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Abstract 

Urban areas contain significant amounts of asphalt pavement.  When exposed to the 

sun, asphalt pavement absorbs solar radiation and stores it as thermal energy raising its 

temperature.  According to the urban heat island effect (UHIE), the pavement releases the 

thermal energy back to the surrounding air resulting in a rise in local air temperature.  A 

pipe network containing a passing fluid installed in the pavement can reduce the UHIE.  

The fluid captures the thermal energy stored in the pavement, reducing air and pavement 

temperatures as well as providing heated water for other applications.  The heat 

transfer/harvesting system can be optimized to produce the desired cooling of the 

pavements.  This research addresses the economic feasibility of a pipe network by design 

as well as structural performance through computer modeling.  To design the pipe network 

and predict its economic feasibility an Excel spreadsheet was programmed.  It requires 

local air temperature data to determine the yearly temperature profile within the 

pavement and to calculate the amount of thermal energy that could be extracted.  By 

varying design parameters such as fluid flow rate, it produces a matrix of payback periods.  

Structural conditions were considered for the installation of the proposed system.  To 

simultaneously evaluate the thermal and structural performance of the pipe network 

installation, a finite element model was created using COMSOL Multiphysics©.  A typical 

value of solar radiation and a standard truck tire wheel load were applied to the model to 

simulate the intended application of the pipe network.  The result of this thesis is a method 

and a tool to design and analyze with respect to economic and structural performance a 

pipe network used to extract the thermal energy stored in asphalt pavements and reduce 

the UHIE. 
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1. Introduction 

Urban areas contain significant amounts of impervious surface in the form of 

parking lots and roads consisting of asphalt pavement.  During the day these surfaces are 

exposed to significant amounts of solar radiation.  The solar radiation is absorbed by the 

asphalt pavement and converted into thermal energy to be stored within the pavement.  

The thermal energy is then released back to the environment causing a local rise in air 

temperature in what is known as the urban heat island effect (UHIE).  This phenomenon 

continues after sunset allowing urban areas to maintain an air temperature greater than 

that present in the surrounding rural areas.  One undesired effect of the urban heat island 

effect is an increase the amount of energy required to cool the surrounding structures due 

to the increase in external ambient air temperature. 

While asphalt pavements influence the local environment through the UHIE they 

also provide a tremendous environmental opportunity.  The thermal energy stored within 

in the pavement can be harnessed for a wide variety of applications from use in heat 

exchangers to power generation.  By harnessing the energy stored in the pavement, less is 

released back to the environment thus reducing the UHIE.  A local reduction in air 

temperature achieves additional benefits such as a reduced demand from local buildings 

for energy for cooling. 

A solution based on the concept of the solar hot water panel has been developed to 

harness the available thermal energy.  Field experiments and computer modeling support 

the conceptual feasibility of the proposed solution and the ability to effectively model the 

heat transfer phenomenon using finite element software.  Conceptual feasibility alone, 

however, does not result in immediate widespread implementation of the proposed 
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solution.  Economic feasibility must be established to make investment appealing and 

structural survivability must be determined to ensure that in installation will last. 

This thesis first addresses the next logical step towards implementation of the 

proposed solution which is the determination of the economic feasibility.  A programmed 

spreadsheet assists in the evaluation of the economic feasibility of the proposed solution at 

a given location.  In doing so a matrix of system parameters are evaluated to provide many 

design alternatives for which the payback period is determined for that location.  Locations 

closer to the equator which have high ambient temperatures serve as the most 

economically feasible locations.   

This thesis lastly begins to address the concept of structural survivability of the 

proposed solution whereby the materials used and their interactions are investigated 

through computer modeling.  The result of this thesis is a process by which the economic 

feasibility for a location can be established through the use of a programmed allowing for 

selection of design parameters to input into a corresponding computer model. 

Background information on the proposed solution, the urban heat island effect and 

heat transfer principles will be discussed.  The results of field experiments and preliminary 

computer modeling will establish conceptual feasibility of the proposed solution.  

Utilization of a spreadsheet programmed to predict pavement temperature will assist in 

establishing economic feasibility and provide design options.  Further computer modeling 

with appropriate material properties will establish structural survivability of the proposed 

solution. 
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2. Background 

In order to develop a method for which to design and analyze a system to extract the 

thermal energy from pavements several topics must be addressed.  First, the proposed 

solution concept must be completely described.  Next, the applicable heat transfer 

principles must be discussed to understand the energy path from the sun to the passing 

fluid.  Field experiments support the conceptual feasibility of the proposed solution 

providing a measurable reduction in pavement temperature and increase in water 

temperature.  Agreement between experimental results and computer modeling results 

support further studies of the proposed solution using the same computer software.  

2.1. Urban Heat Island Effect (UHIE) and the Proposed Solution 

Asphalt pavements when exposed to the sun, absorb the solar radiation and convert 

it to thermal energy that is stored within the pavement.  The pavement then releases this 

thermal energy back to the environment increasing the local ambient air temperature.  In 

larger scale, as witnessed in urban areas where there are significant amounts of impervious 

surfaces due to roads and parking lots, this phenomenon is known as the urban heat island 

effect (UHIE).  One solution to harness the stored thermal energy and reduce the UHIE is to 

place a pipe within the pavement and flow an appropriate fluid through the pipe as 

diagrammed in Figure 1. 
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Figure 1: Proposed solution concept (Mallick et al., 2009) 

The pavement at a higher temperature passes the heat to the cooler fluid increasing 

the temperature of the fluid and decreasing the temperature of the pavement.  The length 

and flow rate through the pipe network can be established to yield a heated fluid at a 

temperature equal to the temperature of the pavement at the depth of the pipe network.  

The heated fluid may be used to generate electricity, used simply as heated water, or stored 

for later use such as to heat the road surface.  By reducing the temperature of the 

pavement, less heat is released back to the environment thus reducing the UHIE.   

Implementation of the proposed solution has additional benefits including a 

reduced cooling load for the buildings immediately surrounding the pavement.  Less 

energy is then consumed from the electricity grid to cool the building.   A reduction in the 

pavement temperature also increases expected pavement service life as shown in Figure 2.  

In example, if the maximum pavement temperature experienced during the year is reduced 

from 70 degrees Celsius to 63 degrees Celsius, the pavement may last up to 5 additional 
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year before needing repairs.  The temperature reduction increases the stiffness of the 

pavement resulting in a greater resistance against rutting.         

 
Figure 2: Maximum pavement temperature vs. pavement service life (Chen, 2008) 

2.2. Heat Transfer 

Heat transfer is the principal mechanism behind both the urban heat island effect as 

well as the proposed solution to reduce its effects.  The sun provides a continuous source of 

radiation to which the surface of the asphalt pavement is exposed.  The fraction of the 

incident radiation that is absorbed by the asphalt is dictated by the material’s emissivity, ε.  

