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Abstract 7 

In recent years, harvesting solar energy as a renewable and sustainable energy source has been 8 
studied extensively across engineering fields. Having reviewed more than 50 large-scale projects of 9 
Hydronic Asphalt Pavement (HAP), this paper offers a series of findings: the range of construction cost 10 
of asphalt collector varies between 25-151 €/m2 and 1.760-3.000 €/m2 for the heat exchanger and the 11 
total cost. The energy harvest capacity of asphalt solar collector systems (0,6-0,8 GJ/m2/year) and the 12 
required amount of heat for snow melting projects (100-900 W/m2) vary significantly in different 13 
projects. Using grid supports for easier pipe placement and protection of pipes against heavy loads 14 
during and after construction is recommended. Pavement solar collector systems reduced carbon 15 
dioxide emissions by 8-100% in different projects by changing their source of energy from fossil fuels 16 
to renewable and sustainable sources. Moreover, in order to further evaluate the sustainability of the 17 
HAP systems, a detailed life cycle assessment is required, including all available data related to the 18 
energy performance, pavement service life, material end-of-life recycling, etc. Finally, the paper 19 
identifies the knowledge gaps requiring further research especially in the area of energy output of the 20 
HAP systems, pavement service life and life cycle assessment. 21 
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1. Introduction 41 

Recently, interests have been directed towards renewable and sustainable energy production because 42 

of the depletion of fossil fuel sources and their destructive effect on global warming. The worldwide 43 

demand for energy production has increased due to population explosion, urbanization, and 44 

industrialization. There is widespread empirical evidence that primary energy consumption rose 45 

almost fourfold between 1965 and 2018, as the world population increased from 3,3 to 7,6 billion 46 

during the same period [1]. Statistical reports and research studies stress the need to focus on 47 

substituting renewable energy sources for fossil fuels. In many recent studies, renewable energies 48 

such as solar, wind, hydro, geothermal, and biomass have received special attention for their potential 49 

to substitute for fossil fuels [2-4]. Although clean energy production had been increasing dramatically 50 

from 4,1 to 2480 (million tones oil equivalent) between 1965 to 2018, the share of renewable energy 51 

sources was only 4% of total energy consumption in 2018 [1]. Despite the challenges for a shift from 52 

fossil fuel to clean energy, renewable sources had a 15% growth rate in energy production in 2018. In 53 

this year, the wind and solar energy contributed to more than 70% of the mentioned total energy 54 

generation by renewable sources. For this reason, harvesting solar energy has been studied 55 

extensively in different engineering fields [3, 5, 6]. 56 

Asphalt pavement, as a widely available material in road surfaces, parking lots, and airports is exposed 57 

to an extensive amount of solar radiation and therefore has been a major area of interest within the 58 

field of energy harvesting. Several technologies are developed in order to harvest energy from asphalt 59 

pavements, such as solar photovoltaic, pyroelectric modules, thermoelectric generation, and a 60 

Pavement Solar Collector (PSC) [7-10]. These technologies can be used to harvest solar radiation and 61 

then store the energy in its required form. Similar to solar panels, asphalt pavement can also extract 62 

absorbed heat energy on its surface that can reach up to 40 MJ/m2 over a day in the summer [11]. The 63 

PSC, sometimes referred to as a Hydronic Asphalt Pavement (HAP), includes a heat exchange layer 64 

and a heat-carrying medium in its structure. The heat exchange layer can be made of porous asphalt 65 

to cool down asphalt temperature by producing airflow through this layer [12]. Alternatively, a pipe 66 

network with an appropriate fluid can be implemented in the heat exchange layer. In a HAP, circulating 67 

cooler fluid through the embedded pipes and heat exchange with heated asphalt pavement regulates 68 

the temperature of asphalt layers. While in some research, the ‘PSC’ is equated with ‘HAP’, this paper 69 

differentiates between the two. PSC systems are defined based on their ability to only harvest solar 70 

energy, while HAPs can couple other energy sources as well. Hence, all PSCs are categorized as HAPs, 71 

but not all HAPs are considered as PSCs.  72 

The HAPs can serve several purposes such as clean energy production, increase in road safety, increase 73 

in the service life of the asphalt pavement, and mitigating the development of the Urban Heat Island 74 

(UHI) effect, as demonstrated further on in this paragraph. One of the main contributions of HAP is to 75 

harvest clean solar energy in the form of low-temperature heat to be used in residential and nearby 76 

buildings for multiple purposes. Mallick et al. [13, 14] showed that the harvested energy using PSCs 77 

can be used to heat domestic water and circulating fluid in the heating system of buildings. In addition 78 

to the domestic application, they discussed the potential of using high/low-temperature energy for 79 

industrial benefits, namely industrial cleaning (i.e., vapor degreasing process) and food processing. 80 

HAPs can be used to increase the safety of roads to provide snow/ice-free surfaces in the wintertime 81 

by recirculation of heated fluid with the stored energy from summer. To provide a snow/ice-free 82 

asphalt surface in wintertime, several methods are available such as mechanical machinery (i.e. 83 

snowplow), chemical agents (i.e. spreading salt), and so-called Snow Melting Systems (SMS) [15]. The 84 

SMS can use different sources of energy such as electricity [16, 17], geothermal [18], fossil fuel [19], 85 

and solar energy [20]. The use of SMS, especially in bridge decks, inclined planes, and bicycle paths, 86 
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has increasingly attracted the attention of studies as an alternative for the conventional snow/ice 87 

removal systems (e.g., salt spreading) that results in a safe and environmentally friendly solution (i.e., 88 

reduction in salt usage) [21, 22]. 89 

Moreover, HAP systems aim to control seasonal changes in asphalt pavement temperature to 90 

decrease the potential of pavement distresses such as top-down cracking, rutting, and fatigue 91 

cracking. As articulated by Bayat et al. [23], the compound thermal-induced and load-induced strains 92 

result in poorer performance of pavement during warm months compared to those in the cold 93 

months. Dawson et al. [8] put forward that more frequent maintenance is required for pavements 94 

subjected to higher temperature since rutting distress in asphalt pavement is a direct result of the 95 

