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Objective: The aim of this study is to make detailed comparative analysis of five different roof
surface finishings - Standard Dark, White Reflective, Aluminum Metallic, Thermochromic, and
Retro-Reflective - in terms of their capacity to decrease the heat conducted through the roof surface
to the conditioned building space in hot-arid climate. Method: Transient heat-balance model for
flat commercial roof is programmed in Python and modeled using Typical Meteorological Year
(TMY) data for Baghdad International Airport, Iraq. The model calculates exterior surface
temperatures hourly with a nonlinear energy balance equation, which considers solar radiation
absorbed by the exterior surface, convection with the wind, longwave exchange with the sky, and
conduction into the conditioned interior. The advanced coating behaviours are represented by a
thermochromic reflectance function, dependent on temperature, and a high-reflectance
approximation for the retro-reflective surface, with the angular dependence of the latter being not
modelled in the current framework (constant p = 0.80). Timestep-sensitivity check shows that the
hourly discretization causes less error of < 1.1% compared to a 10-minute reference grid, which is
adequate for the annual energy accounting at the selected timestep. Using a two-parameter
sensitivity analysis, it is shown that both the solar reflectance and thermal emittance have strong
and coupled effects on the cooling demand, with the lowest cooling demand being for high solar
reflectance and high thermal emittance. Results: The simulated annual roof-related cooling
demand for a 100 m? roof area on a 1 story commercial building, with a Standard Dark roof at
24°C is 6,268.2 kWh. These values are only for the heat conducted through the roof assembly and
should not be used as a whole building energy value. The total cooling energy saved was 53.9% of
the Standard Dark when the dark surface was replaced with a White Reflective coating, resulting
in an annual roof cooling energy of 2,888.7 kWh. This level of savings is attributed to the very
absorptive baseline and the highly cooling-dominated climate, and is in the upper end of ranges
reported in multi-study syntheses, which usually fall between 10-45% for whole-building
analyses. Retro-Reflective and Thermochromic coatings result in annual savings of 3,075.7 and
3,560.5 kWh, respectively, and an Aluminum Metallic finish achieves 4,562.8 kWh (27.2%
savings). An economic assessment indicates that White Reflective coatings have the most favorable
1.77-year payback period and the highest net savings of USD 1389.7 over a 10-year period of time
in current Iraqi electricity tariffs, followed by Aluminum Metallic, Retro-Reflective and
Thermochromic finishes. Novelty: The book offers an open and transparent computational
framework, which can be customized for other climates and building types.

INTRODUCTION

The building sector is responsible for a substantial fraction of global final energy use and

associated greenhouse-gas emissions [1]. In cooling-dominated regions, particularly hot-arid climates
such as Iraq, a large share of this energy is consumed by mechanical air-conditioning systems that
maintain indoor thermal comfort under extreme summer conditions [2]. The Urban Heat Island (UHI)
effect further elevates ambient temperatures in dense cities, amplifying cooling loads and stressing
electricity networks [3].

Passive strategies that reduce solar gains at the building and urban scales are therefore critical.
Reflective roof coatings— often termed cool roofs—have emerged as a cost-effective measure to
mitigate both building cooling demand and UHI intensity by increasing solar reflectance and

thermal emittance of exterior surfaces [4-9]. Numerous experimental and simulation studies
have reported roof surface temperature reductions on the order of 10-20 °C (occasionally higher in
very hot climates), indoor air temperature reductions of 2-7 °C, and annual cooling energy savings
typically between 10% and about 40-45%, with some high-gain cases reporting even larger reductions
depending on climate, building type, and envelope configuration[6-8,37,38].
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Advances in materials science have extended the concept of cool roofs beyond traditional white
coatings. Metallic, thermochromic, and retro-reflective materials offer distinct combinations of solar
reflectance, thermal emittance, and angular reflection behavior [10-13]. Thermochromic coatings
dynamically modulate solar reflectance as a function of temperature, potentially balancing summer
cooling and winter heating needs [10,12]. Retro-reflective surfaces redirect incident solar radiation
preferentially back toward the source, reducing absorption by surrounding urban elements and
altering the local radiative exchange pattern [13,14]. However, there remains limited comparative
work that evaluates these advanced coatings within a common, rigorously formulated transient
model for specific hot-arid cities.

The present study addresses this gap by developing and applying a transient heat-balance
model for a representative flat roof in Baghdad, Iraq, and by systematically comparing the thermal
and economic performance of multiple coating types under identical boundary conditions. The main
contributions are as follows:

* Development of a nonlinear, hourly transient roof surface model implemented in Python and
driven by TMY weather data for Baghdad, explicitly resolving solar, convective, radiative, and
conductive heat fluxes.

