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Abstract: The urban heat island (UHI) effect increases the ambient temperatures in cities and alters
the energy budget of building materials. Urban surfaces such as pavements and roofs absorb solar
heat and re-emit it back into the atmosphere, contributing towards the UHI effect. Over the past
few decades, researchers have identified albedo and thermal inertia as two of the most significant
thermal properties that influence pavement surface temperatures under a given solar load. However,
published data for comparisons of albedo and thermal inertia are currently inadequate. This work
focuses on asphalt and concrete as two important materials used in the construction of pavements.
Computational fluid dynamics (CFD) analyses are performed on asphalt and concrete pavements
with the same dimensions and under the same ambient conditions. Under given conditions, the
pavement top surface temperature is evaluated with varying albedo and thermal inertia values. The
results show that the asphalt surface temperatures are consistently higher than the concrete surface
temperatures. Surface temperatures under solar load reduce with increasing albedo and thermal
inertia values for both asphalt and concrete pavements. The CFD results show that increasing the
albedo is more effective in reducing pavement surface temperatures than increasing the thermal inertia.

Keywords: albedo; thermal inertia; CFD; pavement materials

1. Introduction

The urban heat island (UHI) effect is a phenomenon whereby higher temperatures
are experienced in urban areas compared to the countryside. The UHI effect has been a
subject of interest since the 19th century, when Howard showed that the air temperatures
in a city were higher than the surrounding countryside [1]. During the last decade, the
ever-increasing threat of global warming has resulted in UHIs being a research area of
tremendous importance [2–4]. Cities occupy approximately 2% of earth’s surface; however,
city dwellers consume approximately 75% of the earth’s total energy resources [5]. The
urban population of the world is rapidly increasing as more people are leaving rural
areas to settle down in the cities. The UHI effect is illustrated by graphically mapping
temperatures across cities and comparing those against temperatures in the countryside
immediately surrounding them. The larger temperature spikes at the center of the graph
represent the ‘heat island’, with higher city temperatures [6–8].

Figure 1 shows how a UHI occurs in a city. Solar heat during the day is absorbed by
various urban surfaces such as the roofs of buildings and pavements. Heat is transferred
back into the atmosphere from these surfaces. The air nearer to the surfaces on earth are
warmer due to heat transfer. Heat is also released from factories, automobiles, and other
anthropogenic sources.
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Figure 1. The urban heat island (UHI) effect in cities.

The UHI effect has detrimental consequences for the health and well-being of people
living in cities worldwide [9–11]. According to various reports, the Center for Disease
Control and Prevention in the United States attributed 7421 deaths between 1979 and 1998
in United States to UHIs [12,13]. Researchers have shown that city temperatures locally rise
because of the way they are structured. The increased use of synthetic materials with low
reflectivity and anthropogenic heat production are prime causes of UHIs [14–16]. The heat
island effect also results from dwindling vegetation, reductions in evapotranspiration in
cities, and the prevalence of darker objects in urban architecture [17]. Previous researchers
have estimated that over 60% of urban surfaces are covered by synthetic heat-absorbent
materials, of which approximately 40% are pavements [18].

Pavements contribute significantly to the UHI effect. Mesoscale images from satellites
have revealed that urban pavements are significant sources of thermal activity and heat
radiation [15]. Urban surfaces such as pavements absorb solar energy and radiate it
back to the atmosphere, contributing to UHIs. Therefore, one way to assess UHIs is by
studying the materials used in urban infrastructure such as pavements, building materials,
and roofs. Various researchers have focused on the choices of materials used to build
pavements and performed experiments to study heat retention and emissions associated
with pavement materials [19–21]. In a recent article, researchers studied pavement damages
due to overweight vehicles using a novel framework [22]. Asphalt and concrete are the
most common materials used for pavement construction.

Knowledge of radiative properties such as emissivity and albedo are very essential in
studying heat transfer from pavements. Emissivity is defined as the relative measure of the
total energy emitted across all wavelengths by an object in comparison to a blackbody at
the same temperature. This is given by Equation (1):

ε =
q
qb

, (1)

where ε is the emissivity of the surface, q is the energy emitted per unit area by the surface,
and qb is the energy emitted per unit area by a blackbody. Researchers have shown that
emissivity increases with increases in roughness [23–26].