The remaining fraction reflects off the surface back to the surrounding air and other 

surfaces.  As a result of absorption the pavement surface temperature begins to increase as 

the solar energy is converted to thermal energy stored within the pavement. 

The thermal energy flows deeper into the pavement through conduction which 

requires the direct contact of the molecules of the material increasing the temperature at 

depth.  The material property that dictates how readily this heat flows through the material 

is its thermal conductivity, k.  The higher the thermal conductivity, the more readily heat 
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flows through the material.  Another material property, specific heat capacity, c, defines 

that amount of energy required to raise a specific mass of that material by one degree in 

temperature.  A material of a higher specific heat capacity requires more energy to heat the 

material by the same temperature amount and provides greater storage of energy. 

The stored thermal energy flows through the thickness of the pipe by conduction 

and to the fluid by convection.  The rate of flow to the fluid depends on the thermal 

conductivity of the fluid, k, the flow rate of the fluid, Q, and the initial temperature of the 

fluid.  An increased flow rate supports quicker flow of energy from the surroundings with 

which it is in contact. 

Loomans et al. (2003) has developed a three segment model to mathematically 

evaluate the proposed solution concept.  The top segment considers the incident solar 

radiation, the radiation loss to the sky, the conduction to the lower layers of the pavement, 

and the convective heat loss from the surface due to natural convection and wind.  The 

middle segment accounts for the convective loss of heat from the pavement due to the 

passing fluid.  The lower segment represents conduction of heat through the layers of 

pavement and subgrade below the depth of the pipe network.  Conduction of heat through 

the pipe walls is not addressed in this model separately as it may  

The UHIE is the result of convective and radiative heat losses from the surface of the 

pavement.  The rate convective heat loss is defined by a convective heat loss coefficient, h, 

which is difficult to determine as it encompasses the properties of the material and the 

fluid as well as the geometrical relation between the two.   Factors such as local wind speed 

affect the value of the heat transfer coefficient.  Radiative heat loss is a function of the 

emissivity of the surface material, ε, the Stefan-Boltzman constant, σ, taken as 5.68x10-8 
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W/(m2K4), and the temperatures of the surface and ambient fluid according to the 

following formula: 

      (1) 

The radiative heat released is a function of the surface temperature of the pavement to the 

fourth power.  A small reduction in pavement temperature thus significantly reduces the 

amount of heat released back to the environment.  Although the pipe network is at a depth 

within the pavement, the flowing fluid reduces the surface temperature after sufficient time 

has passed.  The proposed solution reduces the overall temperature of the pavement 

including the surface thus reducing the UHIE. 

2.3. Field Experiments 

In order to establish the conceptual feasibility of the proposed solutions field 

experiments must be conducted.  The goal of these experiments is to show that passing a 

fluid (water) through a slab of asphalt pavement reduces the temperature of the pavement 

at the surface and at depth as well as results in a significant rise in the temperature of the 

water.  Reduction in the pavement temperature addresses the desire to reduce the urban 

heat island effect.  A rise in fluid temperature signifies economic advantage of the proposed 

solution due to its many applications.   

Figure 3 presents an experimental schematic for the investigation an asphalt 

pavement slab.  To appropriately study the phenomenon, the experimental setup must be 

placed outside for exposure to the sun as shown in Figure 4.  In this experiment, the 

pavement is exposed to the sun for a period of two hours from approximately 10 AM to 12 

noon to allow the pavement to heat.  At this time, the fluid begins to flow and continues to 
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do so for four hours until 4 PM at which point the experiment is terminated.  The 

experiment must be repeated several times to establish the repeatability of the concept. 

 
Figure 3: Experimental schematic 

 

 
Figure 4: Outdoor experimental setup 

 
During the experiment, measurements of the temperature of the pavement using 

thermocouples are taken at five different locations evenly spaced are taken along the 

surface and at a depth of 25 mm (1 inch).  Additional thermocouples measure the 

temperature of the inlet and outlet water temperature as well as the ambient air 
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temperature.  An anemometer measures the wind speed and a pyranometer measure the 

incident solar radiation at the location to determine the magnitude of solar exposure.   

Figure 5 presents results from this experiment providing the air temperature, asphalt 

surface temperature, and asphalt temperature at depth (25 mm (1 inch)) as a function of 

time (in minutes) during the experiment.  The temperature at the pavement surface and at 

depth represent an average of the five thermocouples at that depth.  Figure 5 identifies a 

peak solar exposure of approximately 1100 W/m2  at the experiment location Worcester, 

Massachusetts.  

 
Figure 5: Typical experimental result (with solar exposure) 

 
Figure 6 presents the surface, depth, and air temperature as provided in Figure 5 

but with the addition of the difference in temperature, ΔT, of the water measured at the 

inlet and the outlet of the asphalt slab.  Figure 6 shows that at the start of the flow of water 

at 120 minutes into the experiment, the temperature at the surface and at depth drops 

approximately 10 Celsius degrees.  The temperature at the surface falls quicker due to the 

cloudy moment occurring at the same time as indicated by a reduced solar exposure in 

Figure 5.  Upon recession of the clouds, the pavement begins to heat but maintains a 
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temperature lower than before the start of the flow suggesting a permanent decrease in the 

surface temperature.  At depth, the difference in pavement temperature before and after 

the start of the flow of water is more pronounced suggesting successful extraction by the 

passing water.  The difference in surface temperature achieves the goal of reducing the 

urban heat island effect. 

 
Figure 6: Typical experimental result (with water ΔT) 

 
At the start of the flow of water, the water exits the pipe at an increased 

temperature due to its greater contact time and/or existence in the pipe prior to the 

initiation of flow.  Once the flow reaches steady state after about 30 minutes the 

temperature of the water at the outlet measures consistently around 9 Celsius degrees 

greater than the input temperature.  This change in temperature is a measure of the 

amount of thermal energy extracted from the pavement.  The magnitude of temperature 

difference over the small distance of 210 centimeters (83 inches) suggests that a longer 

embedded pipe distance could yield a greater temperature difference and thus more 

energy harvested from the pavement.  This results in a greater economic advantage.  Such 

field experiments establish conceptual feasibility by lowering the surface temperature of 
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the pavement reducing the urban heat island effect as well as providing an economic 

advantage and extra incentive through the significant heating of the water over a short 

length of embedded pipe. 

2.4. Comparison of FEM and Field Experiments 

Finite element (FE) software allows the investigation of a problem without the need 

to construct an actual experiment.  As such, it is also especially effective at investigating 

changes in parameter to investigate the sensitivity of such parameters without the need to 

construct additional experiments.  A model is designed in the software as if it were a field 

experiment including the appropriate dimensions, material properties, and environmental 

conditions.  One particular finite element software, COMSOL Multiphysics©, allows the 

coupling of different phenomena such as heat transfer, and structural mechanics to 

investigate their inter-relationship (COMSOL Multiphysics©, 2008).  To determine the 

ability to effectively model the proposed solution in the COMSOL software, Chen first 

conducted a field experiment similar to that outlined in Section 2.3 with a larger slab and 

more pipes arranged as shown in Figure 7.   