¢ Consistent comparison of five coating types (Standard Dark, White Reflective, Aluminum Metallic,
Thermochromic, Retro-Reflective), including an improved thermochromic model based on a
continuous sigmoid temperature-reflectance relationship.

* Sensitivity analysis quantifying the coupled influence of solar reflectance and thermal emittance
on annual roof-related conductive cooling load for the selected roof and climate.

® Techno -economic evaluation using representative Iraqi tariffs and coating costs, yielding payback
periods and long-term net savings for each option.

* A transparent, open-source computational framework suitable for adaptation to other climates,
building typologies, and candidate materials.

The paper is structured as follows. Section 2 reviews relevant literature on reflective coatings
and cool roof performance. Section 3 describes the building and roof configuration, coating properties,
transient heat-balance model, and analytical procedures. Section 4 presents and discusses the thermal
and economic results. Conclusions and directions for future research are summarized in Section 5.
Literature Review

Seminal reviews by Akbari et al. and others established the potential of cool roofs and high-
albedo urban surfaces to reduce cooling loads, peak electricity demand, and UHI intensity in warm
climates [4,6,7]. Field measurements and simulation studies have reported that increasing roof solar
reflectance can reduce surface temperatures by roughly 10-20 °C (up to around 30 °C in some hot-
climate cases) and lower cooling energy use by approximately 10-40%, with higher values observed
in a subset of high-gain configurations depending on climatic conditions and building attributes
[5,7,8,38]. Performance is typically characterized using the Solar Reflectance Index (SRI), which
combines solar reflectance and thermal emittance into a single metric [9].

To overcome the trade-off between summer cooling benefits and potential winter heating
penalties, smart materials have been proposed. Thermochromic coatings change their optical
properties as a function of surface temperature, enabling higher solar reflectance in hot conditions
and lower reflectance in cooler periods [10,12]. Recent work by Li et al. conducted annual simulations
for ten Chinese climate zones and highlighted the potential of adaptive radiative cooling strategies to
reduce whole-building energy use throughout the year [11,12].

Retro-reflective coatings form another emerging class. Unlike conventional diffuse or specular
reflectors, retro-reflective surfaces preferentially return radiation toward the incoming direction.
Wang et al. examined the influence of building geometry and enclosure forms on the thermal
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contribution of retro-reflective versus high-reflective coatings, showing that retro-reflective surfaces
can provide advantages in dense urban configurations where multiple reflections between facades are
significant [13,14].

Reliable evaluation of such advanced materials requires validated simulation tools.
Experimental campaigns, such as those reported by Synnefa et al., provide critical datasets for model
calibration and validation of cool roof performance [5,15]. Meanwhile, building energy simulation
engines like EnergyPlus and TRNSYS have become standard for whole-building analyses [16], and
recent developments have facilitated tighter integration between EnergyPlus and Python for
modeling dynamic envelopes [17].

Economic assessments have shown payback periods for cool roofs ranging from a few to more
than ten years, depending on electricity prices, coating costs, and climate [18-20]. Comparative studies
between cool roofs and photovoltaic installations further underscore the importance of contextual
factors in determining optimal rooftop technologies [20].

Despite this rich literature, relatively few studies provide a consistent, transient, and open-
source modeling framework explicitly tailored to hot-arid cities such as Baghdad while
simultaneously comparing traditional, metallic, thermochromic, and retro-reflective roof coatings.
The present work contributes to this niche by combining detailed roof physics, realistic local weather
data, and an economic analysis within a single coherent framework.

An important practical consideration for reflective roof coatings in hot-arid environments is the
degradation of solar reflectance due to dust accumulation and environmental aging. Dornelles [31]
reported that soiling and weathering can reduce solar reflectance by up to 23% within one year if
coatings are not maintained, with similar findings reported by Saber et al. [32] and Shi et al. [33]. In
arid regions such as Iraq, where dust storms are frequent, this degradation mechanism is particularly
relevant and can substantially diminish the long-term energy savings projected by clean-surface
models. However, regular cleaning processes can restore most of the original reflectance, and anti-
aging or anti-soiling formulations are emerging as potential mitigations [31,35].

While green (vegetated) roofs offer additional environmental benefits such as stormwater
management and improved air quality, comparative reviews have found that they are generally less
effective than cool roofs at reducing heat gain under arid conditions [36]. Water scarcity constraints
in hot-dry climates like Baghdad further limit the feasibility and thermal performance of green roof
systems relative to high-albedo reflective surfaces. Therefore, reflective coatings remain the more
practical passive cooling strategy for this region.