Albedo is defined as the fraction of incident solar light that is reflected from a material
surface, which is given by Equation (2):

Albedo =
re f lected solar radiation
incident solar radiation

(2)

Most surfaces that are darker in color have lesser albedo than surfaces that are brighter
in color. The albedo of a perfect blackbody is zero [10,27–30]. However, there may also be
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some surfaces that are dark colored and reflect large portions of infrared solar radiation.
These surfaces may also have high albedos [31].

Many previous articles reported experimental results showing heat loss from different
materials under specific ambient conditions. These articles measured surface temperatures
on materials such as asphalt, cement, bare soil, and grass [20,32–36]. A couple of recent
articles discussed pavement solar collector (PSC) technology, where pavement heat is
utilized for recharging shallow geothermal boreholes during summer [37,38]. Many of
the articles reported comparisons between asphalt and concrete pavements in terms of
their contributions to UHIs. Although several reports suggested that asphalt contributes
to the heat island effect more than concrete, at least one article suggested otherwise [39].
Many articles have reported on empirical models studying pavement surface temperatures.
However, many of these models exclude critical parameters such as albedo and thermal inertia.

Computational fluid dynamics (CFD) is widely used to study urban physics. Spe-
cific applications include pollutant dispersion [40–43], natural ventilation [11,44,45], and
pedestrian-level wind conditions [46–49]. However, fewer articles exist that focus on
pedestrian level thermal comfort, such as the evaluation of pavement temperatures and
heat transfer [50–52]. To the best of our knowledge, no article has reported the use of
CFD for the analysis of critical parameters such as albedo and thermal inertia. Thermal
inertia is defined as the property of a material that expresses the degree of slowness with
which the temperature of the material reaches that of the environment [53]. It is given by
Equation (3):

P =
√

kρCp, (3)

where P is the thermal inertia, k is the thermal conductivity, and Cp is the specific heat
of the material. In the present work, the surface temperatures of two common pavement
materials, asphalt and concrete, are evaluated under specific ambient conditions and a solar
load using CFD and a radiation model. The model used for analysis has been validated
against experimental results by previous researchers [19]. In this article, the effects of albedo
on the surface temperature of both asphalt and concrete pavements under given ambient
conditions are studied. Additional simulations are performed to study the variation in
pavement top surface temperature with changing thermal inertia.

2. Materials and Methods

The following section details the numerical model that was developed and validated
against experiments by previous researchers. The validated model was used to perform
the sensitivity analysis of the pavement materials to albedo and thermal inertia. The results
were used to compare the effects of varying albedo versus varying thermal inertia on the
pavement materials and can be used by future researchers to evaluate effective pavement
cooling strategies.

Three-dimensional CFD simulations were performed on pavement blocks made of
two different materials—asphalt and concrete. The simulation geometry was based on
Asaeda et al.’s 1991 experiments on asphalt and concrete pavement blocks. Similar to the
experiments, the pavement structures used in the model were rectangular, having the same
dimensions. The structures were 3 m in length, 3 m in width, and 0.1 m in thickness. The
experiments were performed in an open space. The wind velocity and ambient temperature
were measured 1.5 m above the ground [19]. Inside pavement samples, 1-mm-diameter
copper tubes were installed along the central axis at depths of 0.025 m, 0.05 m, and 0.1 m.
Temperatures were measured by inserting thermocouples into the tubes [19]. Figure 2
shows the simulation geometry with the pavement block located in the center. The arrows
show the direction of wind flow. In order for the pavement to be located in an open space,
a 15 m long and 15 m wide simulation domain was created with the pavement located at
the center. The domain was 1.5 m high based on the wind velocity measurement location
given by Asaeda et al.
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ANSYS Fluent 18.2 was used for CFD simulations [54]. The simulation results were
compared against Asaeda et al.’s experimental measurements of pavement top surface
temperatures at a given date and time with the wind flowing at a certain velocity. In
order to reduce the computational costs, the unsteadiness associated with the heat storage
of pavement materials was ignored in the simulations. The steady-state temperature on
the pavement top surface was calculated at a given wind speed at a given date and time.
The model includes mass, momentum, and energy conservation equations. The flow is
incompressible because the local changes in density are small. The mass conservation
equation is given by Equation (4):

∂ρ

∂t
+∇ · (ρu) = 0, (4)

where ρ is the density of the fluid and u is the flow velocity. Therefore, the mass conserva-
tion equation can be rewritten as:

∇ · u = 0, (5)

Navier–Stokes equations are used for momentum conservation and are given by
Equation (6):

∂u
∂t

+ u · ∇u =
−1
ρ
∇P +

µ

ρ
∇2u +

1
ρ

F, (6)

where ∇P is the pressure gradient, µ is the dynamic viscosity of the fluid, and F represents
the body forces. The Boussinesq model is used for the density–temperature correlation,
meaning Equation (6) can be re-written as:

∂u
∂t

+ u · ∇u =
−1
ρ
∇P +

µ

ρ
∇2u− gα∆T, (7)

where g is the acceleration due to gravity, α is the thermal expansion coefficient, and ∆T is
the change in temperature. Since the heat capacity of the material is assumed constant, the
energy equation is given by Equation (8):

∂T
∂t

+ u · ∇T = β∇2T +
J

ρCp
, (8)

where β is thermal diffusivity, J is the rate of internal heat production per unit volume, and
Cp is the specific heat at constant pressure.

The ‘discrete ordinates’ radiation model was used with the ‘solar ray tracing’ algo-
rithm. The solar ray tracing algorithm has been reported in several articles [52,55–59].
An important input to the model is the solar load acting on the pavement surface. The
solar load depends on the solar angle of incidence, as well as pavement surface properties
such as absorption and reflection. The solar ray tracing algorithm in ANSYS Fluent was
used because it tracks the global position of the sun at a given time in the year. The solar
calculator was used to indicate the sun’s direction relative to the location of the pavement
and to calculate solar irradiation at a specific date, time, and location. The study used the
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fair weather conditions method, as defined by ASHRAE, to calculate the direct and diffuse
solar irradiation on the Earth’s surface. The normal direct irradiation for fair weather
conditions is given by Equation (9):

Edn =
A

B/esinβ
, (9)

where Edn is the direct normal irradiation at the earth’s surface, A is the apparent solar
irradiation when the mass of air is 0, and B is the atmospheric extinction coefficient. Here,
β is the solar altitude above the horizontal [55,56,60]. Infrared radiation is modeled using
Equation (10):

QIR =∝ AiσTb
4, (10)

where QIR is the infrared radiation from the atmosphere, since the atmosphere can be
treated as a blackbody for simplicity; Tb is the blackbody temperature; α is the absorptivity
of the pavement material [55].

The hexahedral mesh is used and mesh independence is obtained with 2,797,202
elements in the simulation geometry. Figure 3 shows the mesh independency test results
based on the calculated pressure at the domain inlet. The result does not change through
three decimal places when the number of mesh elements exceeds 2.5 million.

Figure 3. Mesh independency est.

In order to model the near wall behavior, scalable wall functions were used. Wall
functions are a set of semi-empirical formulas and functions that connect the solution
variables to the nearby wall cells with the corresponding quantities on the wall [61].
Scalable wall functions avoid the deterioration of standard wall functions with finer mesh
sizes. The non-dimensional wall distance (y*) used in the mesh was 11.03. Figure 4 shows
the mesh around the pavement geometry.

Based on Asaeda et al.’s experiment, in the model wind flows in one direction only.
The free stream temperature is 305 K (32 ◦C) and the wind velocity is approximately
0.6 m/s [19]. In the model, a uniform velocity boundary condition is used at the inlet. The
realizable k-ε turbulence model is used. At the inlet, the turbulence intensity and eddy
viscosity ratio are imposed. While the eddy viscosity ratio is set as 10, the turbulence
intensity is 5%. The eddy viscosity ratio is convenient to use in low-turbulence cases where
it is difficult to estimate the turbulent length scale.

At the pavement surface, the stationary wall boundary condition is used with com-
bined radiation and convection boundary conditions. Surface roughness is not specified.
Table 1 shows the properties of the materials used at the surfaces [19].
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Figure 4. Mesh around the pavement geometry.

Table 1. Material properties.