thermal-induced strains [24]. The maximum temperature of the asphalt pavement directly impacts 96 

the service life of the pavement, which shows the notable effect of temperature gradient on the 97 

distresses formation in the asphalt pavement [13, 25, 26]. Developing higher air temperature in urban 98 

areas compared to that of in the rural areas is known as the UHI effect, which is also a result of high 99 

temperature in asphalt pavement and irradiation to the environment. Studies show the effectiveness 100 

of the PSC in reducing pavement and near-surface air temperature [13, 27].  101 

Although considerable research has been devoted to performance analysis of HAP for de-icing or 102 

energy harvesting purposes, these research studies mainly focused on small-scale laboratory test 103 

setups [21, 28-32]. However, certain challenges arise when attempting to design and study the 104 

performance behavior of large-scale HAP systems. This paper attempts to shed light on the prevalence 105 

of these challenges concerning large scale HAPs. Throughout this paper, the term ‘large-scale’ 106 

pavement solar collector systems will refer to the projects that are constructed in situ, in an outdoor 107 

environment, and with a practical and functional area greater than 40 m2. In this review paper, HAP 108 

systems are grouped into research prototypes and actual projects with respect to their size because 109 

these two categories differ in their objectives, manufacturing, monitoring, and technical 110 

specifications. Besides, to avoid using the terms large-scale pavement solar collectors or hydronic 111 

asphalt pavement repeatedly in the paper, HAP/PSC refers to large-scale systems unless specified. 112 

This study, exploratory and interpretative, systematically analyzes the large-scale HAP systems aiming 113 

to present a critical review on energy harvesting technology from asphalt pavement. The importance 114 

and originality of this study are that it explores how large-scale HAP systems are different from the 115 

small/lab-scale setups in their configuration, how they are incorporated and operated in various 116 

projects, their estimated cost/m2 and a long-term performance analysis of large-scale HAPs. The 117 

reader should bear in mind that this paper is based on the published materials in the literature and 118 

does not encompass unpublished or demo projects. All the material included in this study has been 119 

published since 1998 and comprises journal articles, conference papers, theses, and project reports. 120 

The overall structure of the paper takes the form of four sections. The first section of this paper will 121 

examine the system components, purpose, and information related to certain technical 122 

characteristics. The second section is concerned with the aspects of the operational phase of the HAP. 123 

Section three begins by attempting to estimate the construction cost dimensions of the large-scale 124 

systems and looking at how these systems performed in terms of energy harvesting output, structural 125 

response, and environmental impacts. Finally, the remaining challenges and problems are dealt with 126 

in the concluding remarks. 127 
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2. Technical features of large-scale HAP systems 128 

This section aims to describe the purpose, primary components, and geometrical aspects of the 129 

worldwide available large-scale HAP systems and critically examine the technical specifications of the 130 

projects. The main questions that will be answered in this section are: 131 

 What is the main purpose of the constructed HAP? 132 

 What are the primary and required components of a large-scale HAP? 133 

 How are the projects distributed for their dimension and motive? 134 

 What are the characteristics of the materials used in these systems (e.g. type of asphalt 135 

mixture or pipe material)? 136 

2.1. Overview of the existing large-scale HAPs 137 

Large-scale pavement solar collectors have received much attention in different countries. This 138 

subsection outlines the location and purpose of different HAP systems, together with primary 139 

information on the projects. The configuration of HAP systems consists of four main parts: heat 140 

exchanger, storage, control system, and data measurement devices. Depending on activating or idling 141 

each of these parts, a HAP can serve for either a single objective or combined purposes. 142 

There exist over 50 large-scale HAP projects around the world that show these systems have been of 143 

interest to a number of investigators. The first HAP project was constructed in 1948, in Klamath Falls 144 

for de-icing of pavement to increase road safety and the project was reconstructed in 1998 [33]. 145 

Around the early 1990s, the study of large-scale PSC systems gained momentum with the introduction 146 

of projects such as the Solar Energy Pilot Project (SERSO) [34-36] and the Gaia Snow Melting System 147 

(Gaia) [37]. It was not until the late 2000s that several large-scale projects were completed in various 148 

countries, and the potential of PSC systems was proven in both energy harvesting and increasing road 149 

safety (i.e., the commercial Road Engineering Systems (RES) by the Dutch contractor Ooms) [38]. 150 

However, in recent years, the performance of large-scale HAP has been studied extensively with more 151 

control on design, construction, and detailed analysis of the measured output. Detailed information 152 

regarding the construction year of large-scale projects is given in Table 1. 153 

Snow melting is an essential aspect of HAPs and the exclusive objective of several projects for the 154 

prevention of snow and ice accumulation on road surfaces, pedestrian sidewalks, airport aprons and 155 

bicycle paths. HAPs work as SMS in the projects of Klamath Falls [39, 40], Downtown Holland [41, 42], 156 

Tianjin pilot [43, 44], ICAX (Hiroshima project) [45] and Northern Arizona University Project (NAU 157 

project) [46]. Also, the primary aim of projects such as SERSO [34, 47], Oklahoma State University 158 

Project (OSU project) [48], Federal Highway Administration (FHWA) projects (in Nebraska, Oregon 159 

Silver Creek, and Texas) [49], and Rotterdam bridge project is de-icing of the road surface in road 160 

bends and bridge decks. Following a theoretical study in the application of HAP in the Goleniow Airport 161 

[50], several large-scale HAP projects have been constructed in airports such as EMVO airport platform 162 

Woensdrecht [51], Oslo International Airport [52], Greater Binghamton Airport [53], and Beijing New 163 

Capital International Airport [54]. These projects show the development of HAP construction in airport 164 

aprons, however, they have coupled geothermal, electrical, and conventional boilers as a heating 165 

source in order to provide sufficient heating energy for snow melting [55, 56]. Although limited to a 166 

few large-scale projects, very open-graded water-bearing asphalt concrete (VOWAC) is another 167 

alternative for a piping system inside an asphalt layer, in which water flows from the high side to the 168 

lower side due to a transversal road slope has been developed, and is implemented for energy 169 

harvesting and snow melting purposes in Cerema Clermont-Ferrand project and Solar Road project 170 