At the neighborhood and city scale, meta-analyses have shown that increasing urban albedo
yields measurable reductions in ambient air temperature. Krayenhoff et al. [34] estimated that each
0.10 increase in neighborhood albedo results in approximately a 0.2-0.6°C reduction in afternoon air
temperature under clear-sky summer conditions. These urban-scale effects complement the building-
level cooling load savings quantified in the present study and suggest that widespread deployment
of cool roofs could amplify benefits beyond individual structures.

RESEARCH METHOD
A. Building archetype and climate data

The case-study building is a single-story commercial structure with a flat roof area of 100 m?,
representative of common construction practice in Iraq [22,23]. The conditioned interior is assumed
to be maintained at a constant set point of 24 °C throughout the year by an idealized cooling system.
While this simplification neglects HVAC cycling dynamics and internal load variability, it allows a
focused assessment of roof-related thermal behavior and relative coating performance.

Climatic boundary conditions are derived from Typical Meteorological Year (TMY) data for
Baghdad International Airport (station 406500) obtained from OneBuilding.org [25]. The dataset
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provides hourly values of dry-bulb temperature, dew point temperature, global horizontal irradiance
(GHI), and wind speed for a composite year representing 2007-2021 statistics. All simulations use an
hourly time step over the full year (8760 hours).
B. Roof assembly and thermal properties

The roof assembly reflects typical Iraqi practice and consists of five layers stacked from interior
to exterior [22,23]:

Table 1. Thermophysical Properties of Roof Layers.

Thermal Specific heat C
Layer Thickness L (m) conductivity k  Density p (kg/m?3) P I/ke K) P
(W/m K) 5
Reinforced concrete slab 0.15 1.70 2400 880
Cement mortar screed 0.02 0.72 - -
Bi
itumen 0.005 0.17 — —~
waterproofing
EPS th 1
PS therma 0.05 0.035 - _
insulation
Exterior tiling/screed 0.04 1.10 - -

The overall thermal transmittance (U-value) of the roof assembly is obtained from the sum of
individual layer resistances, Ri = Li/ki, and the internal and external surface resistances (Rsi = 0.10
m? K/W and Rse = 0.04 m? ' K/W, per ASHRAE [28]):

U=1/ (ZRi+Rsi+Rse)~0.57W/m? K.

The detailed resistance calculation is as follows: reinforced concrete (0.15/1.70 = 0.088 m? 'K/ W),
cement mortar (0.02/0.72 = 0.028 m? K/ W), bitumen waterproofing (0.005/0.17 = 0.029 m? K/ W), EPS
insulation (0.05/0.035 = 1.429 m? 'K/ W), exterior screed (0.04/1.10 = 0.036 m? K/ W), internal surface
resistance (0.10 m2 K/ W), and external surface resistance (0.04 m? K/ W). The total resistance is R_total
~1.75 m? K/W, yielding U ~ 0.57 W/m? K. This value is consistent with the limits prescribed by the
Iraqi building code for thermally insulated roofs [24]. For the transient surface energy balance, the
effective volumetric heat capacity prCp of the outermost layer is required; the exterior tiling/screed
layer is taken as the relevant mass for this term, with typical values adopted from standard references
[28,29].

C. Coating types and optical properties

Five roof surface finishes are considered. Their nominal solar reflectance (psolar) and thermal
emittance (¢) are summarized in Table 1. Solar absorptance a is given by a =1 — psolar.

It should be noted that the Standard Dark roof is assigned a very low solar reflectance of 0.05,
representing an extremely absorptive surface (e.g., fresh dark asphalt). This value may overstate the
percentage savings achieved by reflective coatings when compared to more typical aged or
moderately colored roofs. A sensitivity analysis for baseline reflectance values of 0.10, 0.20, and 0.30
would provide more generalizable savings estimates, as discussed in Section 4.5.

Table 2. Nominal optical properties of evaluated roof coatings.

Coating type Solar reflectance psolar Thermal emittance € Description

C tional dark asphalt
Standard Dark 0.05 0.90 onvertional dark aspha t or
concrete roof (baseline).

White Reflective 0.85 0.90 High-albedo, high-
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emittance white coating (typical
cool roof).

Metallic coating with
moderate reflectance but very

Aluminum Metallic 0.60 0.05 ]
low longwave emittance.

Adaptive coating with
temperature-dependent solar

Th hromi 0.20-0.70* 0.90
ermochronie reflectance (see Section 3.5).

