

testing temperature paints for roof and walls

3. Experimental ener 2-annual average reduction in

o P luati &y \ 4 SRl values

savings evajuation 2(b) Pilot scale testing;

retrofitting on a bicle pil

TOWNDOUSE Test.cu icle pilot L, 2(a)Model and simulation:

4. Primary Results: Stl:_dc;e: for model 1 1-modelling and simulation v

. . validation .

Energy savings analysis of all scena nos 5. Final results:

for wall and roof paints Retrofit stratagies: 2-model experimental

with varying SRI Cool roof. cool walls validation 1-heat flow and

. . ’ ’ . .

5. Final Results: Retrofit window films etc cooling energy savings

evaluation for different . evaluation of cool roof,

locations in GCC 3. Experimental Case Study: cool colored walls

(economics and 1-townhouse selection and 4. Primary results: applle.d on Townhouse

sustainability) information collection 1-energy savings of Iat various GCC
2-establishing a reference separate retrofit zocatlons .
case for comparative scenarios -pTratn)etrlc tand
assessment 2-annual energy evajuation, costan

savings dynamic co, emissions
analysis reduction

Figure 1. Methodology flow chart followed in this study.
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2.1. Natural Weathering and Long-Term SRI Values Evaluation

The major cool roof rating bodies, such as Energy Star, European Cool Roof Council
(ECRC), and the US Cool Roof Rating Council (CRRC), prefer natural weathering tests
for 3 years to determine the aging effects and long-term performance of the cool paints
or coatings. For such an extended period, the loss of the reflective properties of the cool
paints needs to be evaluated to adequately determine the energy savings pattern over
time [22]. Many factors could lead to the reduction in SRI values; e.g., the loss could
depend on the paint’s inherent characteristics and the substrate on which the paint is
applied (glass transition temperature, porosity, dust, and water retention capacity) [33].
The reduction in SRI is also influenced by external environmental agents such as dust,
rain, airborne contamination, moisture, and sun radiation [34]. The author’s previous
work on natural weathering of high SRI paints in UAE shows that the material’s SRI
values significantly dropped during the first year of exposure, and the overall reduction
is evaluated to be 15-35% throughout 3 years of exposure [22]. The variation could be
attributed to the changes in cool paint manufacturers’ formulations and weather factors
such as high temperature, UV radiation, low rainfall, and dust accumulation. Another
study in Athens, Greece, conducted on the weatherization of cool roofs of school buildings
showed a 25% reduction in solar reflectance after four years of exposure [35]. In [36],
information compiled through field surveys on unwashed reflective white roof coatings
shows that 98% of aging occurs within the first three years of installation, with first-year
solar reflectance losses of about 20-25% can be expected. The study concluded that the
loss in reflectivity could significantly impact the buildings’ energy efficiency. The energy
calculations should be based on at least one-year aged reflectivity values, typically 75-80%
of the initial values. Solar-reflectance changes of plus or minus 2% might have a negligible
effect on energy efficiency.

This paper aims to conduct a 3-year term energy savings assessment of cool roofs and
walls based on the loss in the SRI values (experimentally tested using the ASTM method)
each year of exposure [37]. Several white roofing and colored wall paints coated on fiber
cement substrate were tested for SRI loss in the natural weathering farm located in UAE
according to ASTM standards [38]. Figure 2 shows the picture of various samples exposed
to static weathering at the farm (highlighted with red box) and the equipment used for
measurements. Solar reflectance and thermal emittance were measured using a portable
Solar Spectrum Reflectometer, model SSR-ER, Version 6.4 [39] and Emissometer Model
AE1-RD1, respectively (Devices and Services Company, Dallas, TX, USA) [40].

|

(b)

Figure 2. (a) Triplicate samples of the roof and wall paints exposed at weathering farm on a 5o tilt rack
(red box) and (b) Equipment used for SRI evaluation, Solar reflectometer (top), emissometer (bottom).
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The measurements were carried out before exposure, with periodical measurements
every year. Using the solar reflectance and emittance of a test surface, SRI is calculated
using the following equation [37].

SRI = 123.97 — 141.35 x + 9.655 x> (1)

where
(a0 —0.029¢)(8.797 4 )

9.5205¢ + h,

@

« = total solar absorptance = 1 — solar reflectance and ¢ = thermal emittance
h. = convective heat transfer coefficient with values of 5, 12, 30 W/m?2K, corresponding to
low-, medium-, and high-wind conditions, respectively.

2.2. Mathematical Model Formulation

To establish a mathematical model, the equations describing the heat diffusion through
different layers of the roof and wall for the radiative heat transfer must be evaluated at each
time step [41]. Such evaluation is complex, and when cooling/heating loads are calculated,
and comparative assessment is involved, indoor conditions are assumed to be constant.
However, dynamics in outdoor climatic conditions need to be considered to determine
realistic cooling load estimation, especially when the annual, monthly, and daily variations
are of considerable magnitude [42].

In this study, for heat flux analysis, one-dimensional heat conduction through the roof
and walls was considered. The high SRI paint surface absorptivity (1 — solar reflectance)
correlated with the paint surface temperature using the sol-air model. It is notable that
resembling the effect of high SRI paints on the heat transfer from the exterior roof or walls,
Tsor-air Was used as the modified ambient temperature [43]. In this way, both the solar
absorptance «, and emissivity € of the surfaces were considered. These values are for
concrete, cement, or regular paint before applying the cool paint, and the values for high
SRI after the application are considered [44].

Further, in the hot climatic conditions of the UAE or GCC region, active heating
is not necessary, and the benefit from thermal insulation using high SRI cool roofs or
walls is obtained when the ambient temperature rises above the AC set point temperature.
Therefore, the heat flow during the cooling degree hours (CDH) was considered in this
study for determining the cooling energy saving. The total daily heat gain through a surface
can be obtained from Equation (3) by summing up the amount of heat flow in each CDH of
the day [43].