[57-59].  171 
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In distinctive projects such as Gaia [37, 60], Zonnige Kempen [61], Eurovia’s Fleury-sur-Orne [62], and 172 

ICAX [45] (i.e., Howe Dell School, HM Prison Garth and Suffolk One) the goal is to harvest clean energy 173 

as well as providing safe streets and sidewalks for pedestrians and bikers. For example, Howe Dell 174 

School project uses the playground solar collector to pre-heat hot water for the school, HM Prison 175 

Garth project collects solar energy to provide hot water for cooking and washing in a nearby building, 176 

and Suffolk One project supplies heating source for the existing buildings. In addition, the collected 177 

heat from the pavement has been used in multiple or a complex of residential buildings such as social 178 

housing in the project of Eurovia Fleury-sur-Orne and Zonnige Kempen [61, 62]. So far, however, there 179 

has been little discussion about the performance and potential challenges of collective heat provision 180 

using PSC. 181 

In other projects, the objective is also to increase the service life of the pavement. This is exemplified 182 

in the projects undertaken by RES in Westfrisia-Oost III industrial site and Wester-Koggenland building 183 

complex [34], in the Tianjin pilot, Heat Exchange Asphalt Layers (HEAL) [63-65], and AUB projects. One 184 

of the main goals of these projects is to collect heat during summer and release the collected heat in 185 

wintertime in order to reduce permanent deformation (rutting) in summer and cracking in winter in 186 

the asphalt pavement. Nevertheless, to achieve lower rutting or less cracking is not a reason for 187 

implementing PSCs since modifications in the asphalt mixture (i.e., changes in the specifications of 188 

asphalt binder, filler, and aggregates) can reduce these types of distresses with considerably lower 189 

cost. 190 

Finally, a number of large-scale PSCs contribute to environmentally friendly outcomes, such as a 191 

decrease in CO2 emissions, mitigating the UHI-effect, and a reduction of fuel/energy consumption in 192 

the project itself or adjacent buildings. In several projects, however, the primary aim is to achieve an 193 

energy-optimized residential, industrial, or agricultural construction, using extracted and stored 194 

energy results in an attempt to reduce the CO2 emissions [66]. An example of this type of project is 195 

Eurovia Forez-Est, in which a PSC is implemented in a parking lot in the neighborhood of a public 196 

swimming pool. The result of using the collected solar energy for heating water of the pool reduces 197 

CO2 emissions by 16 tons per year [67]. However, because environmentally friendly outcomes are side-198 

benefits of PSCs rather than their primary objectives, these outcomes have received scant attention 199 

in the research literature. 200 

One criticism on the contribution of HAP systems to the reduction of UHI and CO2 emissions is that a 201 

comprehensive Life Cycle Analysis (LCA) is also required. Using the LCA, both HAP system and 202 

associated sections (i.e., adjacent building) need to be evaluated with respect to parameters such as 203 

energy performance, extension of pavement service life, and material recycling. 204 

An overview of the number of large-scale HAP projects together with their geographical location is 205 

given in Figure 1. 206 

 207 
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 208 

Figure 1. Distribution of large-scale HAP systems in the world209 
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Table 1. Description of large-scale pavement solar collector projects 210 

No. Project Location Construction 

period 

Application/Objective Heat Source Project Area 

(m2) 

1.  Klamath Falls projects 
a. Esplanade Street Project 
b. Wall Street Bridge and Street Project 
c. Oregon Institute of Technology Project (OIT) 

Oregon, USA 1948-2003 snow melting, de-icing geothermal   
a. 2.100 
b. 960 
c. 310 

2.  Downtown Holland Michigan, USA 1988 snow melting, de-icing power plant/waste heat 55000 

3.  Underground thermal energy storage snow melting 
systems 

Japan (13 projects) 
 
a. Kochidani, Niigata 
b. Fukui, Fukui 
c. Kasiwazaki, Niigata 
d. Kitami, Hokkaido 
e. Yokotani, Hiroshima 
f. Muraoka, Hyogo 

1989-1996 snow melting, de-icing geothermal heat  
 
a. 400 
b. 400 
c. 900 
d. 100 
e. 44 
f. 310 

4.  Solar Energy Pilot Project (SERSO) Bern, Switzerland 1994 energy harvesting, snow melting (bridge) solar 1.300 

5.  Federal Highway Administration projects (FHWA) 
a. Nebraska 
b. Oregon Silver Creek 
c. I-84 Overcrossings 
d. Texas 

USA 
 
a. Lincoln, Nebraska 
b. Silver Creek, Oregon 
c. Hood River, Oregon  
d. Amarillo, Texas 

1994-1996 snow melting, de-icing natural-gas-fired boiler, 
geothermal 

 
 
a. 1.599 
b. 576 
c. 1.234 
d. 799 

6.  Gaia Snow-Melting System (Gaia) Japan: 
a. Ninohe, Iwate Prefecture 
b. Aomori City 
c. Honshu (10 projects) [60] 

1994-2005 energy harvesting, snow melting Geothermal heat and 
solar heat 

 
a. 266 
b. 659 
c. - 

7.  Oslo International Airport Gardermoen, Norway 1998 snow melting, de-icing geothermal, electrical 
and fossil fuel 

≈ 600 to 780  

8.  Road Engineering Systems (RES) 
a. Wester-Koggenland building complex 
b. Westfrisia-Oost III industrial site 
c. Dordrecht Parking lot 
d. Rotterdam Bridge Project 
e. EMVO airport platform Woensdrecht 
f. Industrial site, ‘t Zand 
g. Municipality of Wester-Koggenland project 
h. Zonnige kempen social housing 
i. Ullapool office parking lot 

Netherlands (NL) 
a. Scharwoude, NL 
b. Hoorn, NL 
c. Dordrecht, NL 
d. Rotterdam, NL 
e. Woensdrecht, NL 
f. ‘t Zand, NL 
g. Wester-Koggenland, Goorn, NL 
h. Zoerle-Parwijs, Belgium 
i. Ullapool, Scotland 

1998-2006 energy harvesting, snow melting, de-
icing, road service life 

solar  
a. 2.250 
b. 3.350 
c. 450 
d. 10.000 
e. 7.500 
f. 2.200 
g. 850 
h. 700 
i. 500 