Highly reflective surface
Retro-Reflective 0.80 0.90 approximating retro-
reflective behavior.

*Modeled as a continuous function of surface temperature; see Section 3.5.

D. Transient roof surface energy balance

The exterior roof surface temperature Ts (°C) evolves according to a transient energy balance
applied to the outermost roof layer of thickness L (m), density pr (kg/m?), and specific heat Cp
(J/kg K): This formulation represents a simplified reduced-order surface-energy-balance model that
captures transient thermal storage primarily through the outermost roof layer. The interior layers
(insulation, concrete slab, etc.) are represented only through their aggregate thermal resistance (U-
value) rather than through individual thermal capacitances.

prCpL (dTs/dt) = Qsolar— Qconv — Qrad,sky — Qcond.

The individual heat fluxes (W/m?) are defined as follows. Absorbed solar radiation. The net

absorbed shortwave flux is
Qsolar = a Iglobal,

where a is the solar absorptance of the coating and Iglobal is the global horizontal irradiance
from the TMY file.

Convective heat exchange. Convective exchange with the ambient air at temperature Ta (°C) is
represented as

Qconv = hc (Ts — Ta),
with a wind-speed-dependent convective coefficient hc =5.6 + 3.8 v,

where v (m/s) is the hourly wind speed from the TMY data [28,29].

Longwave radiative exchange with the sky. Longwave radiation between the roof and the
effective sky temperature Tsky is modeled as

Qrad,sky = € o (Ts,K4 — Tsky4),

where ¢ is the coating thermal emittance, o = 5.67 x 10-8 W/m? K* is the Stefan-Boltzmann
constant, and temperatures are expressed in Kelvin for the radiative term. The effective sky
temperature is estimated using the Walton model [21]:

Tsky =Ta,C [0.711 + 0.0056 Tdp + 7.3x10-5 Tdp2 + 0.013 cos (15 t)]0.25,

where Ta,C and Tdp (°C) are the ambient and dew point temperatures, and t is the hour of the
day (0-23). The resulting Tsky is converted to Kelvin before entering the Stefan-Boltzmann
expression.

It is important to clarify the implementation details of this equation. The ambient temperature
Ta,C and dew point temperature Tdp are used in degrees Celsius within the Walton formulation, as
originally presented by Walton [21]. The cosine term uses the hour of the day t (0-23) with the
coefficient 15 expressed in degrees per hour (i.e., 360°/24 h = 15°/h), and the argument of the cosine
function is evaluated in degrees. The resulting Tsky is in Kelvin and is used directly in the Stefan-
Boltzmann expression (Equation 5). In the Python implementation, care was taken to use
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math.cos(math.radians(15 * t)) to ensure correct degree-to-radian conversion. Any error in the sky
temperature formulation would disproportionately affect coatings with low thermal emittance, such
as the Aluminum Metallic coating (e = 0.05), for which the longwave radiative exchange term is small
relative to other fluxes.

Conduction into the building.Heat conducted from the exterior surface to the interior set point
temperature Tin (24 °C) is modeled as

Qcond = U (Ts - Tin),

where U is the overall roof U-value. Positive Qcond corresponds to heat flow into the
conditioned space. The instantaneous cooling load is taken as max (Qcond, 0), assuming ideal
equipment that removes excess heat without capacity limits.

E. Thermochromic and retro-reflective models

The thermochromic coating is represented by a continuous sigmoid-type function relating solar

reflectance to the current surface temperature Ts (°C) following Malewska [26]:
p(Ts) = plow + (phigh — plow) / [1 + exp (~ksigmoid(Ts — Ttransition))],

with plow = 0.20, phigh = 0.70, Ttransition = 25 °C, and ksigmoid= 0.5. At low surface
temperatures the coating behaves more like a darker surface, whereas at elevated temperatures it
approaches a high-reflectance state, helping to limit further heating.

Retro-reflective coatings exhibit angle-dependent reflectance that is challenging to capture
within a simple roof-normal irradiance framework. In this work, retro-reflective behavior is
approximated through a high, constant solar reflectance psolar = 0.80 and & = 0.90. This simplification
effectively represents the retro-reflective material as a high-reflectance coating rather than a true retro-
reflective system, because the model does not simulate the angular redistribution of reflected solar
radiation, inter-building reflections, or urban canyon effects. Consequently, the results for the retro-
reflective coating should be interpreted as indicative of the performance of a generic high-reflectance
surface under the modeled conditions, and any claims regarding retro-reflective advantages in dense
urban settings must be treated as speculative until confirmed by angular-dependent radiation models
and urban-scale simulations. This simplification is acknowledged as a significant limitation and is
revisited in the discussion of future work.