Qday = Ehi, nAn (T (L, t) — Tir]') ©)

in which Ay, is the surface area and T}, (L,t) is the surface temperature of the nth element
(including roof and walls) at the room side at time ¢. T}, is then determined by solving the
one-dimensional transient heat conduction expression [45],

oT, 9%T,
Pncp,nT: =K axzn 4)

where p is the density, C; is the heat capacity, and k is the thermal conductivity of the
elements. To solve Equation (4), boundary conditions are required for the external and
internal surfaces of the building.

oT

Ka(o, t) = ho (Tsolfair - TO(Or t) (5)

T
kSo(Lot) = b (T(L,H) =T, ©6)
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in which T, (0, t) represents outdoor temperature, T; represents building indoor tempera-
ture, Tso1qir represents the external surface temperature obtained as follows,

4 4
anEr o€y (To - Tsky)
hy hy

Tsol—uir,n =T+ (7)
where Ert is the radiation incident on the surface, a;, and ¢, are the surface absorptance
and emittance of the nth element (roof and walls), respectively. ¢ is Stephan-Boltzmann’s
constant, and Ty, is the sky temperature calculated based on the dew point temperature
(dew point is obtained using the correlation with relative humidity).

Internal convective heat transfer coefficient (CHTC), /; is taken as 8.3 W/m?K, which
is often used in building heat transfer calculations and is recommended by ASHRAE [46].
Outdoor CHTC (h,) in Equations (5) and (7) is determined using the following correlation
requiring hourly average wind velocity (v,) [47].

hy = 105+ 4.50, )

The reduction in daily heat flow through the wall and roofs compared with a non-
retrofitted or base case building is obtained by Equation (9).

AQ*duy = Q*duyfbase - Q*dayfcool )

The daily electric power demand reduction for the air-conditioning is obtained using
the following equation;
AQ*day
SEER or COP

In addition to the heat gain determination through the walls and roof, additional
heat loads through the windows and heat gain due to occupancy and openings are also
considered in this study to compare the AC energy consumption form the model with
the actual energy consumption of the townhouse. Table 2 lists the equations for heat gain
through windows, infiltration, and internal heat gain (occupancy, lighting, and appliances).
The number of air changes is 0.4 per hour. The average heat released by each person is
assumed to be 130 W, and the total heat gained from lighting and appliances is assumed
to be 2 kW with a usage factor of 0.5. All the above model equations and radiation model
equations are numerically solved using MATLAB, Version 7 to determine the total cooling
load and energy savings behavior of cool paints retrofitted townhouses with reference to a
base case.

AP gpoe = (10)

Table 2. Equations related to the evaluation of heat gain in the building [46].

Heat Gain Equation

Qw = SHGC % Ay * Er+ Uy Ay x (T, — Tj)
Windows SHGC = solar heat gain coefficient, Uy, = overall heat transfer coefficient of
the window, Ay, = surface area of fenestration glass

Qiﬂf = ACH * o, qir * Cp,air * Vbuilding * (To — Tj)
ACH = number of air exchanges per hour
Viuilding = volume of the building

Infiltration or
openings

Qoc = No.of occupants x Qs,l, person

Occupancy .
Qs,1, person 1s the total sensible and latent heat gain per person

2.3. Pilot Scale Testing

The experimental investigation in this study consists of two stages (pilot and real
scale). In the pilot scale testing shown in Figure 3, the reflective roof and wall coatings are
applied on an outdoor full-scale test cell located in Ras Al Khaimah, UAE.



Buildings 2023, 13, 419 8 of 30

T,

A ne To, RH

—»Q)C N «<—

4

Ti,RH
A
25m = =

Figure 3. Instrumentation layout in pilot scale test cubicle.

The exterior dimensions of the test cell 3 x 3 x 3 m with a concrete roof (15 cm
plus 2 cm plaster on each side), hollow block walls (20 cm plus 2 cm plaster on each
side) and concrete (15 cm) floor. Figure 3 shows the schematic of the test cubicle with the
instrumentation layout. The pilot testing was conducted to determine the heat flux, internal
wall, roof temperatures, heat flux, and AC energy consumption at fixed indoor setpoint
temperature. The model described earlier in Section 2.2 was validated using the pilot
testing facility. More details of the pilot test facility can be found in the author’s previous
work [48].

2.4. Experimental Case Study on the Townhouse

For real-scale testing, the townhouse selected and analyzed in this study is located
Al Hamra village, Ras Al Khaimah, UAE. In Figure 4, the top and street view layout of
the typical townhouse is shown. The buildings are designed for single families, and four
members occupied the townhouse during the testing period. The building has two floors
with three bedrooms with a total floor space of 192 m? and a volume of 1190 m3. The
building is oriented towards the south, and window to wall ratio (WWR) on the south
and north walls is 22% and 44%, respectively. The HVAC system is based on temperature
and humidity sensors located at different points of the house. The air conditioning system
includes a dehumidifier to keep the relative humidity of the air at comfort levels (30-60%).

Figure 4. Top view and street view of the Townhouses in Al Hamra village, RAK, UAE.



Buildings 2023, 13, 419

9 of 30

2.4.1. Windows Thermal Insulation Using Films

In addition to retrofitting using high SRI roof and wall paints, the windows were
also insulated with thermal films to reduce solar heat gain into the building. The effect of
the thermal films, especially the rejection of solar energy gain, depended on the house’s
orientation. As the main window surface of the villa was located on the terrace side, the
denial of solar radiation energy is more efficient if the terrace is oriented to the east (sunrise
exposition) or west (sunset exposition). This is not the case for the test building, whose
terrace was oriented to the south. A commercially available thermal film was installed
on the windows, which rejects 94% of infrared and 99% of the ultraviolet spectrum and
allows 73% of visible light to pass through. These films are installed on the interior side of
windows to avoid deterioration due to external weather conditions. To test the performance
of the films, two pyranometers (HOBO Micro Station, range: 300 to 1100 nm; resolution:
1.25 W/ mz) are installed simultaneously on the interior side of the two windows; one
was equipped with the thermal film, and the other without the thermal film, as shown in
Figure 5a. Recordings during the installation stage showed a decrease in solar radiation of
59%, as shown in Figure 5b.

160

140 WMW-WW

T 120 |

~ . .