  
Figure 7:  Proposed solution (left) Experimental slab (middle), FE Model, (right) FE 

solution (Chen, 2008) 
 

Chen then constructed a finite element model also shown in Figure 7 to match the 

experimental slab but only including a single pipe near to the edge of slab.  Appropriate 
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thermal material properties were applied as well as thermal boundary conditions and the 

model is solved.  Points of temperature comparison were chosen to be at the surface and at 

a depth of one inch below the surface aligned with the center of the pipe.  Chen compared 

the temperatures obtained in the field experiment with those obtained from the finite 

element as presented in Figure 8.  This closeness of the field experiment and finite element 

model temperatures suggests that COMSOL Multiphysics© can reliably model the thermal 

behavior of the proposed solution.  This confirmation allows the conduction of other 

studies under the expectation that the results will be correct. 

  
Figure 8: Comparison of experimental and FEM temperature results (left) surface (right)  

(1” depth) 
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3. Methodology 

With the conceptual feasibility of the proposed solution established both economic 

feasibility and structural survivability can be investigated.  Material properties influence 

both the economic feasibility and the structural survivability of the proposed solution.  To 

determine the economic feasibility at a location, a spreadsheet was programmed that 

accepts local environmental parameters as well as material properties and associated costs 

for the installation and maintenance of the system.  From the output of this spreadsheet a 

design may be chosen for which an equivalent computer model can be created in COMSOL.  

In this model, the thermal performance of the design can be verified as well as structural 

survivability when subjected to conditions expected at its installation location. 

3.1. Material Properties 

Material properties play an essential role in both the thermal and structural 

behavior of the proposed solution.  The economic feasibility of the proposed solution is 

based upon the high specific heat capacity of the asphalt pavement as well as its low 

thermal conductivity.  The high specific heat capacity allows the pavement to store 

significant amounts of energy for a finite temperature increase and the low thermal 

conductivity slows the travel of the heat through the depth of the pavement.  The amount of 

the solar radiation which an asphalt pavement absorbs is a function of the material’s 

emissivity.  Loomans et al. (2003) specifies a range of 0.88 to 0.93 for the emissivity of 

fresh asphalt pavements which indicates that the pavement absorbs nearly 90 percent of 

the solar radiation to which it is exposed.  A perfect black-body which absorbs all of the 

incident radiation to which it is exposed has an emissivity of 1.  The age of the asphalt can 

cause a decrease in this value. 
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Table 1 contains a summary of the thermal properties of each of the materials investigated 

during computer modeling. 

Table 1: Summary of thermal material properties 

Material k (W/m*K) ρ (kg/m^3) Cp (J/kg*K) 

HMA 1.8 2350 1050 

Air 0.026 1.1843 1006.25 

Water 0.6 1000 4186 

Copper 400 8700 385 

Aluminum 160 2700 900 

Iron 76.2 7870 440 

Nylon 0.26 1150 1700 

PEX 0.41 935 2100 

 
The material properties of the pipe are of concern when modeling the performance 

of the proposed solution.  The pipe material must be of high thermal conductivity to 

provide a quick path for the energy to flow from the surrounding pavement to the passing 

fluid.  Figure 9 presents the results of a study to determine the effect of the pipe material on 

the outlet temperature of the continuously flowing water within the pavement.  There is 

little difference between the copper, aluminum, and iron, but a significant decrease in the 

outlet temperature when the material is nylon.  This is due to the low thermal conductivity 

of the material where the stored thermal energy passes more slowly to the flowing water.  

In practice, this would require the installation of a much greater length of pipe to achieve 

an outlet water temperature equal to the temperature of the pavement.  While the material, 

nylon, may not be used directly as the pipe material in the field, the thermal behavior of a 

material of a similar thermal conductivity can be predicted.  
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Figure 9: Pipe material versus water outlet temperature 

 
Material properties are equally important in the determination of the structural 

survivability of the proposed solution.  Three structural properties are required for proper 

computer modeling: modulus of elasticity, Poisson’s ratio, and the thermal coefficient of 

expansion.  The modulus of elasticity, E, is a property that defines the stiffness of a material 

indicating the level of strain for a given level of stress.  Poisson’s ration, ν, dictates the 

fraction of the stresses which are translated into different axes.  Lastly, the thermal 

coefficient of expansion, α, defines an amount of strain produced in the material per each 

degree change in temperature.  Another material property not used directly in the 

computer modeling but critical in establishing structural survivability is the yield strength, 

Fy, of a material is an upper limit on the allowable stress to be present in the material under 

load after which the material begins to deform plastically which is not recoverable.  Stress 

levels below this value result in the elastic return of the material to its original geometry 

after the load is removed.  Materials containing stresses less than its yield strength under 
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loading have achieved structural survivability.  Table 2 contains these structural material 

properties for each of the materials examined through computer modeling. 

Table 2: Summary of structural material properties 

Material Property 
Material 

HMA Copper PVC PEX 
Modulus of Elasticity, E (psi) Variable Variable 420,000 91,400 

Poisson's Ratio, ν Variable 0.35 0.41 0.41 
Coefficient of Thermal Expansion, 

α (1/K) 
2.63E-05 1.69E-05 5.22E-05 4.32E-05 

Yield Strength, Fy (psi) 300 50,000 7450 2180 
 
 Hot mix asphalt is a thermoplastic material meaning that its structural material 

properties vary greatly with changes in temperature.  As such, its modulus of elasticity and 

Poisson ratio is listed as variable in Table 2.  To properly model the material a relationship 

defining the modulus of elasticity and Poisson’s ratio as a function of the pavement 

temperature is needed.  Huang et al. (2004) provides such a relationship as defined by the 

following equations: 

       (2) 

     (3) 

where θ, is the temperature of the pavement in Celsius degrees, E, the modulus of elasticity 

(in psi), and ν, Poisson’s Ratio.   As the modulus of elasticity equation approaches infinity as 

the temperature approaches 0 °C, a maximum value of 9x107 psi is taken to represent the 

modulus of elasticity of the pavement at 0 °C.  Also, to avoid encountering runtime errors in 

modeling a minimum value for Poisson’s ratio is taken to be 1x10-7 at a temperature of 0 °C 

instead of zero as dictated by the provided equation.  Mamlouk et al. (2005) cites several 

studies concerning the determination of the thermal coefficient of expansion of asphalt 
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pavements.  A value of 2.63x10-5 1/K is chosen as it represents a value close to or contained 

in the ranges of the majority of the studies cited. 