Property Asphalt Concrete Ground

Density, kg/m3 2243 1800 1200
Specific Heat, J/kg K 633 1150 958

Thermal Conductivity, W/m K 0.74 1.69 0.04
Emissivity 0.94 0.94 0.94
Reflectivity 0.1 0.45 0.15

From the wind velocity, the Reynolds number is calculated using Equation (11):

Re = ρvDh/µ, (11)

where Re is the Reynolds number, ρ is the density of air in kg/m3, v is the wind velocity
in m/s, Dh is the characteristic length scale or width of the pavement block in m, and µ is
the dynamic viscosity of air in Pa-s. The Nusselt number is calculated from the Reynolds
number. Equation (12) is used when the flow is laminar:

NuL = 0.664Re0.5Pr1/3, (12)

where NuL is the average Nusselt number when the flow is laminar, Re is the Reynolds
number, and Pr is the Prandtl number.

Equation (13) is used when the flow is turbulent:

NuT = 0.037Re0.8Pr1/3, (13)

where NuT is the average Nusselt number when the flow is turbulent. The convection
coefficient is evaluated using the Nusselt number as shown by Equation (14):

Nu = hL/k, (14)

where Nu is Nusselt number for both laminar and turbulent flows, h is the convection coef-
ficient, L is the characteristic length scale, and k is the thermal conductivity of the material.

For pressure–velocity coupling, the SIMPLE algorithm scheme is used. Table 2 shows
the settings used for spatial discretization:
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Table 2. Spatial discretization.

Parameters Methods

Gradient Least Squares Cell-Based
Pressure Second Order

Momentum Second Order Upwind
Turbulent Kinetic Energy First Order Upwind

Turbulent Dissipation Rate First Order Upwind
Energy Second Order Upwind

Discrete Ordinates First Order Upwind

As the criteria for convergence, the residuals for all equations are set as 10−6.

3. Results and Discussions
3.1. Model Validation

The CFD model was developed based on Asaeda et al.’s experiments on asphalt
and concrete pavements performed in Tokyo, Japan (global position: longitude = 139.77◦,
latitude = 35.67◦, time zone = 9) on 26 August 1991 [19]. The experiments were performed
on asphalt and concrete pavements measuring each 3 m × 3 m × 0.1 m. Asaeda et al.
reported an approximate ambient temperature of 305 K and wind speed of 0.6 m/s. The
average wind speed was measured within an altitude of 1.5 m above the ground. The
emissivity of both asphalt and concrete pavements was reported as 0.94. They reported
a reflectivity of 0.1 for the asphalt pavement and a reflectivity of 0.45 for the concrete
pavement. Using CFD, the pavement top surface temperature and the temperatures at
depths of 2.5 cm, 5 cm, 7.5 cm, and 10 cm from the pavement top surface were calculated
for a known ground temperature for both asphalt and concrete under the above-mentioned
conditions at a given time of day (14:00). Figure 5 shows a comparison between the CFD
results and the experimental measurements for the asphalt and concrete pavements.

Figure 5. Validation of CFD results against experimental results shown by previous researchers.

The CFD results were in agreement with the experiments, with the top surface tem-
perature difference being in the range of 1–2 K between the CFD results and experiments
for the asphalt pavement. For the concrete pavement, the top surface temperature differ-
ence between the CFD results and experiments was approximately 3 K. Both CFD and
experimental results showed that the top surface temperature of the concrete pavement
was at least 15 K cooler than the corresponding asphalt pavement under identical ambient
conditions. The slight difference in the top surface temperatures between the CFD and
experimental results may be attributed to moisture in air, which the CFD model does not
include. Asaeda et al. reported a humidity ratio of approximately 0.015.

The CFD model was used to assess asphalt and concrete pavement surface tempera-
tures with varying albedo and thermal inertia values.

3.2. Surface Temperatures with Varying Albedo Values

The validated model was used to simulate the pavement surface temperatures with
varying albedo values. The CFD model was used to evaluate surface temperatures of both
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asphalt and concrete pavements under given ambient conditions. An identical date and
time of year (26 August, 14:00) were chosen for CFD analysis, when the ambient conditions
were expected to be hot.

The pavement top surface temperature was evaluated at a wind speed of 1 m/s. The
ambient temperature was 305 K. The direct normal solar irradiation at the location was
891.449 W/m2. Asphalt pavements are typically darker in color, have high absorptivity,
and low albedo values. The albedo value of the asphalt pavement can be increased by
painting it with lighter colors. Previous researchers have reported albedo values of 0.1, 0.27,
0.4, and 0.55 for black, red or green, yellow, and off-white pavements, respectively [10].
Simulations were performed with albedo values varying from 0.1 to 0.9 and the same
material properties for the asphalt. Figure 6 shows the temperature profile around the
asphalt pavement with an albedo value of 0.1. The top surface temperature of the pavement
was approximately 340 K.