= 100 | Without Film

]

S 80

& With Film

8 60 iy A

E 40 -|

8 20
0 —
O O © O & O O O O SO
I O S S K S
R YT TR RV R VTV R

Time
(a) (b)

Figure 5. Window glass insulation with thermal film; (a) picture showing pyrometer, (b) solar
radiation measured on glass with film and without film.

During the film installation, pictures were taken using an infrared camera (Fluke
Thermal Imager—IR Flexcam Ti45). As shown in Figure 6, when viewed from outside
(top row, Figure 6), the thermal imager showed an external surface temperature difference
of around 10 °C between windows with film (1, 2, 4) and without (3). Imaging from
the inside showed that the window without film (3) had an internal surface temperature
higher (around 41.6 °C) than the window equipped with film (2) (about 34 °C). Further, the
floor temperatures just behind the windows showed a temperature difference of around
7-8°C. For the townhouse considered, the windows were located only on the South
(Asw = 26.43 m?) and North (A, = 7.95 m?) sides. The Solar heat gain coefficient (SHGC)
for the double-glazing windows with 6 mm thickness was 0.47 and 0.24, respectively, for
windows with and without thermal film.

2.4.2. Townhouse Retrofitting with Cool Roof and Walls

The townhouse’s construction material properties and building plans were obtained
from the Al Hamra Constructions (property management of the housing community).
Table 3 lists the construction material characteristics of the townhouse in RAK used for the
study and lists the properties of an Emirati villa model in Abu Dhabi [28]. Figure 7 shows
pictures of retrofitting the townhouse with the cool roof and wall paints. The first part of
the analysis was to build the base case, which acts as a primary reference model for the
townhouse, and the second was to conduct testing on an existing operational townhouse.
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Figure 6. Thermal imaging of windows outside (top row) and inside (bottom row).

Table 3. Construction characteristics of townhouse used in the study.

. Current Stud Reference Study [28]
Construction Property (Townhouse RAK) (Villa-Abu Dhabi)
Roof thickness (cm) 255 cm 350 cm (including airspace)
Wall thickness (cm) 220 cm 250 cm
Roof reflectance—Base case 0.1 -

Wall reflectance—Base case 0.2 -
Roof reflectance—Cool paint 0.8 0.7
Wall reflectance—Cool paint 0.8 0.3
Roof Emittance—All scenarios 0.9 -
Wall reflectance—All scenarios 0.85 -
Roof-air internal CHTC (W/m?2K) 8.3 5
Wall-air internal CHTC (W/m?2K) 12.5 15
Roof-air external CHTC (W /m?K) 10-25 (Variable) 20
Wall-air external CHTC (W /m?2K) 10-25 (Variable) 25
Roof U value (W/m2K) 1.5-1.75 (Variable) 1 (Fixed)
Wall U value (W/m2K) 2.5-3.0 (Variable) 2 (Fixed)
COP of AC 2.852 2.6
Cooling set point 25°C 24°C

As listed in Table 3, the base case townhouse has a roof without cool paint and
a reflectance of 0.1 and walls with a reflectance of 0.2. These values are represented
as the reference cases, which should be compared with the high SRI cool coatings [29].
The U-values of the roof and walls are dynamic and depend upon the outdoor wind
velocity and convective heat transfer coefficient (CHTC). The next step consisted of a
comparative assessment of the base case with different scenarios applied in the energy
model, such as retrofitting with a cool roof, cool colored walls, window films, and changing
the cooling setpoint temperature. All the information provided in Table 3 is included in the
model calculations.
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Figure 7. Picture showing retrofitting townhouse with cool roof and cool walls. (a) Roof coating:
before (left) and after (middle); with and without SRI paint right). (b) Wall coating, front facade:
before (left), after primer coating (middle) and after both top coatings (right). (c) Walls coating back
facade: before (left), after primer coating (middle), and after both top coatings (right).

2.4.3. Temperature and AC Energy Measurements

The townhouse has three air conditioning systems with a total cooling capacity of
10.4 Tons of Refrigeration, representing 35 kW of power. As shown in Figure 8, various
temperature sensors equipped with individual data loggers were distributed inside the
townhouse (downstairs and upstairs) to record internal temperature during the experimen-
tal investigation. The sensors have an accuracy of =1 °C, which are not highly accurate
but provided adequate information on the control and stability of the inside temperatures
during the whole study, before and after retrofitting. The users of the townhouse managed
to keep similar temperature conditions of around 24-25 °C inside the townhouse during
the entire experimentation. Further, each townhouse was equipped with only one electrical
energy meter (EEM) that measures the overall energy consumption of the house, including
AC and all electrical equipment (appliances, lighting, etc.) together. Due to this limita-
tion, three separate EEM’s were been installed for the 3 AC machines on the roof of the
townhouse, as shown in Figure 8.

2.5. Parametric Evaluation and Energy Savings

One of the parameters that can impact cooling energy savings is the AC set point
temperature. Several studies in different climatic conditions have analyzed the impact of
AC set points using reference models and compared the indoor thermal comfort changes
and savings in cooling load. According to a study on set point temperature changes in
seven climatic conditions for medium-sized office buildings, increasing the AC set point
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from 22.2 °C to 25 °C could reduce cooling energy reduction by 29% [49]. Studies on
non-insulated villas in UAE suggested that the AC setpoint changes by a few degrees can
achieve up to 20% cooling energy savings [50,51]. Another study in Abu Dhabi, UAE,
showed 13.9% savings from reducing the base case set point of 20 °C to the optimal case set
point of 26 °C [52]. Likewise, a study on retrofitting traditional villas in Dubai showed that
an increase in COP of AC from 1.8 to 2.8 significantly lowers energy usage intensity (EUI) by
31% [53]. Another study on Emirati villas in Abu Dhabi reported 20.3% savings in annual
energy savings by increasing COP from 2.6 to 3.5 [28]. This study presents the impact of
long-term energy savings due to dynamic changes in SRI of the cool paint retrofitted roof
and walls of the townhouse concerning changes in indoor set point temperature and COP
of the AC units.

(a) (b)

Figure 8. Pictures of temperature sensors, AC equipment, and energy meter devices. (a) Temperature
sensors installed at various locations. (b) AC units and energy meters.