 The modulus of elasticity of copper is also listed as variable in Table 2 therefore also 

requiring a relationship with the temperature of the material.  Data from 

www.engineeringtoolbox.com (2009) allows the development of a relationship to capture 

the very subtle differences in the modulus of elasticity of the copper alloy as a function of 

temperature given in the following linear regression equation: 

    (4) 

where θ, is the temperature of the copper (in degrees Celsius), and E, the modulus of 

elasticity (in psi).  COMSOL’s material library suggests a Poisson’s ratio of 0.35 for copper.  

The two remaining structural material properties, the coefficient of thermal expansion and 

the yield strength, require the selection of a particular alloy of copper.  Copper.org (2009) 

lists C12200 as an alloy used in common household piping as well as other heating 

applications.  As listed is Table 2, the thermal coefficient of expansion of this alloy is 

1.71x10-5 1/K and the yield strength is listed as up to 50,000 psi. 

 Copper serves as the base pipe material to which other materials are compared, 

therefore a pipe size needs to be selected based on what is commonly available.  Type K 

possesses the greatest wall thickness of the common household pipes and thus provides 

the greatest potential to survive loading.  A ¾” nominal diameter is chosen to match the 

diameter of the pipe used in the field experiments of Section 2.3.  In the economic analysis 

to follow a ¾” Type K CS12200 Copper pipe is used. 
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3.2. Economic Analysis 

It is necessary for the proposed solution to be economically feasible if applied for 

purposes other than research.  Energy savings considers the total amount of energy 

harvested from the asphalt pavement.  This is compared to an equivalent amount of 

electricity that would have been consumed from the grid to achieve the same end result.  

Economic feasibility entails achieving a level of energy savings greater to the cost of the 

installation and maintenance within a reasonable period of time.  This length of time is 

termed the ‘payback period’ for that design.   

First, a location for the installation of the pipe network must be chosen.  Four 

locations were selected for analysis: Phoenix, Arizona; Houston, Texas; Miami, Florida; and 

Boston, Massachusetts.  Initial assumptions would expect the three locations in the 

Southern United States to have a reduced payback period due to the higher year-round 

ambient temperatures.  In addition the three locations lie closer to the equator resulting in 

greater intensity of exposure to solar radiation, the source of the harvested energy.  

Conversely, Boston, MA would have a longer payback period due to the shifts in 

temperature with the seasons as well as the increased latitude.  Results from the four 

locations will parallel the climatic behaviors of each of the locations. 

An Excel spreadsheet was programmed using the contained Visual Basic software to 

evaluate the economic performance and provide design options for the proposed solution. 

Once a location is chosen for evaluation, several items relative to that location must be 

acquired such the location’s latitude, longitude, and time offset from Greenwich Mean Time 

and entered into the appropriate locations on the spreadsheet.  In addition, ambient air 

temperature readings (in degrees Fahrenheit) for a period of one year must be obtained 
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from the National Oceanic and Atmospheric Administration (NOAA) or an equivalent 

source.  Dimensions of the pipe as well as the thermal properties of the passing fluid are 

required.  Lastly, the associated costs of the materials and the equipment as well as the 

expected maintenance costs must be entered.  This concludes the ‘Input’ worksheet of the 

spreadsheet.  An example ‘Input’ worksheet is located in Appendix A. 

  The programmed macro proceeds to read and store all of the input.  For each of the 

temperature readings it recognizes the ten character time code (YRMODAHRMN) on the 

line within the NOAA data file containing the reading, representing the year, month, day, 

hour, minute.  As an example, 200709010000 represents September 1, 2007 00:00.  For 

each day, the maximum and minimum as well as the monthly mean air temperatures are 

determined and presented as the first set of output on the second page of the spreadsheet 

titled  ‘Statistics’.  All output temperatures and inputs into the subsequent calculations are 

in degrees Celsius.   

Viljoen (2001) provides a method for the determination of the temperature profile 

within asphalt pavements as a function of the ambient air temperature and other 

environmental characteristics of an installation location.  The maximum asphalt surface 

temperature, Ts(max),  for each day is determined according to the following equation 

(Denneman, 2007): 

     (5) 

where Tair(max) represents the maximum ambient air temperature, Zn represents the zenith 

angle at solar noon calculated using the General Solar Position Calculations equations 

provided by NOAA (NOAA, 2009).  This term accounts for the influence of solar exposure 

on the surface temperature of the asphalt pavement.  The zenith angle at solar noon is a 
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function of the latitude of the location resulting in higher values for locations closer to the 

equator.  C, an empirical coefficient, termed the ‘cloud cover index’, accounts for the 

presence of clouds in the sky reducing exposure level to solar radiation.  On days where the 

maximum temperature is greater than 30° C, this value is taken to be 1.1; for day where the 

temperature is less than 30° C but greater than the monthly mean temperature this value is 

taken to be 1.0; otherwise, this value is taken to be 0.25. 

Determining the minimum asphalt surface temperature, Ts(min), requires only the 

minimum air temperature, Tair(min), as follows (Denneman, 2007): 

    (6) 

The maximum and minimum asphalt surface temperatures for each day are the last of the 

output provided on the ‘Statistics’ worksheet.  An example ‘Statistics’ worksheet is located 

in Appendix A. 

The equations provided by Viljoen (2001) also allow calculation of the asphalt 

temperatures at a depth, d (in millimeters).  The maximum asphalt temperature at depth, 

Td(max), and minimum asphalt temperature, Td(min), are determined according to the 

following equations (Denneman, 2007): 

 (7) 

    (8) 

requiring the maximum, Ts(max), and minimum Ts(min), asphalt surface temperatures 

respectively.  Equations (5), (6), (7), and (8) are completed for each day of the year and 

stored in a matrix providing input for the next series of hourly calculations. 

The next phase of calculations involves developing the hourly temperature profiles 

at the varying depths with in the pavement.  By default, the spreadsheet calculates the 
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profile at the depths of 0, 25, 50, 75, 100, 125, and 150 millimeters corresponding to 

approximately 0, 1, 2, 3, 4, 5, and 6 inches below the surface.  It is necessary to introduce a 

parameter, α, which addresses the time lag (in hours) in the temperature response of the 

pavement through its depth, d (in millimeters) associated with its low thermal conductivity 

(Denneman, 2007): 

       (9) 

An additional time parameter, β (in hours), accounts for high thermal capacity of the 

asphalt pavement.  This value, taken as 1.5 hours is realized through the pavement 

reaching its minimum temperature after sunrise. 

The daily temperature profile consists of a heating and a cooling phase.  The heating 

phase, which begins at a time of day equal to that of sunrise, tr, plus β is governed by the 

following sinusoidal equation (Denneman, 2007): 

   (10) 

where Td(t) is the temperature at depth at a time of day t, in hours, given as a function of the 

maximum and minimum temperatures at that depth, Td(max)  and Td(min), as well as the time 

of sunrise, tr, and the length of day DL, in hours as calculated according to the General Solar 

Position Calculations provided by NOAA. 