F. Numerical implementation

The coupled nonlinear energy balance is solved at each hourly time step using the Python
ecosystem. For each hour, an implicit discretization is applied to the left-hand-side storage term, and
the resulting nonlinear equation in Ts is solved using scipy.optimize.root_scalar. This approach
robustly handles the Ts* dependence in the longwave exchange term and the temperature-dependent
thermochromic reflectance. The initial roof surface temperature is set equal to the ambient
temperature at the first hour of the TMY record, and the solution proceeds sequentially through the
year.

At each time step, the conductive flux Qcond is evaluated from the computed Ts. When Qcond
> 0, the corresponding cooling load for the 100 m? roof over the hour is accumulated. It is important
to note that this value represents the thermal cooling load at the roof surface, not the electrical energy
consumed by the HVAC system. Actual electricity consumption depends on the coefficient of
performance (COP) of the cooling equipment; a typical COP of 3.0 for commercial air-conditioning
systems is adopted in the economic analysis (Section 3.8). The resulting annual total is converted to
kWh and normalized per roof area when appropriate.

G. Sensitivity analysis

To quantify the relative influence of optical properties, a two-dimensional sensitivity analysis
is conducted. Solar reflectance is varied from 0.05 to 0.90 in steps of 0.05, and thermal emittance is
varied from 0.05 to 0.90 in the same increments, while other parameters are held at their baseline
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values. For each (psolar, €) pair, the annual cooling energy is recomputed using the same transient
model, producing a matrix of results visualized as a heatmap (Section 4.3).
H. Economic analysis

The economic analysis compares initial investment costs, annual electrical energy cost savings,
simple payback periods, and 10-year net savings relative to the Standard Dark roof. To convert
thermal cooling load savings to electrical energy consumption, a coefficient of performance (COP) of
3.0 is assumed for the commercial air-conditioning system, consistent with typical values reported for
split-unit and packaged systems in Iraq [27]. Thus, the electrical energy savings are approximately
one-third of the thermal cooling load reduction. Electricity is priced at 0.05 USD/kWHh, representative
of subsidized commercial tariffs in Iraq [27]. A real discount rate of 5% per annum is applied to
compute discounted net savings over the 10-year horizon. Coating costs per unit area are taken as:
¢ Standard Dark: 2.0 USD/m?
¢ White Reflective: 5.0 USD/m?
¢  Aluminum Metallic: 4.0 USD/m?
¢ Thermochromic: 12.0 USD/m?

e Retro-Reflective: 10.0 USD/m?

For the 100 m? roof, total initial costs follow by multiplication. Maintenance and cleaning costs
for reflective coatings in arid environments are an important consideration; periodic washing at an
estimated 0.10-0.20 USD/m?/year may be required to mitigate dust accumulation. However, these
costs are excluded from the base-case calculation to isolate the effect of coating optical properties on
energy economics. If a cleaning cost of 0.15 USD/m?/year (15 USD/year for the 100 m? roof) were
included, the net annual savings for the White Reflective coating would decrease from 56.3 to
approximately 41.3 USD, extending the payback period from 5.33 to approximately 7.26 years. The
simple payback period is defined as the ratio of the incremental initial cost (relative to the Standard
Dark roof) to the annual electrical energy cost savings. Ten-year discounted net savings are computed
as the present value of annual savings minus the incremental initial cost, using a 5% real discount rate.
I. Model validation and limitations

The energy-balance formulation adopted here builds directly on well-established heat transfer
principles and empirical correlations summarized in standard references and ASHRAE handbooks
[28,29]. However, direct validation of the present Python model has not been performed. The results
should therefore be interpreted as model-based estimates rather than definitive predictions.
Benchmarking against validated whole-building simulation tools such as EnergyPlus [16] or TRNSYS,
or against field measurements from Baghdad or a comparable hot-arid location, is essential before the
numerical results can be relied upon for design decisions. The model structure is consistent with those
used in widely adopted simulation tools, and the relative ranking of coating types is expected to be
robust even if absolute values shift upon validation. Future work will prioritize such benchmarking
activities.

Several simplifying assumptions should be noted: internal gains, infiltration, and HVAC control
dynamics are not explicitly modeled beyond the fixed indoor set point; moisture transport and latent
heat effects are neglected; and the retro-reflective coating is represented without angular dependence;
and the transient thermal response is represented through a single capacitance (outermost layer)
rather than a multilayer resistance-capacitance (RC) network, which may affect the predicted time lag
and amplitude attenuation of heat flow through the roof assembly. These assumptions are
conservative for the relative comparisons emphasized here but should be refined in future studies
aimed at absolute energy use prediction.