9.  Oklahoma State University Project (OSU project) Oklahoma, USA 2000 energy harvesting, snow melting (bridge 
deck) 

solar and geothermal 111 

10.  Goleniow Airport (theoretical study) Poland 2002 snow melting, de-icing geothermal - 

11.  Solar Road projects Netherlands 2003 energy harvesting, road service life solar  
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a. parking lot of Visser & Smit Hanab's 
b. business park of 'De Compagnie' 

 Papendrecht 

 Middelharnis 

a. 625 
b. 32.000 

12.  Train Platform Harz, Germany 2005 heat collection, snow melting geothermal 375 

13.  Stockholm Arlanda Airport Stockholm, Sweden 2006 snow melting, de-icing, geothermal 1700 

14.  ICAX 
a. Hiroshima 
b. TRL 
c. Howe Dell School 
d. HM Prison Garth 
e. Suffolk One 

 
a. Hiroshima, Japan 
b. Toddington, England 
c. Hatfield, England 
d. Lancashire, England 
e. Ipswich, England 

2006-2012  
a. snow melting 
b. energy harvesting, snow melting, 

road service life 
c. pre-heat hot water for school 
d. pre-heat hot water for cooking and 

washing 
e. heating source for exciting buildings 

solar and geothermal  
a. --  
b. 300 
c. 550 
d. 420 
e. 1.560 

15.  Greater Binghamton Airport Johnson City, New York 2009 snow melting, de-icing geothermal 297 

16.  Tianjin pilot Tianjin, China 2012 snow melting, de-icing road service life solar 80 

17.  Northern Arizona University (NAU projects) Arizona, USA 2012 snow melting, de-icing central heating plant 91 

18.  Power Road® Projects 
a. Vermot TP 
b. Saint Arnoult D1  
c. The Pontarlier Project 
d. Eurovia, Forez-Est 
e. Eurovia, Fleury-sur-Orne 

 
a. Gilley (Doubs), France 
b. Saint-Arnoult-en-Yvelines,Fr 
c. Pontarlier, France 
d. Forez-Est (Loire) 
e. Fleury-sur-Orne (Calvados) 

2013-2019 energy harvesting, snow melting, de-icing solar  
a. -- 
b. 500 
c. 3.500 
d. -- 
e. 1.420 

19.  CyPaTs Project, Heat Exchange Asphalt Layers (HEAL) Antwerp, Belgium 2015-2020 energy harvesting, snow melting, de-
icing, road service life 

solar 65 

20.  Cerema Clermont-Ferrand project Égletons, France 2015 snow melting, de-icing solar 200 

21.  Beijing New Capital International Airport (Beijing 
Airport project) 

Beijing, China 2016 snow melting, de-icing solar 90 

22.  American University of Beirut project (AUB project) Beirut, Lebanon 2016-2019 snow melting, de-icing road service life solar and geothermal 144 

23.  NordFoU project, Heating Road with Stored Solar Energi 
(HERO)  

Östersund, Sweden 2015-2019 energy harvesting, snow melting, de-icing solar 70 

24.  University of Arkansas’s Engineering Research Center 
(UA-ERC) 

Arkansas, USA 2019 snow melting, de-icing solar 44 

211 



9 
 

2.2. HAP system components and configuration 212 

Asphalt solar collectors are composed of four main parts in their configuration: heat exchanger, heat 213 

storage, control system, and data measurement devices. In this subsection, first, different 214 

components of the HAP system are defined and discussed, followed by how the application of a HAP 215 

can change with respect to activating or deactivating a component in its configuration. 216 

Figure 2 shows a schematic diagram of a HAP system. Although it is not imperative for a HAP, 217 

geothermal or other sources can provide auxiliary heat for the system. The heat exchanger section 218 

can either be used for both heat collection and rejection or solely for heat rejection. Projects of 219 

Klamath Falls, Downtown Holland, NAU, and FHWA benefit only from the heat rejection aspect to heat 220 

pavement for snow melting or de-icing purposes [33, 39, 41, 46, 49]. These large-scale projects use 221 

heat from a power plant, waste heat, geothermal, or central heating plant to keep road surface 222 

ice/snow-free. On the other hand, several projects such as SERSO, Gaia, RES, OSU project, ICAX, Power 223 

Road, HERO, HEAL, etc. harvest heat energy from solar radiation, store and use it for the project itself 224 

and maybe other purposes [35, 38, 62, 64, 68, 69]. 225 

In the latter group of projects, heat storage is essential to store the harvested heat in summertime 226 

until its application during the cold months. There are both horizontal and vertical seasonal heat 227 

storage systems [70]. In the case of space availability in large-scale projects, either of the two heat 228 

storages can be constructed. The projects of TRL and AUB are a good illustration of implementing a 229 

horizontal ground heat exchanger into HAP [34, 36, 71, 72]. In the AUB project, a horizontal pipe 230 

network is embedded at three meters below ground to construct the ground-coupled heat exchanger. 231 

Hence, the Ground-Coupled Hydronic Asphalt Pavement (GCHAP) is connected to heat storage to keep 232 

the inlet temperature of the circulating fluid constant, bringing about temperature balance between 233 

pavement and the fluid [72]. Moreover, vertical ground loop heat exchangers consist of a single 234 

borehole or a group of boreholes, in which the borehole is grouted to prevent contamination of the 235 

groundwater and increase the thermal contact between components [73]. 236 
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 237 

Figure 2. Schematic of a hydronic snow melting system in a bridge [73] 238 

The performance of large-scale HAP projects is monitored and controlled by means of the control 239 

section. As shown in Figure 2, the control system aims to synchronize different sections in a HAP for 240 

optimum performance. In addition to the monitoring system, the control system is connected to a 241 

water pump, heat pump, control valves, and mixing tanks [47]. The importance of using a heat pump 242 

in the Gaia project is described along with suggestions for using a more efficient heat pump [37]. 243 