Sunset begins the cooling phase of the temperature where the following equation 

applies (Denneman, 2007): 

   (11) 

In this equation, Td(t) still represents the temperature at depth at a time of day t, in hours, 

and DL, the length of day in hours, however, the Td(ts) represents temperature of the 
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pavement at time of sunset ts in hours, and Tnd(min), the minimum temperature of the 

pavement at depth of the next day.  The cooling phase realizes an exponential decay from 

the temperature at depth of the pavement at sunset to the minimum temperature at the 

depth the next morning.  In doing so, the profile maintains continuity from day to day.  

Figure 10 presents an example 24-hour period of the temperature profile containing the 

maximum asphalt temperature of the year for Houston, TX.  During each phase the 

temperature profiles cross whereby by the end of the cooling phase the temperature at 

depth is greater than that of the surface.  This crossover recognizes the slow travel of heat 

through the depth of the pavement consistent with its low thermal conductivity as well as 

its high thermal capacity whereby the lower layers of the pavement are capable of 

supplying heat to the upper layers of the pavement well after the cooling phase has begun. 

 
Figure 10: Temperature profile for 24-hour period containing the maximum pavement 

temperature (Houston, TX) (0, 1, 2, 3, 4, 5, 6 inch pavement depths) 
 

The spreadsheet determines and stores the temperature at each of the depths for 

every hour of the year and presents the values in a separate worksheet titled ‘Profile’.  On 

the fourth worksheet, titled ‘Profile Summary’, the spreadsheet displays a chart of the 
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asphalt temperature profile of the surface and a depth of 150 mm for the entire year.  This 

chart provides visual representation of the economic feasibility and mimics the climatic 

behavior of the location.  The day at which the maximum and minimum temperatures occur 

within the pavement are selected for closer investigation.  The temperature profiles for all 

depths of the 24-hour period in which the maximum and minimum temperatures occur are 

then presented in chart format to verify the behavior of the equations.  An example of the 

‘Profile’ and the ‘Profile Summary’ worksheets are presented in Appendix A. 

The temperature profiles provide a method to quantitatively measure the amount of heat 

energy that can be extracted from the asphalt pavements.  Higher asphalt pavement 

temperatures result in a greater energy savings while lower temperatures result in a 

reduced energy savings.  The variations in the temperature profile affect the overall 

performance as well where consistently high temperatures are more favorable than 

seasonal variations.   

For a given location the available inlet water temperature can be determined by a 

simple measurement with thermometer and may vary with both location and season.  

Conservatively, this temperature can be assumed as 20° C.  This water enters the pipe 

network at the known (or assumed) temperature and exits the pipe network at a 

temperature equal to that of the pavement at the given depth of pipe placement.  For every 

hour of the year the amount of energy harvested, H, of the pavement can be determined 

from the difference of the outlet and inlet water temperatures, ΔTwater, according to the 

following equation: 

     (12) 
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where cwater refers to the specific heat capacity of the water and mwater, the total mass 

passed in that hour.   The mass of water passed through the pipe network is related to the 

chosen flow rate of the water as follows: 

      (13) 

where, Q represents the flow rate of water, and ρwater, the density of water taking care to 

keep consistent units.  Summing each hour interval over the entire year results in a total 

amount of energy harvested.  Multiplying the total amount of energy harvested by the 

current price for electricity yields the energy savings for that location. 

The spreadsheet calculates the energy savings for flow rates including 1 to 30 liters 

per minute.  The fluid flow rate influences the length of the pipe network whereby higher 

flow rates requires a greater length of pipe for the fluid to achieve the same temperature as 

the surrounding pavement.  Heat flows from the pavement through the wall of the pipe 

through conduction and then to the fluid through convection.  The pipe length is calculated 

according to the following derived equation: 

    (14) 

where m, represents the mass flow rate of the passing water, cwater, the specific heat 

capacity of the water, kwater, the thermal conductivity of water, Td(max), the maximum 

temperature of the pavement at depth experienced during the year,  Tdev, a variable chosen 

by the user to design for an outlet temperature lower than the maximum temperature, and 

Tinlet, the measured inlet water temperature for practical considerations.  Equation 14 relies 

on the assumption that pipe walls remain at a constant temperature equal to that of the 

surrounding pavement.  This assumption is valid because of the high thermal capacity of 

asphalt pavement; however, the flowing water will serve to reduce the temperature of the 
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pavement over time to lower temperatures than predicted by the spreadsheet.  As such, the 

energy savings obtained from harvesting the thermal may be overestimated. 

Initial capital costs consist of all of the material costs, such as copper piping, and 

equipment costs, such as the cost of the pump and monitoring systems.  The cost of the 

pipe network varies with its length.  There is a material cost associated with the installation 

of the pipe network as well as an operational cost.  The operational cost consists of the grid 

power required to pump the fluid through the pipe network.  A longer pipe network 

requires more power due to the presence of friction between the fluid and the walls of the 

pipe.  For each flow rate and depth of pipe, the spreadsheet calculates the power required 

to pump the fluid as well as the yearly energy cost.  The total yearly cost is this yearly 

energy cost plus any additional expected maintenance costs for the year.  The net yearly 

savings is the subtraction to the total yearly cost from the previously calculated total 

energy savings.  The payback period for a particular design, or depth and flow rate 

combination, is thus determined by dividing the total initial capital cost by the net yearly 

savings.   

The spreadsheet outputs a formatted sheet for each depth of pipe.  Contained on the 

sheet is a summary of the input values for properties of the fluid and pipe as well as the 

costs.  For each design, organized sequentially by flow rate, the length of the pipe network, 

the required pump power, yearly energy consumed from the grid, energy harnessed from 

the pavement, initial capital cost, net yearly savings, and payback period are reported.  This 

information reported on the ‘Results’ worksheet, provides a concise summary of potential 

designs for a client to make an informed decision.  The results of all the intermediate 

calculations for reference if needed are contained within the ‘RAW’ worksheet.  Retaining 
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this spreadsheet provides the end user with an effective way to verify that each calculation 

is correct by the end user.  An example of the ‘Results’ and ‘RAW’ worksheets can be found 

in Appendix A.  The presentation of all output marks the termination of the programmed 

macro.  A design can then be selected from the results presented for further investigation 

through computer modeling. 

3.3. Computer Modeling 

If the previous spreadsheet determines that an installation location is economically 

feasible, the next step may be taken to determine if the pipe network will survive 

structurally under loading.  This can be achieved most effectively through the 

implementation of COMSOL Multiphysics© a finite element software that allows the study 

of thermal and mechanical effects simultaneously.  The model geometry can be created as 

shown in Figure 11 to represent a slab that is 36 inches long, 36 inched wide, and 12 inches 

deep with a ¾ inch nominal diameter pipe centered at a variable depth of 1 to 6 inches 

from the surface of the slab.  Preliminary analysis shows that this width of slab is great 

enough to avoid interference from the boundary conditions. 