Additionally, the present model does not account for the degradation of coating optical
properties over time due to dust accumulation, soiling, or material aging. In Baghdad’s arid and dusty
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environment, such degradation can reduce solar reflectance by up to 23% within one year [31],
potentially leading to overestimated long-term cooling load savings. Future modeling efforts should
incorporate time-dependent reflectance degradation functions to provide more realistic multi-year
performance predictions. Furthermore, there remains a notable lack of field-measured performance
data specific to Baghdad; most existing findings are extrapolated from analogous regional contexts or
derived from simulations rather than direct measurement within the city itself [30].

A more rigorous multilayer finite-difference or RC-network approach would improve the
accuracy of transient surface temperature predictions and the resulting conductive heat flow profiles.
Such an approach would be particularly valuable for capturing the thermal lag introduced by the
concrete slab and insulation layers. Benchmarking against a multilayer model in EnergyPlus or
TRNSYS would help quantify the impact of this simplification on the reported results.

RESULTS AND DISCUSSION
A. Diurnal surface temperature behavior

Figure 1 illustrates simulated diurnal roof surface temperature profiles for each coating type on
arepresentative summer day (15 July). The Standard Dark roof reaches the highest peak temperatures,
substantially above the ambient air temperature, due to its very low solar reflectance (high
absorptance). In contrast, the White Reflective and Retro-Reflective coatings maintain surface
temperatures close to the ambient profile throughout the day, underscoring their capacity to reject
incident solar energy under the simplified model.

The thermochromic coating exhibits an adaptive trajectory: surface temperature initially rises
more steeply than the white coating but then levels off as the increasing temperature triggers higher
solar reflectance via the sigmoid function. The Aluminum Metallic roof, despite its moderately high
solar reflectance, attains elevated surface temperatures in the afternoon. This behavior is driven by its

very low thermal emittance (e = 0.05), which limits radiative cooling and causes heat to be retained at
the surface.

| = Standard Dark
701 White Reflective

| == Aluminum Metallic
60 | Thermochromic

Retro-Reflective

Roof surface temparature (°C)
H
o

0%2 3 4 5 7 6 éé1b11121'6171'51519202122232324
Hour of day

Figure 1. Simulated diurnal roof surface temperature profiles for five coating types and ambient air
on a typical summer day in Baghdad.

B. Monthly and annual cooling loads

Figure 2 presents the simulated monthly cooling load for each coating over the TMY year. All
roofs exhibit their highest cooling demand from June to September, consistent with the hot summer
season in Baghdad. However, the magnitude of these loads varies markedly across coatings.

The Standard Dark roof consistently yields the largest monthly cooling load, whereas the White
Reflective and the high-reflectance approximation of the Retro-Reflective coating substantially
reduces peak summer loads. The thermochromic coating provides intermediate benefits,
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outperforming Aluminum Metallic despite its lower reflectance at low temperatures, due to its ability
to increase reflectance dynamically as the roof heats up.

100 ‘ — ‘
60 ‘
40 ‘
30 ‘
20 ‘
0
Jan Map Fed Moy Juh Mon Ju Surt Noc Dec

n Ferl

Cooling energy (kWh)

m Standard Dark White Reflective Aluminum Metallic = Thermochromic Retro-Reflective

Figure 2. Monthly cooling load for the evaluated coating types over one TMY year in Baghdad.

Table 3 summarizes the annual roof-related conductive cooling load and relative savings with
respect to the Standard Dark roof.

Table 3. Annual roof-related conductive cooling load and savings relative to the Standard Dark roof.

Coating type Annual cooling load (kWh) Savings vs. Standard Dark (%)
Standard Dark 6268.2 0.0
White Reflective 2888.7 53.9
Retro-Reflective 3075.7 50.9
Thermochromic 3560.5 43.2
Aluminum Metallic 4562.8 27.2

The results confirm that white cool roofs offer the largest reduction in conductively transmitted
cooling load for the studied configuration, with more than half of the baseline cooling load removed.
This corresponds to a 53.9% reduction in roof-related conductive cooling load for a highly absorptive
baseline roof on a small commercial building in a strongly cooling-dominated Baghdad climate,
placing the case-study toward the upper end of savings reported for reflective coatings in multi-study
syntheses. The Retro-Reflective coating approximation performs nearly as well; however, because the
model does not account for angular radiation redistribution or urban canyon effects, this result should
not be taken as evidence of retro-reflective advantages in dense urban settings without further
investigation using angular-dependent models. Thermochromic coatings provide substantial savings
with the added benefit of adaptability, which could be advantageous in climates with stronger
seasonal variations than Baghdad. Aluminum Metallic coatings yield meaningful but smaller savings,
illustrating the penalty associated with low longwave emittance despite relatively high solar
reflectance.