2.6. Cool Paints Retrofit Evaluation for GCC Region

Many studies demonstrated that the Gulf Corporation Council (GCC) regions face
harsh and uncertain weather conditions [54]. The design or retrofitting of building en-
velopes to achieve energy savings could help manage energy demand over time. Even
though cool roofs offer a low-cost solution for retrofitting, scientific studies on their regional
performance are very scant. A study by [55] shows that in highly dusty cities of Kuwait and
Saudi Arabia, cool roofs could save an average of 35% of annual cooling energy without
cleaning and about 48% with cleaning. Another study reports that the cool roof strategy is
the most cost-effective in Bahrain, which has a long cooling season [56]. In this context, this
work comprehensively presents the effect of both cool roofs and walls on energy savings in
various GCC locations listed in Table 4. Economic [57] and sustainability assessments [58]
are based on the ensuing energy prices and emission factors for the selected locations.
Weather data was obtained from weather database files embedded in the TRNSYS dynamic
simulation software. Version 17 [59].

Table 4. Energy cost, emission factor, and metrological parameters for GCC cities.

Weather Parameters (Annual Averages) [59]

Energy Emission
. . Factor (k . .

GCC Location Price /K 5 S(.)la.r Ambient Maximum Minimum Rela.tu{e Wind

@571 CONNW - Radiation pfot)  Temp. Q) Temp. ) Humidity  Speed

[58] (KWh/m2) p- p- p- (%) (m/s)

Abu Dhabi, UAE 0.081 0.310 419 26.7 38.4 16.1 58 3.6
Doha, Qatar 0.032 0.258 36.0 26.6 36.4 17.8 57 3.2
Riyadh, SA 0.048 0.374 47.8 25.6 37.5 129 39 4.0
Kuwait City, KW 0.029 0.400 422 25.9 38.2 13.0 31 3.0
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3. Results and Discussion

This paper aims to evaluate the effect of the high solar reflective index (SRI) paints
(applied on walls and roofs) on long-term energy savings in reducing cooling loads for
residential buildings in the GCC region’s hot and desert climatic conditions. To this extent,
commercial and research-level high SRI paints were selected and tested for their initial
and degraded values of SRI over a 3-year period at a natural weathering farm in UAE.
A real-scale experimental investigation was conducted on a townhouse building to assess
the energy savings of the tested paint samples. Further, the numerical model for heat flow
was validated against the pilot and real-scale experimental tests. The simulations were
further extended for daily, monthly, and annual evaluations considering the paints” aging
patterns in radiative properties. Additionally, parametric assessments were presented for
variables such as AC set point temperature, COP of AC, the color of the paints, and location
of the building, etc.

3.1. Weather Data

Figure 9 shows the meteorological information measured at the natural weathering test
site, which is in proximity (200 m) to the test case housing community. As noted, summers
are characterized by hot, low wind and dry conditions along with high solar radiation levels
and mild winters. Data recorded from the weather station during the testing year showed
an average annual temperature of 28 °C, with a maximum of up to 47 °C in August and a
minimum average of 11.3 °C in January. The incident solar radiation had a maximum daily
average of 11.7 kWh/ m? in July and a minimum value of 6.2 kWh/ m? in December. Based
on these weather parameters, the area’s climate was classified as hot, arid desert climatic
conditions according to the Koppen-Geiger climate classification. Figure 9b shows the daily
wind profile with an annual average of 2 m/s, indicating very low wind conditions and a
maximum daily average of 34 m/s observed in February. The yearly relative humidity
(RH) average is around 52% at the test location.

3.2. Natural Weathering/Aging Effect on SRI

The author’s previous work [22] on the effect of natural weathering on high SRI
paints showed that apart from the climatic factors described above, other factors, such
as low rainfall and high dust concentrations, would significantly impact the long-term
performance of the cool paints. Figure 10 shows the annual accumulated loss (without
washing) in solar absorptance and solar reflective index values of the cool paints used for
roofing and wall applications.

It can be noted that the aging pattern for the cool white roof and colored wall coating
differed due to the angle of exposure at the facility. While roof paints were applied for
flat or low-slope surfaces, they were exposed at 5° tilt, and for the facade or wall paints,
the exposure at 45° tilt was considered. At the end of the first year of exposure, white
roof paints showed an increase in solar absorptance of 161%, corresponding to a decrease
in SRI of 24.4%. Further, in the second and third years of exposure, the reduction in
SRI was 12.3 and 3.4%, respectively. Notably, the studies in other climatic conditions
(Mediterranean, Tropical) on the aging effect showed a solar reflectance reduction of 20%
in the first year, 8.5% in the second year, and 0.9% in the third year [34]. The decrease
tended to become stable, reaching a total reduction of 30% during the whole life cycle
span [36]. For the wall-colored paints, light beige color experienced the highest increase in
absorptance of about 30% during the first year, and dark grey had the smallest increase of
about 7%. Corresponding loss in SR is evaluated as 16.2 and 15.6% for light beige and dark
grey, respectively. Further evaluation in the second and third years for the wall-colored
samples showed an average loss of 8.7 and 2.5% in SRI values, respectively. The results
highlight the significance of loss in reflectance with time, especially for light-colored paints,
and affirm the importance of using dynamic losses in energy savings evaluation.
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Figure 9. Weather charts for the location of the test site in Ras Al Khaimah, UAE. (a) Radiation and
temperatures. (b) Wind speed and relative humidity.
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Figure 10. Natural weathering/aging trends for cool roof and wall paints. (a) Solar absorptance
(1-solar reflectance). (b) Solar reflective index (SRI).
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3.3. Polit Scale Experimental Investigation and Model Validation

The model described in Section 2.2 is validated experimentally using a test cubicle
described in Section 2.3. The internal dimensions of the test cubicle are 2.50 m wide,
2.50 m deep, and 2.65 m high. The outer roof surface of the test cubicle is painted with
a high SRI white coating having a solar absorptivity of 0.12 and a thermal emissivity of
0.9 (SRI = 110.6). The walls are painted with a beige color variation with an absorptivity of
0.45 and emissivity of 0.85 (SRI = 63.5). Figure 11 shows the pictures of the exterior and
interior of the test cubicles, along with mounted instrumentation in test cells.