 
Figure 11: COMSOL model dimensions (length into page) 
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The software automatically divides the geometry into different subdomains to 

which material properties must be attached.  The three subdomains consist of the hot mix 

asphalt (HMA), the pipe, and the flowing water.  Appropriate material properties from 

Section 3.1 must be specified for each subdomain.  The software also automatically detects 

internal and external boundaries.  All internal boundaries setting are ignored as only 

continuity needs to be maintained.  External boundary conditions representative of field 

conditions must be specified as follows: 

 Base and side faces along the length 
o Thermal: Insulation/Symmetry 
o Structural: Fixed 

 Sides perpendicular to pipe 
o Thermal: Insulation/Symmetry 
o Structural: Free 

 Pipe inlet 
o Thermal: Fixed temperature (293 K) 
o Structural: Free 

 Pipe outlet 
o Thermal: Convective flux 
o Structural: Free 

 Surface 
o Thermal: Heat flux 

 Inward heat flux: 1000 W/m2 
 Heat transfer coefficient: 4.64 W/(m2*K) 
 External temperature: 293 K 
 Radiation type: Surface-to-ambient 
 Emissivity: 0.9 
 Ambient temperature: 293K 

o Structural: Free 
 6” radius circle centered 
 90 psi distributed load  

 
The thermal boundary conditions establish the different paths which energy may 

enter and leave the slab.  The inward heat flux serves as the solar radiation source with an 

amount being reflected back to the atmosphere dictated by the emissivity and the ambient 

air temperature.  This value for inward heat flux is conservative as Figure 5 indicates a 
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greater solar exposure at the testing location of Worcester, Massachusetts.  The presence of 

the heat transfer coefficient allows heat energy to escape from the surface due to 

convection.  A fixed temperature condition at the pipe inlet ensures that a flow of water is 

provided at 20 degrees Celsius.  The convective flux at the outlet allows the heated water to 

exit the system taking with it the energy harnessed from the pavement surrounding the 

pipe. 

The structural boundary conditions represent the loading conditions expected in the 

field.  If an installation is to be placed in a road or a parking lot it can expect to undergo 

loading from many different vehicles over the course of its existence.  To represent a 

typical truck tire load, a 90 psi distributed load is placed at the center of the slab.  The 

dimensions of the slab are great enough so that the fixed boundary conditions do no 

influence the stresses developed in the pavement. 

The coupling of the heat transfer and structural mechanic modules of COMSOL 

allows the investigation of the structural behavior of different pipe materials and pipe 

depths over a variety of temperature.  The heat transfer module provides a means to 

change the temperature of the materials to discrete values as well as to change the 

temperature through modeling the complete proposed solution.  A change in the 

temperature of the materials results in a change in their structural behavior especially in 

the case of HMA as described in Section 3.1.  Discrete temperature analysis provides a 

method to directly compare the results of specific changes to the model such as the pipe 

material or the depth of pipe. 
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4. Results 

Background research and initial field experiments established the conceptual 

feasibility of the proposed solution.  Spreadsheet will establish the economic feasibility of 

the proposed solution in certain locations.  Design taken, from its output can then be 

modeled in finite element software to determine the structural survivability of the 

proposed solution. 

4.1. Economic Analysis 

The economic feasibility of four locations were investigated using the programmed 

spreadsheet.  Three of these locations, Phoenix, AZ, Houston, TX, and Miami, FL are in the 

Southern United States and were presumed to be feasible locations for the installation of a 

pipe network within an asphalt pavement.  An additional location in the Northern United 

States, Boston, MA was chosen for investigation to verify the behavior of the spreadsheet 

through contrast.  The appropriate parameters for each location were entered into the 

spreadsheet including the associated air temperature data.  The programmed macro was 

then initiated and designs for each of the locations were generated.  Figure 12 contains the 

yearly temperature profiles for each of the four locations under investigation. 
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Figure 12: One-year pavement temperature profiles: (1) Phoenix, AZ (2) Houston, TX (3) 

Miami, FL (4) Boston, MA 
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 Each of the four temperature profiles exhibit different behaviors.  Phoenix, AZ 

experiences the highest pavement temperature of the four locations reaching 70 °C for a 

significant portion of the summer months.  This results in an increased yield of energy from 

the asphalt during this period of time.  This magnitude parallels the extremely high 

temperatures experienced by that region of the United States during the summer months.  

The temperatures then trail off sharply as the winter months approach.  Houston, TX also 

witnesses seasonal changes in temperature; however, the shift from one season to the next 

is more gradual providing a similar number of days where the asphalt temperature is 

above 20 °C but at a lower maximum temperature.  It is critical that the temperature of the 

asphalt be greater than 20 °C as this is the assumed (or a different value if measured) of the 

water entering the pipe network.  Thus, the system is assumed to be running and extracting 

thermal energy from the pavement whenever the temperature of the pavement is greater 

than this value.  If the system were to run when the temperature of the pavement were less 

than that of the inlet water then energy would be lost in pumping the fluid through the pipe 

network.  In energy calculations, this situation is omitted as it is assumed that the system 

would be stopped. 

 Miami, FL, while attaining the lowest maximum pavement temperature of the three 

southern locations, has pavement temperatures above 20 °C for nearly all of the days of the 

year.  This allows the system to be running continuously throughout the year to harvest the 

thermal energy from the pavement.  Boston, MA peaks at the lowest temperature of the 

four locations and remains over 20 °C consistently for the least amount of time resulting in 

a very small window during which the system would be active.  This was expected as 

Boston, MA is located the furthest away from the equator resulting in reduced solar 
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exposure as well as drastic changes in climate from the changing seasons.  In some cases 

the pavement temperature drops below freezing in which case it would be impossible for 

the system to function if the fluid of choice is water.     

In summary, the temperature profiles shown in Figure 12 mimic the climatic 

conditions of each of the locations validating the equations used to determine the 

temperature profiles. The contrast in the temperature profiles demonstrates the sensitivity 

of the calculation to the climate of the location.  This accuracy and sensitivity support the 

use of the temperature profile in accurately determining the amount of energy available for 

capture and developing pipe network designs to be used in computer modeling. 

 Table 3 presents a summary of the amount of energy harvested and corresponding 

payback period for an installation of a pipe network at each of the four locations.  For 

appropriate comparison, the same design was chosen for each location:  a fluid flow rate of 

13 liters per minute and a depth of pipe of 50 millimeters. 