However, due to a simple configuration of small- or laboratory-scale solar collectors, the control 244 

system is not an integral part of such systems. 245 

Furthermore, measurement devices were installed to measure weather parameters, asphalt 246 

temperature, fluid pressure, flow rate and fluid temperature. Several large-scale research prototypes 247 

installed a stand-alone weather station to measure solar irradiation, rainfall, humidity, temperature, 248 

wind speed and direction to monitor and control the system effectively [43, 48, 57, 68, 71, 73]. Also, 249 

measurement sensors are embedded in order to collect experimental data from large-scale HAP for 250 

real-time monitoring and operation or post-processing performance analysis. Although 251 

instrumentation such as temperature sensors (thermistors or thermocouples) and flow meters are 252 

implemented in both large- and small-scale prototypes, they are identically used in large-scale projects 253 

for heat loss and heat flow measurement of storage and heat pump power consumption [43, 48, 71, 254 

72].  255 

2.3. Size and geometrical specifications 256 

The geometrical structure and specifications of large-scale HAP projects are explained in this 257 

subsection. The design procedure of HAP starts with the main question about the heating capacity of 258 

the system and thus deciding on the geometrical variables of the HAP. In the early studies on 259 

geothermally coupled SMS, lack of experience resulted in complexities in both the design and 260 
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application of HAPs [40]. Recent studies suggest that circulating fluid temperature, flow regime,  flow 261 

rate, thermophysical properties of asphalt, and geometrical specifications are key points of an 262 

optimum HAP system [74, 75]. 263 

Existing research recognizes the critical role played by geometrical specifications (pipe spacing, depth, 264 

etc.) of HAPs in their output efficiency. It is widely accepted for large-scale installations to use a 265 

simulation tool for the final system layout prior to construction [35]. Experimental and numerical 266 

studies illustrate that parameters such as the size of HAP, pipe arrangement, spacing, diameter and 267 

embedment depth have a distinct impact on the energy harvesting and snow melting performance of 268 

HAPs [76]. However, these geometrical specifications do not have the same effect on the HAP system 269 

performance. A recent systematic parametric study concluded that pipe spacing, embedment depth 270 

and pipe diameter are the most influential parameters in HAP efficiency, respectively [72]. It should 271 

be noted that the size of the collector and pipe arrangement were kept identical in this parametric 272 

study. 273 

The large-scale HAPs are constructed in different sizes depending on their application and area to 274 

cover. The Downtown Holland project in Michigan is undoubtedly the largest snow melting system 275 

that has been constructed with 55.000 m2 coverage area [42]. This project is not capable of collecting 276 

heat and only distributes waste heat from a nearby power plant for snow melting and de-icing of the 277 

pavement. Another example of a large PSC project was constructed at the car park of the 'De 278 

Compagnie' business park in Middelharnis, Netherlands, with a size of 32.000 m2 using VOWAC [58]. 279 

However, most of the large-scale HAP projects have an area between 65-10.000 m2, with a median of 280 

550 m2 which shows the high potential of implementing HAP in projects with different sizes. The 281 

median size of the research prototypes and actual projects is 90 m2 and 740 m2, respectively. Figure 3 282 

gives an overview of the HAPs regarding their size. 283 

 284 

Figure 3. Size of different large-scale asphalt solar collectors (less than 10.000 m2) 285 

In the large-scale HAP systems, pipe spacing varies between 5 and 40 cm [33, 66, 68]. The calculated 286 

average pipe spacing for the large-scale HAP systems in Table 1 (if available) is 18,91 cm, with a 287 

standard deviation of 8,46 cm. The histogram of the pipe spacing given in Figure 4 shows that pipe 288 

distance between 10-20 cm is preferred more than other pipe spacing values. In specific projects, for 289 

upcoming projects or reconstructions, it was decided to shorten the pipe spacing in order to achieve 290 
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higher efficiency in the thermal performance of HAP [33, 37]. In snow melting projects on bridges, 291 

minimum pipe spacing is reported 11,4 cm (i.e., Nebraska and Oregon) [49]. The small pipe spacing (5-292 

10 cm) brings up a question whether this distance is enough for good quality compaction of the asphalt 293 

between the pipes because insufficient compaction may result in an unexpected reduction in the 294 

service life and a decrease in the heat transfer between pipe and asphalt. 295 

 296 

Figure 4. Pipe spacing histogram 297 

Another important geometrical specification in HAP efficiency is pipe embedment depth. The 298 

challenge to achieve the optimum pipe embedment depth is to make a balance between harvesting 299 

maximum solar energy and preventing pipe damage due to wheel track passes. The heat extraction 300 

efficiency increases, the closer the pipe is placed to the surface. However, due to practical limitations 301 

and circumstances in large-scale projects (i.e., maximum aggregate size and compaction load), it is 302 

suggested to place pipes deep enough in order to resist potential structural failures. In addition, 303 

rehabilitation and maintenance of the surface layer should be possible without damaging the HAP 304 

layer. Embedment depth changes between a minimum of 5 cm (RES projects) to a maximum of 12 cm 305 

(TRL project) in different projects. A histogram of the embedment depth for the studied projects in 306 

Table 1 is given in Figure 5. The average embedment depth is 7,67 cm, and pipes are placed between 307 

5-9 cm in most of the large-scale projects. 308 

 309 

Figure 5. Embedment depth histogram 310 

2.4. Material characteristics 311 

The following subsection presents a brief description of the material characteristics used in large-scale 312 

HAP systems. Also, this subsection aims to look at different pipe materials since a trade-off between 313 

heat transfer, resistance to ‘medium temperatures’ during compaction, and their cost needs to be 314 
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fulfilled. Embedded pipes in HAP are mostly made from metal or plastic. In the earliest HAP system in 315 

Klamath Falls (Esplanade Street Project), wrought iron pipes were placed in the bridge deck. As a result 316 

of corrosion, leakage was observed, and the de-icing system stopped providing service [39]. However, 317 

during the reconstruction of the project, the high-density polyethylene (cross-linked polyethylene) 318 

pipes were replaced with malfunctioning iron tubes [33]. Besides, Yoshitake et al. [77] proved that 319 

pop-outs of the concrete pavement in the large-scale pipe heating system were caused by the water 320 

leakage from the pipe joints. Although implementing metal pipes in the HAP is not common in large-321 

scale projects, lab-scale experiments [11, 25] and a recently constructed HAP system [54] have used 322 

copper and cross-linked stainless steel pipes. Polyethylene pipes are used in projects of RES [66], TRL 323 