Figure 11. Pictures showing the exterior and interior of the pilot test cubicles. (a) Test cubicle.
(b) Interior of the cubicles.

To validate the numerical model, most often used indices for energy models, such as
the root mean square error (RMSE), the mean of the residuals Ymean, the standard deviation
of the residuals (SD ymean), and the coefficient of determination (R?) were evaluated [45].
A week in summer months was selected for the pilot tests cubicles to record the enve-
lope interior surfaces temperatures and other parameters mentioned in Section 2.3. The
data from test cells was recorded every 5 min along with weather data recorded on-site.
Figure 12 provides experimentally recorded and model-estimated inner wall and roof sur-
face temperatures. An AC unit maintained indoor room temperature at 24-25 °C, and
average outdoor temperatures were measured to be around 36 °C. The average surface
temperature of the roof and wall are recorded to be around 31 °C and 27 °C, respectively.
The average predicted value from the model for the roof and wall were 30.5 °C and 27.6 °C,
respectively. Table 5 presents the importance of the statistical indices computed for inside
roof and wall surface temperatures (south wall) of the test cubicle. The obtained results
assert that statistically, the numerical model computes the temperatures of the internal
surfaces with good precision. Further, the values of different indices were coherent with
those obtained in other validation works for building envelope energy models [60].

Table 5. Experimental validation of model statistical indices.

Building Element R? Ymean (°C) SD Ymean (°C) RMSE (°C)

Roof 0.948 0.268 0.566 0.626
Wall 0.966 0.519 0.278 0.589
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Figure 12. Experimentally measured and model estimated indoor roof and wall temperature profiles.

3.4. Townhouse Experimental Investigation

As shown in Figure 13, electrical energy consumption data is recorded continuously
for 31 days between 9 September to 9 October. The cool coating application on the roof and
wall and thermal films on windows was completed on 16 September, and after that day, a
downtrend in AC energy consumption could be noticed. The electrical consumption for
non-AC devices is observed to be consistent throughout the testing cycle.

150
High SRI painting complete M Total electrical consumption of the townhouse

[ Electrical consumption of the AC

125 M Electrical consumption of the non AC consuming devices
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Figure 13. Electrical energy consumption recorded in the townhouse during the test cycle.

The total electrical consumption during the experimental period is about 3344 kWh,
out of which 71.5% is consumed by the three AC’s and the rest 28.5% by the non-AC
electrical energy consuming devices (appliances, lightings ~30 kWh/day). For everyday
comfort, the townhouse users set the AC thermostat between 25-26 °C in the living area
(downstairs) and between 24-25 °C in the bedrooms (upstairs). The recorded temperatures
by nine sensors showed variations in temperatures ranging between 24-26 °C, giving
£1 °C variation around the set point temperature. Based on these findings, an average
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indoor set point temperature of 25 °C is considered further for estimating cooling load
using the model presented earlier in this study. The model was run twice for the base case
(oot = 0.9, ctalls = 0.8) and the retrofitted townhouse (0t;oof = 0.2, Xyars = 0.2) to evaluate
the electrical consumption needed by the AC machines to remove the heat load entering in
the townhouse through the walls, the roof, and the windows. Further additional heat loads
due to openings, occupancy, lighting, and appliances were also included to validate the
theoretical model with recorded data.

As a result, Figure 14 shows that the model is coherent. The estimation obtained by the
model follows the actual AC consumption with a similar profile. Furthermore, regression
analysis on the recorded and estimated data revealed the statistical significance of the model
estimation with R? = 0.92, the RMSE = 6.6 kWh, the mean of the residuals Ymean = 4.68 kWh,
the SD Ymean = 4.72 kWh. The model was then further used to estimate the cooling energy
consumptions without envelope retrofitting (base case). Compared with the estimated
values of the townhouse without retrofits, during the test cycle, cooling energy savings
of 14.3 and 16.9% were observed for retrofitted (wall, roof, windows) townhouse model
estimation and for recorded values, respectively. Model evaluations were then extended
for the whole year. Figure 15 shows a typical townhouse’s annual energy consumption
trend (power bills obtained from the property management and corrected based on the
tested townhouse) and model estimations for a non-retrofitted townhouse.

140
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Figure 14. Model theoretical estimation versus recorded daily measurements.
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Figure 15. Annual electrical consumption profile of the townhouse without retrofitting.

From Figure 15, one can observe that the highest heat load to be removed with AC was
due to the heat transfer through walls and roof and hence necessitates energy efficiency
retrofitting measures. As expected, the heat load through windows was more critical in
autumn than summer due to the highest radiation incident angle, despite the lower external
temperature. The consumption due to the internal heat gain (occupancy, openings, lighting,
and appliances) appeared null in January and December. This was because it was absorbed
by the cold load (negative heat load) essentially due to the external low temperatures
(that also absorb complete load related to solar radiation). The model shows a deviation
in winter months as the actual AC energy consumptions were higher than the estimated
values. It is noteworthy to recall that the model estimations were based on cooling degree
hours (CDH), and for the RAK weather data, only 100 h (70 in December and 30 in January)
in the year are above the indoor set point temperature of 25 °C. Hence, the estimations
were low in winter, and in real scenarios, occupants in the townhouse used the AC outside
the CDH.

3.5. Townhouse Annual Energy Savings

Figure 16 (top) shows the annual heat load reduction of the retrofitted (cool roof,
walls, thermal film on windows) townhouse in terms of AC electrical consumption. The
yearly simulation results indicate that 34% of annual energy savings could be achieved
by switching to cool surfaces and thermal film on windows. The highest savings were
observed in the month of August and the least in January.
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Figure 16. Annual energy savings for a retrofitted townhouse (top) with and without retrofits
(bottom) savings distribution among options considered.

Figure 16 (bottom) presents the distribution of annual savings between the tested
retrofitting options. Regarding percentage savings, 77% (38% walls and 39% roof) was
achieved through cool roof and walls and 23% through window thermal insulation films.
Observing Figure 15, it can be noticed the maximum cooling load and energy savings for
the building contributed through the walls and roof. Since the focus of the present work
was to evaluate the long-term energy-saving effectiveness of the cool paints, the subsequent
discussion of results in the following sections are focused on retrofitting options for the
roof and walls of the buildings.