Table 3: Economic analysis summary 

Location Latitude 
Network Length 

(m) 
Energy Harnessed 

(kWh) 
Payback Period 

(years) 

Phoenix, AZ 33.43 479 79567 3.7 

Houston, TX 29.97 460 64756 4.8 

Miami, FL 25.82 449 84547 3.4 

Boston, MA 42.37 439 25592 27.0 

  
Miami, FL has the shortest payback period due to the number of days over 20 °C but 

requires the shortest pipe network of the three southern location which is consistent with 

having the lowest maximum temperature pavement temperature at depth of the three 

locations.  Phoenix achieves the second lowest payback period but requires the longest 

pipe network as it possesses the highest maximum pavement temperature at depth.  

Houston, TX witnesses a good payback period due to the increased number of days over 20 
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°C as compared Phoenix, but at a lower maximum pavement temperature at depth than 

Phoenix.  Houston, however, has far fewer days over 20 °C as compared to Miami, FL which 

almost account for the increased payback period.  Lastly, Boston, MA has the least favorable 

payback period and shortest pipe network because it possesses the lowest maximum 

pavement temperature at depth as well as very few days over 20 °C as compared to the 

three southern locations.  The results presented are consistent with the behaviors of the 

temperature profiles of each of the locations. 

4.2. Computer Modeling 

With the economic feasibility of the proposed solution established by the 

programmed spreadsheet, computer modeling of the proposed solution to investigate the 

structural survivability was completed using COMSOL Multiphysics© finite element 

software.  The software provides both numerical and graphical output.  Figure 13 is an 

example of the thermal graphical output illustrating the temperature profile in the 

pavement due to solar exposure both before the flow of water and well after the flow of 

water.  Deep red indicates the highest temperature in the pavement at the time while deep 

blue indicates the lowest temperature. 

 
Figure 13: Example thermal solution (left) before water flow, (right) after flow 
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Similar graphical output can be obtained for the stresses in the pavement due to 

loading as show in Figure 14.  For the figure on the left the plot range has been adjusted to 

highlight the contrast in stresses in the pipe.  As with the temperature plots, red indicates 

the greatest magnitude of Von Mises stress and blue the lowest magnitude.  The 

surrounding pavement appears as one color due to extreme difference in magnitudes of 

stresses realized by the pipe and the pavement.  Adjusting the plot range to the magnitude 

of stresses realized only in the pavement highlights the contrast in stresses in the 

pavement as shown in the right part of Figure 14. 

 
Figure 14: Example structural solution (left) pipe stresses, (right) pavement stresses 
  

Studies of this graphical output for several depths of pipe resulted in the 

identification of 11 possible points at which the critical stress in the pipe and in the 

pavement might occur.  Figure 15 illustrates the 11 points on a diagram of the pipe.  Six 

locations in the pipe include in the inner and outer walls of the top, side, and base of the 

pipe.  Locations in the pavement begin just outside the top of the pipe and occur at 45-

degree intervals, tracing around the circumference of the pipe to its base.  
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Figure 15: Points of investigation for critical stresses 

 
Preliminary studies of the numerical values of the stresses indicate that the critical 

or maximum stress in the pipe occurs at point 5, the outer wall at the base of the pipe.  

Similar studies indicate the maximum stress in the pavement occurs at point 9, just outside 

the right wall of the pipe.  This determination established a basis for comparison for the 

studies to follow.  Three studies were conducted with the critical stress obtained from 

points 5 and 9.   

4.2.1. Study One: Constant vs. Varying Poisson’s Ratio 

A study was conducted to determine the sensitivity of the stress in the pipe and in 

the pavement to the Poisson’s ratio for the hot mix asphalt (HMA).  A discrete temperature 

analysis was performed incrementing the temperature of the materials from 0 degrees 

Celsius to 70 degrees Celsius in increments of 10 Celsius degrees.  In the first model a 

constant value of 0.35 was used for Poisson’s ratio of the HMA.  In the second model, a 

varying value for Poisson’s ratio according to Equation 3 of Section 3.1 was used.  Copper 

was chosen as the pipe material for both models.  The maximum stresses for a pipe depth 
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of 2 inches in the pipe and pavement obtained from points 5 and 9 for the entire 

temperature range are plotted in Figure 16.  The results show no significant difference in 

the level of stresses using a varying Poisson’s ratio over a constant value of 0.35.  At 

temperatures above 40 degrees Celsius a varying Poisson’s ratio predicts slightly higher 

stresses in the pipe than using a constant value.  In contrast, a varying Poisson’s ratio 

predicts higher stresses in the pavement than a constant value.  The stresses in the copper 

pipe are greater at higher temperatures reaching approximately 13000 psi but well under 

the yield strength of the material of 50000 psi.  The stresses in the pavement are greater at 

a lower temperature, reaching a value of 210 psi which is much closer to the yield strength 

of 300 psi.  Similar results were founds at pipe depths of four and six inches shown in 

Figure 25 and Figure 26 located in Appendix B.   As such, the stresses in the pavement are 

the limiting stresses.    Continued use of the temperature-varying value for Poisson’s ratio 

of HMA builds in additional conservatism into the determination of pavement stresses in 

other studies. 
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Figure 16: Constant vs. varying Poisson's Ratio (2” pipe depth) (top) copper pipe (bottom) 

HMA 
 
4.2.2. Study Two: Stress vs. Pipe Depth 

A second study was conducted to investigate the stresses in the pipe and pavements 

as a function of the depth of the pipe.  Similar to Section 4.2.1, the temperature of the 

materials was varied in increments of 10 Celsuis degrees from 0 degrees Celsius to 70 

degrees Celsius to represent the range of temperature an installation might witness.  In this 

analysis, the primary variable was the depth of the copper pipe as the temperature-varying 

value for Poisson’s ratio of HMA was utilized.  Pipe depths of 1, 2, 3, 4, 5, and 6 inches were 
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modeled, and the critical stresses obtained from points 5 and 9 for each depth.  Figure 17 

plots the maximum pipe and pavement stresses as a function of the depth of the pipe.  The 

greatest stress in the pavement occurs at the most shallow depth of 1 inch while the 

greatest stress in the pipe occurred at a middle depth of 2 and 3 inches.  Past a depth 4 

inches, stresses in the pipe and the pavement both begin to reduce.  At all depths, the 

stresses within the pipe and the pavement are below that of the yield strengths of the 

materials, which argues for the survival of the pipe network for the depths modeled. 

 
Figure 17: Stress vs. pipe depth 

 
4.2.3. Study Three: Stress vs. Temperature for Different Pipe Materials 

A third study was conducted to determine the behavior of the proposed solution 

using alternative pipe materials. In this study two other materials, PVC and PEX (cross-

linked polyethylene flexible piping), were investigated in place of the copper pipe.  These 

materials were subjected to the same temperature sweep as copper, exploring 
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temperatures of 0 to 70 degree Celsius in 10 Celsius degree increments.  The thickness of 

the pipe wall was not changed in order to directly compare the effects of different material 

properties.  Figure 18 presents the results of this study, plotting the stresses in the pipe and 

the pavement as a function of temperature with a separate line representing each material.  