[34, 71], HERO [68], (UA-ERC) [78], FHWA (Nebraska Lincoln and Oregon Silver Creek) [49]. Also, in 324 

order to increase the thermal conductivity, the polybutene pipe was replaced by polyethylene in the 325 

Gaia system [37, 60]. It can be concluded that the plastic pipe, such as polyethylene or cross-linked 326 

polyethylene is the most suitable and preferred option concerning their lower cost and resistance 327 

against corrosion [55, 72]. A histogram of the pipe materials used in large-scale HAPs is given in Figure 328 

6. The information of pipe material in the projects from the same company (i.e., RES) is counted as 329 

one in the histogram. 330 

 331 

Figure 6. Pipe material histogram 332 

Thermophysical properties of asphalt mixtures, such as thermal conductivity and absorptivity, have 333 

been studied by many researchers in small/lab-scale experiments. An interested reader may refer to 334 

[75, 76] for more detailed information, as it is outside the scope of this review paper. A few large-scale 335 

projects also investigated the thermophysical properties of asphalt mixture concerning the thermal 336 

performance, for instance, the Gaia systems used quartzite to increase the thermal conductivity and 337 

heat transfer in HAP. While the type of asphalt mixture is not as much important per se, the 338 

composition of the mixture in the heat exchange layer (i.e., binder percentage, air voids content, and 339 

type of aggregates) affects its thermophysical properties. Furthermore, a polymer-modified bitumen 340 

with higher resistance against cracking is used to achieve a soft mixture in the RES projects, so, the 341 

asphalt can be applied at a lower compaction temperature (130°C) [34, 51, 66]. During the pavement 342 

placement, water is circulated through the pipes to cool them as much as possible in order to avoid 343 

potential pipe deformations. 344 

In the case of VOWAC solar collectors, pavement slope and porosity of the VOWAC layer are 345 

prominent features of the collector. Previous large-scale VOWAC collectors (Solar Road [58] and 346 

Cerema Clermont-Ferrand [57, 79] projects) were constructed with a road slope of about 2% in order 347 

to have water flow through the VOWAC layer. While a laboratory experiment manufactured the 348 
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VOWAC layer with 23% and 27% voids [80], the Cerema Clermont-Ferrand project paved used a porous 349 

layer with a porosity of only 20% [57]. 350 

3. Operational aspects 351 

The objectives of this section are to investigate the integration of geothermal heat as a renewable 352 

energy source into HAP systems and different modes of operation in the asphalt solar collectors. To 353 

date, there are few studies that have investigated the association between geothermal heat and HAP. 354 

Besides, researchers have not treated different operation modes of HAP in much detail. The following 355 

two subsections highlight the importance of a functioning HAP with hybrid energy sources and 356 

alternative operation modes (see Table 1 for detailed information). 357 

3.1. Hybrid geothermally coupled systems 358 

The geothermal heat source coupling within HAP is discussed in the following subsection. As described 359 

in  § 2.2, geothermal heat can be used in HAP systems as the heat source for snow melting or de-icing 360 

application. Geothermal energy is a sustainable, clean, and renewable source of energy that has been 361 

studied extensively in recent years and showed great potential to be used as a direct-use energy 362 

supply [81-84]. Although a low-temperature resource, geothermal heat extraction and utilization have 363 

been widely investigated in HAP due to its low-cost and availability in many countries all over the 364 

world [85-89]. Geothermal energy can provide the required heat for large-scale SMS by means of 365 

ground source heat pumps either exclusively or in combination with other heat sources such as 366 

electric heaters or fuel boilers [90, 91]. 367 

Geothermal heat is the main heat source of the Gaia snow melting projects, FHWA projects in the US 368 

(in Texas, Colorado and Nebraska), Klamath Falls projects, and 25 snow melting systems in Honshu 369 

Island [33, 39, 40, 90, 92, 93]. Besides, the OSU project implemented ground source heat pumps in a 370 

hydronic snow melting system to increase the energy efficiency of the system by harvesting heat and 371 

recharging the heat sink in the summertime [48, 73]. However, these projects use solar radiation as 372 

the auxiliary heat source to extract energy and store it in the heat sink [37, 73]. 373 

Moreover, the study by Iwamoto et al. [94] investigated the large-scale SMS using underground 374 

thermal energy storage in Japan. In the study by Iwamoto et al., they draw our attention to the broad 375 

popularity of using geothermal energy in snow melting projects, in which only electric power from an 376 

external source is required for the pump operation [94]. In another project, Yoshitake et al. [95] 377 

developed a geothermal energy-based snow melting system for bridge decks where groundwater is 378 

used as a circulating fluid in pipes. In addition to promising results in terms of economic (i.e., around 379 

50% less expensive than a similar project with a borehole heat exchange system) and snow melting 380 

performance of this system, using groundwater in the system prevents ground subsidence that is 381 

highly potential in the sprinkler snow melting systems that use a mixture of groundwater and salt to 382 

spray it on the road surface [94, 95]. 383 

As indicated previously, GCHAP systems are constructed to heat airport aprons and aircraft parking in 384 

Greater Binghamton Airport [53], Oslo International Airport [52, 96], and Stockholm Arlanda Airport 385 

[78, 97] (see an example in Figure 7). In Greater Binghamton Airport, HAP is coupled together with 386 

twenty vertical (around 150 m) and two horizontal (around 40 m) geothermal storages to heat aprons 387 

in winter and cool down the terminal in the summer [19, 55, 78]. However, in the Oslo International 388 

Airport, HAP is coupled with an aquifer thermal energy storage system to heat aircraft parking stands 389 

[52, 98]. Similarly, the hydronic system is able to heat and cool the terminal buildings as well [99, 100]. 390 
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 391 

Figure 7. Aquifer thermal energy storage system coupled with HAP in Stockholm Arlanda airport (annotated from [101]) 392 