3.6. Effect of AC Set Point Temperature and COP

Annual simulations are extended to determine the effect of change in AC set point
temperature and seasonal energy efficiency ratio (SEER) or COP. As shown in Table 6, every
two degrees decrease in set point from 26 °C to 20 °C increased the cooling energy savings
by 10.4, 7.65, and 3.3%, respectively. Further, an increase in COP offsets the savings from
cool paints as the savings from energy-efficient AC contributed more to the overall energy
consumption reductions; literature studies agree with this fact. For example, studies on
residential buildings in Saudi Arabia proposed envelope insulation and high COP AC
systems as the most impactful energy-saving solutions [61]. HVAC improvement reduced
energy intake by 35%, whereas envelope improvement energy reductions were 20% [62].
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Table 6. Annual cooling energy savings of townhouse with changes in AC setpoint and SEER.

Annual Energy Savings of TH Compared with the Base Case (kWh)

SECECI){PM Set Point T =20 °C Set Point T =22 °C Set Point T =24 °C Set Point T =26 °C
Walls Roof Walls Roof Walls Roof Walls Roof

2 3903.32 4149.39 3752.91 4038.40 3528.56 3710.70 3204.28 3353.03

3 2602.21 2766.26 2501.94 2692.27 2352.38 2473.80 2136.19 2235.35

4 1951.66 2074.69 1876.46 2019.20 1764.28 1855.35 1602.14 1676.51

5 1561.33 1659.76 1501.166 1615.36 1411.43 1484.28 1281.71 1341.21

The traditional townhouses or villas have COPs between 2 to 3, and with the common
practice of setpoint between 22-20 °C, the savings due to cool paints were 47.6-73.7 Wh/m?.day.
On the other hand, for modern villas or townhouses retrofitted with efficient AC units having
COPs between 3 to 4 and using the sustainable practice of setpoint between 24-26 °C, the
savings ranged between 30.2-44.2 Wh/m?.day. Figure 17 shows the monthly trends of daily
average heat flux through cool surfaces with different AC set point temperatures. The
highest heat flux was estimated for the month of July with a set point of 20 °C, and as the
indoor set point temperature increased, the average daily heat flow through cool surfaces
decreased. Although the estimation presented in this work is based on a constant set point
without seasonal variations, it is noteworthy that several literature studies suggested using
dynamic set points of 20-21 °C in winter and 24-26 °C in summer for energy models [43].
Accounting for seasonal changes in lower set point temperatures increases the annual heat
flux due to positive heat gain through surfaces in winter months.
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Figure 17. Effect of AC set point temperature on average heat flow through high SRI surface.

3.7. Effect of Aging of the High SRI Paints

The results presented in Figure 18 show the cooling energy savings for the townhouse
in the first three years after the application of high SRI paint on walls (light beige, « = 0.32,
SRI = 81.6) and roof (white, « = 0.12, SRI = 110). As mentioned in the literature, the aged
reduction in radiative properties of cool paints needs to be considered for energy-saving
evaluation [29]. For the present case, using initial values of SRI or solar reflectance, or solar
absorbance overestimates the energy savings by about 10.3%. Likewise, using the year-end
SRI value for annual evaluations underestimates energy savings performance. Therefore,
a balanced approach is suggested in this work to account for location and weather-based
yearly degradation variations of SRI during the evaluation cycle. Based on the experimental
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tests and natural weathering patterns described in Section 3.2, annual average values of
SRI are considered for each year rather than initial or final values to estimate the cooling
energy savings.
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Figure 18. Trends showing the aging effect on cooling energy savings.

All the savings reported in this work are compared to the base case (x, = 0.9, SRI; = 6.6
&y = 0.8, SRI, = 16.7). During the first-year maximum energy savings are observed and
declined after that due to a decrease in SRI of the cool surfaces. Total energy savings (walls
and roof) of 4115 kWh is estimated using average SRI values in the first year, which are
reduced by 16.7% and 6.2% in the second and third years, respectively. For retrofitting with
a white roof and light beige wall color, a 30% overall reduction in energy savings (10% in
y1, 15% in y2, and 5% in y3) is estimated at the end of three years. This estimation is based
on considering annual average changes in SRI values (12.3% in y1, 19% in y2, and 8% in y3
for roofs and 8.2% in y1, 12.6% in y2, and 5.4% in y3 for walls). The results again stress the
prominence of accounting for the annual degradation of the radiative properties. Figure 18
also shows that the decreasing trend was more prominent in roof paints compared to walls
due to being flat and susceptible to dust accumulation and less runoff over time [22].

3.8. Effect of Cool Color Facades

Walls represent the highest external envelop surface areas in a building, especially
for independent, isolated villas or buildings [28]. Our work further evaluates the cooling
energy savings and their performance degradation with aging for different colors of wall
paints typically applied in the region. As shown in Figure 19, light colors achieved the
highest savings, and dark being the lowest. Owing to the cool paints’ natural weathering
described in Section 3.2, it is interesting to observe that the aging patterns for dark colors
show consistent energy saving year after year while the light colors have significant varia-
tions in annual energy savings. Table 7 provides information about the percentage annual
energy savings reduction (%ESR) for cool roof and wall colors compared with the base case
(ay = 0.1, &gy = 0.2). As the changes in thermal emittance were not significant with aging,
annual SRI value variations largely depend on solar reflectance properties. Considering
the yearly SRI degradation rates, the %ESR increased from 11.4% (year 1) to 31.1% (year 3)
for the white roof paint. On the other hand, the cumulative %ESR difference between the
light (LB) and dark-colored (DG) walls is estimated to be 4.4, 11.6, and 15.4% in 1st, 2nd,
and 3rd years, respectively. The corresponding yearly increase in absorptivity between the
colors (LB and DG) is 66.7, 56.5, and 54.2%. The minimum %ESR of 9.2% was observed in
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1st year for the light beige color, and a maximum cumulative %ESR of 43.9% was estimated

for the dark grey color at the end of the 3rd year.
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Figure 19. Effect of cool wall colors on 3 year cooling energy savings.
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Table 7. Year after year energy saving reduction for townhouse retrofitted with high SRI paints.