a) Effect of dust accumulation and aging on cooling loads

To assess the impact of dust accumulation and aging on the reported results, additional
simulations were conducted assuming reductions of 10%, 20%, and 23% from the nominal clean-
surface solar reflectance values for each coating type. Table 3b summarizes the estimated annual roof-
related conductive cooling loads under these degraded conditions. The estimates are derived from the
sensitivity analysis relationships shown in Figure 3 and should be confirmed with explicit transient
simulations.
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Table 3b. Estimated annual roof-related conductive cooling loads (kWh) under degraded reflectance

conditions.

Coating type Clean 10% degradation  20% degradation  23% degradation
White Reflective 2888.7 3280 3720 3820
Retro-Reflective 3075.7 3420 3860 3960

Aluminum Metallic 4562.8 4750 4960 5030
Thermochromic 3560.5 3790 4050 4120

Note: These estimates are derived from the sensitivity analysis relationships shown in Figure 3 and
should be confirmed with explicit transient simulations using degraded reflectance values.

Under the most severe degradation scenario (23% reflectance loss), the White Reflective
coating’s annual cooling load increases from 2888.7 kWh to approximately 3820 kWh, reducing its
percentage savings relative to the Standard Dark baseline from 53.9% to approximately 39.1%. The
Retro-Reflective coating’s load increases from 3075.7 kWh to approximately 3960 kWh (36.8%
savings). Even under degraded conditions, reflective coatings continue to provide substantial cooling
load reductions compared to the Standard Dark baseline, although the magnitude of savings is
significantly diminished. These results underscore the importance of regular maintenance and
cleaning for cool roof systems in arid environments, as well as the need for anti-soiling and anti-aging
coating formulations.

C. Sensitivity to solar reflectance and emittance

Figure 3 depicts the annual cooling energy as a function of solar reflectance and thermal
emittance from the sensitivity analysis. The heatmap clearly shows monotonic reductions in cooling
load with increasing reflectance and emittance. The most favorable region occurs in the upper-right
corner, where both psolar and & approach 0.9.

The gradients in the heatmap are steeper along the reflectance axis at low values of ¢, indicating
that improving solar reflectance is particularly impactful when emittance is poor. At higher emittance
levels, the marginal benefit of further reflectance increases begins to saturate. These results confirm
that optimal cool roof designs in hot-arid climates should prioritize both high reflectance and high
emittance, rather than focusing on reflectance alone.
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Figure 3. Sensitivity of annual cooling energy consumption to variations in solar reflectance and
thermal emittance.

D. Economic performance

Table 4 summarizes the economic indicators for each coating relative to the Standard Dark roof,
including total initial investment for the 100 m? roof, annual energy savings, simple payback period,
and 10-year net savings.
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Table 4. Economic performance of reflective roof coatings for a 100 m? roof in Baghdad (COP = 3.0,
electricity at 0.05 USD/kWh, 5% real discount rate).

) Initial investment Annual elec. savings Payback period 10-yr disc. net
Coating type .
(USD) (USD) (years) savings (USD)
Standard Dark 200.0 0.0 — 0.0
White Reflective 500.0 56.3 5.33 134.7
Retro-Reflective 1000.0 53.2 15.04 -389.2
Thermochromic 1200.0 45.1 22.17 -651.8
Aluminum Metallic 400.0 28.4 7.04 19.3

Incorporating a COP of 3.0 to convert thermal cooling load savings to electrical energy
consumption, the White Reflective coating offers the shortest payback period (5.33 years) and positive
10-year discounted net savings (134.7 USD), making it the most economically attractive option under
the assumed conditions. Aluminum Metallic coatings, although thermally less effective, benefit from
lower upfront cost and achieve a moderate payback period (7.04 years) with modest positive
discounted net savings (19.3 USD). Retro-Reflective coatings exhibit a longer payback period (15.04
years) and negative 10-year discounted net savings (—389.2 USD) due to their high initial cost relative
to the electrical energy savings at COP = 3.0. Thermochromic coatings provide notable thermal
savings but have the longest payback (22.17 years) and most negative net savings (-651.8 USD) due
to their high unit cost; their value may be greater in climates with colder winters, where their adaptive
behavior can also reduce heating demand.
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Figure 4. Ten-year net savings for reflective coatings relative to the Standard Dark roof.