3.2. Modes of operation 393 

Each large-scale HAP is programmed to operate in certain conditions of air temperature, asphalt 394 

surface temperature, etc. What follows is an account of various operation modes in different large-395 

scale systems along with a critical review of their performance results. As explained earlier (§ 2.1), a 396 

large group of HAP systems is designed for snow melting or de-icing purpose on roads, bridge decks 397 

and pedestrian sidewalks. Obviously, the efficient operation of these systems during the wintertime 398 

is of paramount importance.  399 

The operation mode of snow melting systems is divided into continuous and intermittent types. The 400 

control module of such systems is developed to automatically operate when certain criteria are met. 401 

For example, Downtown Holland and NAU projects are simple in their control system and are activated 402 

when it starts snowing, or weather temperature outside reaches 3,3°C [41, 46]. Although air 403 

temperature is taken as a salient parameter to activate snow melting systems, ice/snow formation 404 

depends upon the relative humidity and the dew point temperature [71]. Hence, projects of Gaia and 405 

FHWA (Nebraska) are operated according to more complex commands associated with road surface 406 

temperature, water presence on the road surface, precipitation, condensation of water in the air on 407 

the road surface and combination of several weather parameters [37, 49, 102].  408 

In terms of operating continuity, Klamath Falls projects (in Oregon, USA) are rare projects that run 409 

continuously during the winter season [39, 40]. Evidently, the uninterrupted geothermal heat source 410 

of Klamath Falls explains the continuous operation of the project in wintertime [73]. However, in the 411 

intermittent mode, the snow melting system is controlled with a binary ON-OFF strategy [48, 103]. In 412 

this operation mode, the system automatically starts up and continues running until the system 413 

reaches a certain condition (i.e., pavement surface temperature) [73]. There have been no controlled 414 

studies that compare the performance of snow melting systems working in different modes. While 415 

research argues that continuous system operation requires less heat flux, this approach is limited in 416 

practice due to energy cost implications [35, 73]. Data from several studies suggest that applying 417 

moderate heat in-advance to harsh weather conditions results in better efficiency with respect to 418 
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preventing ice/snow formation than distributing higher heat rates to defrost or melt snow [44, 73, 419 

100, 104].  420 

It can be concluded that the intermittent mode of operation saves both cost and energy compared to 421 

the continuous strategy. The future HAP projects can also benefit from a pre-heating strategy to 422 

ensure higher snow melting performance. Since the seasonal changes in asphalt pavement 423 

temperature result in pavement distress, omitting the gradient temperature can result in the 424 

prolonged service life of the pavement. However, there have been no controlled studies which 425 

compare differences in the service life extension of intermittent and continuous operation modes.  426 

4. Performance evaluation 427 

This section presents the findings of research on large-scale HAPs, focusing on the five key themes of 428 

construction cost, energy harvesting output, structural behavior, environmental impacts, and overall 429 

sustainability of these systems. The goal of the current section is to seek for inadequacies in previous 430 

research which will help to address the research gaps. 431 

4.1. Cost of construction and payback period 432 

To provide a comprehensive outline of Return on Investment (ROI) and payback period for HAP 433 

systems, this subsection analyses the cost of HAP construction in different projects. The cost of HAP 434 

systems strongly depends on parameters such as type of project (bridge deck or road pavement), size 435 

of solar collector, storage capacity, and coupling the HAP with geothermal heat supply. The limitations 436 

on finding detailed information on these key parameters remain a major challenge for researchers to 437 

pursue HAP cost/benefit analysis in different large-scale HAP projects. In this part, the cost values are 438 

converted and presented in euro currency for consistent and comparable analysis [105]. Besides, an 439 

online inflation calculator platform is implemented to calculate the present value of the HAP projects 440 

in 2020, where the USD to EUR exchange rate is taken equal to 0,92 [106]. 441 

The snow melting system of Wall Street Bridge project was constructed for €265.000 (around 442 

289 €/m²), and the older Esplanade Street project from 1948 required an additional €630.000 for 443 

reconstruction and operating cost [39]. In SERSO, the initial cost of the project, including research, 444 

development and supervision, was approximately €5,7 million. Although the installation costs of the 445 

SERSO prototype were high (around 3.000 €/m2), it was argued that a follow-up system could be 446 

constructed at almost half-price [47]. In one of the NAU projects, the total cost of HAP system 447 

construction was approximately €162.000 (1.760 €/m2), including primary research and design. Road 448 

Engineering System (RES) constructed a series of large-scale PSC during 1998-2006 to show that the 449 

cost per square meter of an asphalt collector is relatively low, compared to other solar thermal 450 

collectors. For example, it was demonstrated that a simple flat roof collector and a flatbed collector 451 

cost approximately 209 €/m² and 895 €/m² [107]. However, the total cost for one square meter of 452 

asphalt collector was reported about 151 €/m² [34]. Although in the projects of RES details of costs, 453 

investment, and comparisons with other systems are given, it remains unclear what is included in the 454 

project cost and what is not [38]. A recent study reported the following cost of different asphalt solar 455 

collectors: asphalt concrete (25-52 €/m2), asphalt pavement (52 €/m2), and VOWAC (41 €/m2) [108]. 456 

In this study, the reported total cost of asphalt collector includes heat exchanger, but not the other 457 

parts such as electromechanical devices (i.e., heat pump), heat storage and control section since their 458 

cost can vary significantly from one project to another (i.e., €103.000 to €411.000 for the collector 459 

projects involving VOWAC).  460 
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In the preliminary studies of the AUB project, the cost of implementing PSC in a road section (including 461 

installation costs) was evaluated €1.408 for a two-lane 10-m section road (approximately 23,5 €/m², 462 

assuming the road area equal to 60 m2). This construction cost is not in close agreement with the 463 

findings of the Wall Street Bridge and Street project, in which the cost of the piping was reported 464 

between 50-140 €/m2 [39]. Moreover, a seminal study in the bridge heating systems illustrated that 465 

the construction cost of de-icing systems on the bridge deck varies from 287 €/m2 to 1.094 €/m2 [49]. 466 