Numerical values are summarized in Table 4.   

Copper realizes the greatest stress of the three pipe materials due to its high 

modulus of elasticity.  As the temperature of asphalt increases, its stiffness decreases 

significantly causing the stiffer pipe to carry more of the load.  This is confirmed by an 

increase in the stress within the pipe material coupled by a decrease in stress within the 

pavement.  Similar behavior is exhibited by each of the materials modeled but to a lesser 

extent.  PEX, which has the lowest modulus of elasticity, witnesses the least amount of 

stress.  As such, it also results in the greatest magnitude of stresses in the pavement even at 

increased temperature.  The closer proximity of moduli of elasticity requires the pavement 

to carry a greater portion of the load as compared to the stiffer copper.  PVC has a similar 

relationship with stress values in the pipe and pavement lying between that of copper and 

PVC.  All three materials, however realize stress that are within their yield strength 

supporting the survival of the pipe network utilizing these materials. 
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Figure 18: Stress vs. temperature for copper, PVC, and PEX (4" pipe depth) 

 
Table 4: Stress summary 

Material Tensile Yield Strength (psi) 
Maximum Stress (psi) 

Pipe Pavement (HMA) 

Copper 50000 12426 208 

PVC 7450 1084 230 

PEX 2180 244 230 

HMA 300 - - 
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5. Conclusions and Recommendations 

A proposed solution has been developed to harness the thermal energy from asphalt 

pavements to reduce the urban heat island effect.  A fluid flowing through a pipe network 

in the pavement extracts the thermal energy from the pavement which heats the fluid.  A 

long enough pipe network raises the temperature of the water to that of the pavement at 

depth.  The heated water provides an economic advantage through its utility:  it may be 

used in power generation, stored for later use, or simply used as hot water which now 

requires much less energy to heat to desired temperatures. 

A spreadsheet was programmed to determine the economic feasibility of the 

proposed solution for four locations: Phoenix, AZ; Houston, TX; Miami, FL; and Boston, MA.  

In future studies, other locations may be chosen as the spreadsheet allows the study of any 

location for which there is air temperature data available.  It was determined that the 

proposed solution was economically feasible at the three southern locations but not in 

Boston, MA.  There may be a fluid flow rate, in Boston, MA,  that is sufficiently high enough 

to achieve a similar payback period to those in the Southern United States, however an 

estimate for such a high flow rate using the spreadsheet may be incorrect.  The spreadsheet 

does not take into account the reduction in the pavement temperature as a result of the 

passing fluid.  It assumes that no matter the flow rate, the asphalt remains at the same 

temperature at that depth.  As, such the spreadsheet will produces an upper-bound 

solution and reports a more favorable payback than can be achieved.  It was also 

recognized that the depth of the pipe only minimally affects the payback period of the 

system.   
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Additional studies through computer modeling could be conducted to investigate 

the change in temperature of the pavement as a function of the flow rate of the fluid.  A 

range of flow rates could be investigated, and another module added to the spreadsheet 

code to adjust the available energy accordingly. 

Three studies were conducted using the finite element software COMSOL 

Multiphysics© which allowed the simultaneous evaluation of the thermal and structural 

behavior of the proposed solution.   The first study established the use of  a temperature-

varying value to be used for Poisson’s ratio as it provided an additional level of 

conservatism in determination of pavement stresses.  The second study of temperature 

versus depth presented a maximum stress in the pavement for a pipe depth less than two 

inches.  It is likely that a pipe would not be placed at this depth as there would only be 

minimal cover for the pipe supporting the presence of surface cracks.  A minimal depth of 

pipe recommended by the Copper Development Association (2006) for copper pipes is 1 

½” inches.  Since the depth of the pipe has a minimal effect on the payback period, the pipe 

should be placed at a depth of 4 inches or greater, the depth at which the stresses begin to 

decrease appreciably with depth for both the pipe and the pavement. 

The third study, looking at different pipe materials as a replacement for copper, 

evaluated structural survivability.  In all, three materials (copper, PVC, and PEX) were 

investigated.  The stresses in the pipe and the pavement were below the yield strengths of 

the respective materials.  While this suggests survivability under a single wheel loading, it 

does not guarantee any life cycle performance.  While the stresses may be low enough to no 

cause immediate damage to the pipe or the pavement, repeated loading could result in 

fatigue failure within any of the materials.  Additional studies could be conducted to 
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investigate the effects of repeated loading of a truck tire on the pipe network to determine 

its length of service.  Similar parameter sweeps of temperature and pipe depth could be 

performed, and a module incorporated into the spreadsheet that reports the expected 

service life of the system and compares it to the payback period of the system to quickly 

determine both economic and structural survivability. 

Last, further investigation into thermal stresses should be completed.  The results 

presented in this thesis only incorporate stresses from thermal expansion during the 

heating phase of the asphalt pavement up to the start of the flow of water.  Initial studies 

into this topic suggest that the thermal stresses induced by the sharp change in 

pipe/pavement temperature due to the introduction of a fluid at a much lower temperature 

are greater in magnitude than the mechanical stresses that result from the application of 

the truck tire load.  Further studies are needed to support this theory and to determine if 

survivability is maintained during the cooling period as well. 

 It has been determined through field experiments that the proposed solution is 

conceptually feasible.  Initial finite element modeling conducted by Chen showed that the 

proposed solution can be reliably modeled using the COMSOL Multiphysics© software.  

Spreadsheet analysis of four installation locations proved economic feasibility for the three 

southern locations.  Further computer modeling established the survivability of the 

proposed situation for the materials studied.  The installation of a pipe network in asphalt 

pavements is economically feasible and will survive the expected loading.  The proposed 

solution serves to reduce the temperature of the pavement, thereby achieving the goal of 

reducing the urban heat island effect while providing the economic advantages of heated 
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water, reduced energy consumption for the surrounding structures, and longer pavement 

life.   
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Appendix A: Example Economic Analysis (Houston, Texas) 
 

 
Figure 19: Example 'Input' worksheet 
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Figure 20: Example 'Statistics' worksheet (continued on following pages) 
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Figure 21: Example 'Profile' worksheet 
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Figure 22: Example 'Profile Summary' Worksheet (continued on the next page) 
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Figure 23: Example 'Results' worksheet (continued on the next page) 
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Appendix B: Study One: Constant vs. Varying Poisson’s Ratio 
 

 
Figure 24: Constant vs. varying Poisson's Ratio (2” pipe depth) (top) copper pipe (bottom) 
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Figure 25: Constant vs. varying Poisson's Ratio (4” pipe depth) (top) copper pipe (bottom) 
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Figure 26: Constant vs. varying Poisson's Ratio (6” pipe depth) (top) copper pipe (bottom) 
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