Surface Yearl Year2 Year3
Applied Colors o o o
pP Qg SRI % ESR Xavg SRI % ESR ®avg SRI % ESR
Roof—r White 0.314 83.69 11.4% 0.389 73.38 27.4% 0.407 70.90 31.1%
Light Beige (LB) 0.415 68.37 9.2% 0.456 62.73 22.9% 0.467 61.23 28.5%
Dark Beige (DB) 0.508 55.69 10.4% 0.542 51.00 25.3% 0.551 49.76 31.2%
Wall—w Light Grey (LG) 0.600 43.19 11.3% 0.628 39.43 26.4% 0.635 38.43 34.0%
Dark grey (DG) 0.693 30.79 13.6% 0.714 27.94 34.5% 0.720 27.18 43.9%

The results shown in Figure 20 stress further the importance of cool or high SRI
walls’ contribution to annual and aged energy savings. Considering the cooling energy
estimations for only cooling degree hours (set point—25 °C, COP-2.852) in a year, monthly
total cooling energy savings are maximum (3.1 kWh/m?) for light beige color in August
and minimum for dark grey (0.5 kWh/ m?) in March.

3.9. Evaluation of Energy Savings at Different GCC Locations

The final objective of this work is to apply the experimental and theoretical modeling
results for other locations in the GCC region. For this purpose, four major cities in GCC
were selected, and their weather characteristics are presented earlier in Section 2.6. Based
on the findings observed for the test site location, the following information was considered

for the energy savings assessment at various GCC locations.

e  The model parameters for base case residential building are kept the same;

e  The building is assumed to be facing true south and isolated from shading structures
(trees, other buildings, etc.) around (on all sides). The wall-to-roof surface area ratio

is 2.32;
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The percentage annual degradation of SRI values is assumed to be similar;

Dynamic set point temperature considered; 20 °C in winter (December, January, and
Febuary) and 24 °C in other months. The increasing order of annual percentages of
cooling degree hours (CDH) is then 56.3, 60.1, 66.4, and 69.6% for Kuwait City, Riyadh,
Qatar, and Abu Dhabi, respectively.
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Figure 20. Monthly energy savings contributions of walls colored with high SRI paints.

The results in Figure 21 indicate the annual cooling energy savings (COP-2.852) con-
sidering cool roof and walls retrofit separately. The yearly savings during the first 3 years
(Y1, 2, and 3) after roof retrofit ranged between 12.4-25.6 kWh/m? of building roof area.
The least in Y3 for building roofs in Kuwait City and the highest in Riyadh. Based on the
considered weather data, Kuwait City has the least CDH (average T,,;;, = 13 °C) require-
ment, and correspondingly savings were minimal. Although Riyadh was second in CDH
requirement, it was accompanied by the highest annual incident radiation (47.2 MJ /m?)
enhances heat load reduction, thus attaining maximum savings through the roofs.
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Figure 21. Cooling load reduction with the aging of high SRI paints aging for various GCC locations.

On the other hand, for cool wall retrofitting, the highest savings were observed for
Abu Dhabi (8.4 kWh/m? for light beige) and the least for Kuwait (1.9 kWh/m? for light
grey) among the colors considered. It is noteworthy to observe here that Abu Dhabi had the
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highest CDH requirement and, accompanied by moderate radiation on wall surfaces, the
savings edge past Riyadh’s values (important to note that the average T,,;,, for Abu Dhabi
again was 4 °C higher than Riyadh). The results indicate the importance of “real-world”
dynamic weather conditions’ influences on the cool paint’s performance over time. In this
context, the %ESR with respect to changes in %SRI reduction with the aging of cool paints
requires attention and is shown in Figure 22.

[ | Abu Dhabi [ Doha [l Kuwait City [l Riyadh

0.45

@:40 Roof- White Walls - Light Beige Walls - Light Grey

0.35-

% Energy Savings Reduction

Y3 Y1 Y2 Y3 Y1 Y2 Y3
% SRl values reduction with aging (Y1 <Y2<Y3)

Figure 22. Percentage reduction in Energy savings with aging at various locations.

The results in Figure 22 indicate a cumulative annual average reduction in energy sav-
ings are 11, 26.5, and 32%, respectively, for cool roofs in all locations (maximum deviation
of £2%). At the end of the three years, this corresponds to around a 36% decrease in roof
SRI values compared to initial values. Further cumulative %ESR after three years reached
an average of 25% (maximum deviation of £2%) for light beige and 22.5% (maximum
variation of £3%) for light grey, respectively. The corresponding cumulative %SRI loss of
cool-colored wall paints is around 25% of the initial measurement. Further, these results on
%ESR strengthen our argument on using dynamic and aged energy saving performance of
high SRI paints in energy modeling and long-term evaluation. As a matter of fact, using
constant initial SRI values (Y0) of the paints overestimates the energy savings by around
30% for the 3 years (10% each year).

3.10. Economics and Environmental Impact of Using Cool Paints in GCC

Although the cool walls and roofs aging contributes to the reduction in energy savings
over time, one must embrace the overall energy, cost savings, and sustainability aspects
of switching to these retrofit strategies. In this context, simple techno-economic and
environmental impact assessments for the first three years after cool paint retrofitting can
be visualized in Figure 23 for all GCC locations considered in this work.

As shown in the left chart of Figure 23, 3-year cumulative cooling load reductions are
higher for Riyadh (82 kWh/ m?) and least for the city of Doha (54.4 kWh/ m?). The total
contribution through the walls appears low due to the high wall-to-roof ratio (total walls
surface area is more than twice that of the roof) for the residential building considered.
Further, the results of the economic and emission reduction are evaluated based on ensuing
electricity prices and CO, emission factors (listed in Table 4). The middle chart of Figure 23
shows the highest economic savings obtained for Abu Dhabi (777$/3-years) and the least
for Kuwait City (183%/3-years). These cost-saving values directly correlate with energy
prices in which Abu Dhabi’s current residential electrical energy rates are 2.8 times higher
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than Kuwait’s. Finally, the right chart in Figure 23 shows the maximum CO, emissions
(80.2 kg of CO, /year) in Abu Dhabi, corresponding to its high cooling load reductions. The
lowest emission reduction is obtained for Doha (19 kg of CO,/year), attributed to its lowest
cooling load reductions and least emission factor among the GCC countries considered in
this study. Considering the life cycle of the cool paints (20 years), the energy, cost, and CO,
reductions would be substantial for the regions in GCC. However, a dynamic approach like
the current study is necessary considering various factors; the aging patterns, maintenance
cycles, material type, inherent characteristics for dust resistance, and cost of the cool paint
retrofit options.
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Figure 23. Charts depicting the first 3-year energy efficiency (left), cost savings (middle), and CO,
emission reductions of cool paints retrofitting in selected GCC locations in descending order.