E. Limitations and implications

The presented results pertain to a single roof configuration and a specific hot-arid climate.
Nevertheless, the trends observed have broader implications. First, combining high solar reflectance
with high thermal emittance is critical for maximizing cooling load savings. Second, adaptive and
retro-reflective materials can provide performance approaching that of white cool roofs, with
potential ancillary benefits for urban-scale heat mitigation. Third, economic viability is highly
sensitive to local energy tariffs and coating costs; the short payback periods obtained here are partly
attributable to low baseline roof cost and high cooling loads. The baseline Standard Dark roof
reflectance of 0.05 represents an extremely absorptive surface; for roofs with higher initial reflectance
(e.g., aged concrete at p = 0.20-0.30), the percentage savings from applying reflective coatings would
be proportionally smaller. For instance, if the baseline reflectance were 0.20 instead of 0.05, the
absolute cooling load reduction for the White Reflective coating would decrease, and the percentage
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savings would drop from approximately 54% to roughly 35-40%. Readers should consider the specific
baseline conditions when interpreting the reported savings magnitudes.

It is also important to acknowledge that the simulated cooling load savings reported here are
based on clean, unaged coating properties and do not reflect the performance degradation that occurs
over time. Studies in analogous arid environments have documented solar reflectance losses of up to
23% within the first year due to dust and soiling [31,32], which would reduce the realized annual
savings. Incorporating aged reflectance values into the economic analysis would likely extend
payback periods, particularly for high-initial-cost options such as thermochromic coatings. Regular
maintenance schedules and anti-soiling formulations [35] should be considered as integral
components of any cool roof implementation strategy in Baghdad.

Future applications should account for building-specific load profiles, HVAC system
characteristics, and potential winter heating penalties. At the urban scale, interactions between
multiple buildings, ground surfaces, and vegetation will further influence the effectiveness of
reflective and retro-reflective technologies.

CONCLUSION

Fundamental Finding : This study demonstrated that cool-roof coatings can substantially
reduce roof-related conductive cooling loads in hot-arid climates. Among the evaluated alternatives,
the White Reflective coating achieved the highest performance, reducing annual conductive cooling
demand from 6268.2 to 2888.7 kWh for the modeled 100 m? commercial roof in Baghdad,
corresponding to approximately 53.9% savings. Retro-Reflective and Thermochromic coatings also
provided significant reductions of 50.9% and 43.2%, respectively, while Aluminum Metallic coatings
achieved a more moderate reduction of 27.2%. The sensitivity analysis further revealed that
maximizing cooling-load reduction requires a combination of high solar reflectance and high thermal
emittance, rather than improvements in reflectance alone. Economic assessment indicated that White
Reflective coatings offered the most favorable financial performance, with the shortest payback period
and positive discounted net savings over a 10-year period. Implication : The findings emphasize the
potential of cool-roof technologies as an effective passive strategy for reducing cooling energy
demand in cooling-dominated regions such as Baghdad. The developed transient heat-balance
framework provides a practical decision-support tool for assessing both thermal and economic
performance of roof-coating options and can assist policymakers, building designers, and facility
managers in selecting cost-effective energy-efficiency measures. Furthermore, the planned open-
source implementation of the Python-based framework may facilitate broader adoption and
adaptation of the methodology for different climates, building types, and emerging roofing materials.
Limitation : Several limitations should be acknowledged when interpreting the results. The
simulations assumed clean and unaged coating surfaces throughout the analysis period, whereas
actual performance may decline due to dust accumulation and environmental aging, which are
particularly relevant in Baghdad’s arid climate. Consequently, the reported energy savings and
economic benefits may represent optimistic estimates of long-term performance. In addition, the
economic evaluation is sensitive to assumptions regarding electricity tariffs, coating installation costs,
and HVAC system efficiency, all of which may vary across regions and over time. Future Research :
Future studies should focus on validating the modeling framework through field measurements and
comparisons with established building-energy simulation tools such as EnergyPlus and TRNSYS.
Additional research is also needed to incorporate the angular behavior of retro-reflective materials,
evaluate inter-building radiative interactions in urban canyons, and conduct formal uncertainty
analyses addressing weather variability, material-property uncertainty, and model assumptions.
Expanding the framework to include life-cycle environmental impacts, diverse building archetypes,
different urban morphologies, and advanced transient thermal models would further enhance its
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applicability. Moreover, integrating time-dependent reflectance degradation, HVAC system
dynamics, and whole-building energy simulations would improve the accuracy and
comprehensiveness of long-term performance assessments.
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