Figure 6. Temperature profile with asphalt albedo value of 0.1.

Figure 7 shows the temperature profile around the asphalt pavement with an albedo
value of 0.9. The top surface temperature of the pavement was 322 K.

Figure 7. Temperature profile with asphalt albedo value of 0.9.

Figure 8 shows asphalt pavement surface temperatures with increasing albedo values.
The result show that the surface temperature is approximately reduced by 2.3 K as the
albedo increases by a value of 0.1. The pavement surface temperature linearly decreases
with increasing albedo.
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Figure 8. Asphalt pavement top surface temperatures with changing albedo values.

Simulations were performed with the concrete pavement under the same conditions.
Typical albedo values for new concrete pavements range from 0.3 to 0.75 [62,63]. The other
material properties of the concrete were unchanged. Figure 9 shows the concrete pavement
surface temperatures with changing albedo values. The results show a temperature drop of
approximately 1.05 K as the albedo is increased by 0.1 in concrete pavements. Therefore, the
reduction in temperature with the increase in albedo is larger in asphalt than in concrete.

Figure 9. Concrete pavement top surface temperatures with changing albedo values.

3.3. Surface Temperatures with Varying Thermal Inertia Values

The thermal inertia of urban construction materials is related to the thermal properties
of the urban fabric, such as the thermal conductivity, specific heat, and density. This is
associated with a material’s ability to store or lose heat [64,65]. The thermal inertia of the
pavement may be varied by introducing filler materials [11,66].

In order to study the effects of thermal inertia, the thermal conductivity of asphalt
was varied from 0.8 W/mK to 1.5 W/mK in intervals of 0.1. The density and specific heat
of the material were unchanged. The albedo of the asphalt surface was kept constant at 0.1.
The ambient conditions were the same as the albedo simulations and the wind speed was
also 1 m/s.

Figure 10 shows the variations in top surface temperature of the asphalt pavement
with changes in thermal inertia. The top surface temperature of the asphalt pavement
drops by approximately 14 K as the thermal inertia is increased from 1065 J/m2Ks1/2 to
1459 J/m2Ks1/2.

For the concrete pavement, the albedo was kept constant at 0.3, with the same ambient
conditions, wind speed, and wind direction. Figure 11 shows the variations in concrete
top surface temperature with thermal inertia as the thermal conductivity of concrete is
increased from 1.7 W/mK to 2.4 W/mK in intervals of 0.1 W/mK. The concrete pavement
surface temperature drops by approximately 4 K only as the thermal inertia increases from
1875 J/m2Ks1/2 to 2229 J/m2Ks1/2.
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Figure 10. Asphalt pavement surface temperatures with changing thermal inertia values.

Figure 11. Asphalt pavement surface temperatures with changing thermal inertia values.

4. Conclusions

In this article, the comparative influence of albedo and thermal inertia values on pave-
ment surface temperatures under a given solar load was investigated, which is a relatively
unexplored area. The results from the study could be useful in developing pavement
cooling strategies. The top surface temperatures of asphalt and concrete pavements were
studied as functions of surface albedo and thermal inertia values. A solar radiation model
was used in conjunction with CFD to calculate the solar heat flux based on a global position
and the time of year. This model was validated against experimental results by previous
researchers at a different location.

The results primarily showed that changing the surface albedo values of pavement
materials is more effective in reducing pavement top surface temperatures than increasing
the thermal inertia. Therefore, as opposed to the general practice, increasing the thermal
inertia alone may not be sufficient to reduce pavement surface temperatures under given
ambient conditions.

Secondly, this article presented a sensitivity analysis of pavement material top surface
temperatures to albedo values, which to the best of our knowledge had not been reported
before. The analysis showed that the top surface temperatures of the asphalt pavement
decreased by 2–3 K for every 0.1 unit increase in albedo, while the corresponding concrete
top surface temperature decreased by 1–2 K for every 0.1 unit increase in albedo. In addition,
the asphalt pavement surface temperatures were consistently higher than corresponding
concrete pavement surface temperatures. The higher temperatures in asphalt were due to
the lower thermal conductivity and lower albedo values as compared to concrete.
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