4. Summary and Conclusions

The present work provides a comprehensive combined experimental and theoretical
framework for evaluating the energy effectiveness of retrofitting residential buildings with
high solar reflective index (SRI) paints (also termed cool paints). The study ensembles five
major tasks, and each task’s key findings are summarized as follows.

e Natural weathering and lab scale testing on selected cool paints (roof and walls)
determined the aging patterns. After 3 years of exposure, maximum SRI reduction
for cool roofs and walls is observed to be around 36% and 25%, respectively. An SRI
reduction profile of 24.4, 12.3, and 3.4% is obtained for y1, y2, and y3, respectively,
for cool roofs and 16, 8.5, and 2.5% for cool walls. Regarding the colors, light colors
experienced higher annual degradation rates in the first year compared to dark colors.

e Accounting for SRI values, i.e., using both measured solar absorptance and thermal
emittance values, requires a specific energy model. The 1-D heat transfer model
presented in this work is successfully validated through experiments on a pilot scale
test cubicle, and statistical significance is established.

e  The third task is a month-long real-scale experimental campaign on a townhouse
building near the natural weathering and pilot-scale facilities in Ras Al Khaimah,
UAE. The cooling load reductions are estimated through the retrofitting options (cool
wall, roof, and window films) and validated using experimental measurements with
reasonable accuracy. A base case Townhouse model is established for comparative
assessment and annual cooling load reduction of 34%, estimated with a contribution
of 38, 39, and 23% for retrofitting with cool walls, roof, and thermal films. The
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corresponding retrofitting improvements are a 90 and 80% increase in solar reflectance
for the roof and wall with cool paints and doubled SHGC for window glass with
thermal films.

e  Task four involves detailed parametric evaluations beginning with AC set point and
COP changes. As expected, lowering the setpoint improves the annual cooling en-
ergy savings while increasing the COP offsets the reduction of the savings through
cool paint retrofitting (as savings due to efficient AC increases). Further, cool paint
retrofitting of traditional townhouses with low COPs for HVAC units gains an ad-
vantage over modern buildings with other energy efficiency measures in place. The
study further highlights the importance of the aging effects of cool paints in terms
of long-term savings. The study assessed the necessity of considering the dynamic
reduction of SRI values with time and proposed a balanced approach of using annual
average SRI values for energy savings estimation (instead of initial or final values).
Energy models using initial values overestimate energy savings by around 10%, and
in long-term estimations, this could significantly mislead actual performance due to
aging. Further, the estimation of %ESR shows 31% reductions for cool white roofs and
28.5 to 44% reduction for changing colors between lighter to darker shades.

e  Finally, the evaluations extended to four major cities in the GCC. During the first
3 years of the cool roof paint application, a maximum energy savings of 25.6 kWh/m?
is observed for Riyadh and a minimum of 12.4 kWh/m? in Kuwait. The savings for
cool color painted walls are higher in Abu Dhabi (8.4 kW /m? for light beige) and least
for Kuwait (1.9 kWh/m? for light grey). In terms of energy efficiency through cooling
energy reduction, cool paint application in Riyadh is highly favorable, and Doha is
the least. Further, economic savings are highest for Abu Dhabi and least for Kuwait
City. For CO, emission reduction, buildings in Abu Dhabi stand better, and the least
reductions are estimated for Doha.

In summary, combined cool roof and wall retrofitting in the GCC region could serve
as a simple and effective approach to reducing cooling energy demands. The results
showed significant operational energy savings for the various cool coatings and aging effect
combinations. On this basis, it was discovered that the annual total loads through the walls
and roofs had decreased. As the absorptivity of the roof or exterior wall coating decreased,
the decline in cooling loads was more pronounced. Based on the acquired findings in terms
of energy reduction and associated environmental benefits, the use of cool coatings with
low solar absorptivity or high SRI values is advised for the refurbishing of the roofs and
walls in the residential buildings in the climatic zones considered in this study. However,
the long-term savings using these paints is debatable as they are susceptible to degradation
with aging. The building energy regulation codes in the region stress upon using high SRI
materials for energy efficiency, but no mandates are in place to qualitatively assess their
long-term viability. This work provides experimental, theoretical methods for qualitative
and quantitative assessment of aging and long-term energy savings through cool paint
retrofitting in residential buildings in GCC. The present work had a great scope to be
extended for life cycle assessment (LCA), considering maintenance, cost, and other factors.
The life cycle analysis assesses the financial benefit of adopting such cool wall and roof
retrofitting strategies in the region accounting for the aging effect.
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Nomenclature

o solar absorptance

o Stefan—Boltzmann constant

€ thermal emittance

Y residual

h heat transfer coefficient (W/m?K)

K thermal conductivity (W/mK)

o density (kg/m3)

v velocity (m/s)

A surface area (m?)

Cp heat capacity (J/kg K)

E radiation (W/m?2)

P power (W)

Q heat flow (W/time)

T temperature (K)

u overall hear transfer coefficient (W /m?K)
1% volume (m?3)

ACH air change hours

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
ASTM American Society for Testing and Materials
CDH cooling degree hours

CHTC convective heat transfer coefficient

cor coefficient of performance

CRRC cool roof rating council

ECRC European cool roofing council

GCC Gulf cooperation council

HVAC heating, ventilation, and air conditioning
RAK Ras Al khaimah

RMSE root mean square error

SD standard deviation

SEER seasonal energy efficiency ratio

SRI solar reflective index

SHGC solar heat gain coefficient

UAE United Arab Emirates

WWR window to wall ratio
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