Apart from construction costs, operational and maintenance costs vary widely depending on the heat 467 

source and climatic conditions [49].  468 

In the HAP projects with a geothermal heat source, the cost of a project is directly affected by 469 

activating solar collectors or not. In certain projects that only use geothermal heat for de-icing, the 470 

major part of costs is due to drilling vertical boreholes, which costs approximately €80-120 per meter 471 

in depth [90, 109]. In Greater Binghamton Airport and Oslo International Airport, the pavement is 472 

equipped with airfield heated pavement systems using a geothermal heat source and their 473 

construction cost is €1.310.000 (3.520 €/m2) and €320.000 (for each parking stand, and around 474 

457 €/m2) respectively [19, 78]. 475 

A systematic understanding of how economic analysis contributes to the payback period of HAP is still 476 

lacking. In projects of RES, researchers concluded that the return on capital investment is within 8 - 12 477 

years [38, 108]. However, another study estimated the payback period of about five years for the 478 

project [25]. This variation in payback years of different projects stems from the items that are 479 

associated with the economic analysis. In [25], for example, the experimental setup used a 480 

configuration without a heat pump and complex control section. 481 

The findings of this subsection have a number of important implications concerning the construction 482 

cost of HAP systems. First, implementing PSC in asphalt pavement is more cost-effective than other 483 

solar collector systems. Second, drawing a solid conclusion on the construction cost of different HAP 484 

projects is a challenge since their value differs in a large amount depending on project specifications 485 

(i.e., size and configuration). One possible reason for dramatic differences in the cost of HAP 486 

constructions can also be the selected location for the projects, knowing that in the countries with a 487 

cheap workforce, the project can be completed with competitive cost. The range of construction cost 488 

of asphalt collector for the heat exchanger section is between 25-151 €/m2. This range is between 489 

1.760-3.000 €/m2 for the total cost, including the installation costs, research and design. The wide 490 

range of construction costs for the HAPs causes complexities in drawing a conclusion concerning 491 

system cost. In [7], Wang et al. compared the Levelized Cost of Electricity (LCOE) (i.e., total system 492 

costs divided by total electrical energy produced) for different energy harvesting technologies in the 493 

roadway. The comparison is based on the evaluated electrical energy output and the total cost of the 494 

systems. They concluded that PSC systems have better LCOE (4,21 $/kWh) compared to 495 

thermoelectric (95,74 $/kWh), electromagnetic (278,95 $/kWh), and piezoelectric systems (106,38 496 

$/kWh). However, photovoltaic and geothermal technologies provide better LCOE than PSCs with 0,45 497 

and 0,15 $/kWh, respectively. Although assessment of the ROI and payback period in HAP systems 498 

demands in-depth analyses on energy output, construction cost, operational expenses, and savings in 499 

expenditure, there has been limited information published in the literature. 500 

4.2. Energy harvesting output of PSC systems 501 

It has previously been observed that PSC systems are capable of harvesting 50% of the solar radiation 502 

from the road surface [43]. However, other studies suggest a more conservative value (20%-30%) for 503 

the energy harvesting efficiency of PSCs [47, 100]. Although PSCs are proved as effective energy 504 

harvesting systems (up to 0,67 GJ/m² in the heat collection season), the debates are ongoing about 505 
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heat loss from storage and quality of the harvested energy [34, 60, 100, 110]. In the SERSO project, 506 

around 150.000 kWh of solar heat (20% of incident solar radiation) is collected during summer and 507 

only 65% of that energy is available in winter due to the accumulated heat losses [47]. 508 

The energy harvesting capacity of the PSC depends on the project geographical location, storage 509 

capacity (seasonal energy extraction), and size of the collector. The collected heat can be used for 510 

power generation of the PSC system itself or external usage. In the Zonnige Kempen project, 20% of 511 

the extracted heat was used for de-icing, and the remaining 80% of harvested heat was used as a 512 

heating source for adjacent buildings [111]. In several other projects, internal and external use of 513 

collected heat is reported 20%–30% and 70%–80%, respectively [43, 64, 112].  514 

The heat output of the system is a fundamental property of HAP in terms of thermal energy 515 

performance. The required heat energy for snow melting asphalt surface strongly depends on the 516 

weather parameters of the cold season. It is now well established from a variety of studies that large-517 

scale HAP systems use 100 up to 900 W/m2, again a large variation, of collected heat to provide 518 

ice/snow-free surfaces [33-35, 39, 43, 46, 47, 100]. For example, projects of Klamath Falls, SERSO, 519 

Gaia, Tianjin pilot and Power Road require 100-200 W/m2 heat to maintain their snow melting 520 

serviceability. On the other hand, the NAU project, which is supplied by a central heating plant, has a 521 

heat output of between 700 and 920 W/m2 in different months of the year. In a study investigating 522 

HAP energy harvesting potential, it is reported that the efficiency of the VOWAC solar collectors is 0,8 523 

GJ/m2/year [108]. According to this study, VOWAC systems have a higher energy harvesting efficiency 524 

in comparison with HAP systems (approximate efficiency of 0,6 GJ/m2/year).  525 

Despite the importance of energy harvesting from PSC, there remains a paucity of evidence on the 526 

amount of harvested solar heat in order to provide clean energy for external usage. Besides, a much-527 

debated question is related to the definition of the ratio for internal and external use of the extracted 528 

heat due to the different size and specifications of various PSC projects. 529 

4.3. Structural response of large-scale HAP systems 530 

The following part of this paper describes the structural behavior of HAP with respect to stress 531 

distribution around pipes and pavement distresses due to temperature changes. As explained earlier 532 

in the introduction to this paper, one of the primary objectives of HAP systems could be to tune 533 

temperature changes in asphalt pavement in order to avoid pavement distresses such as top-down 534 

cracking, rutting and fatigue cracking. In previous studies on rutting damage in asphalt pavement, it 535 

was demonstrated that the service life of the HAP can increase between 3-5 years depending on traffic 536 

load, weather conditions, mixture material, etc. [13, 25]. SERSO [35], RES [34, 38], HERO [20, 113], 537 

Tianjin pilot [43], and AUB projects [72, 114] claimed to prevent permanent deformation of the 538 

pavement by implementing HAP systems. In a research conducted by Sullivan et al. [38] they have 539 

suggested using a relatively soft mixture in PSC heat exchangers, where bitumen should have a 540 

reduced viscosity, and good low and high-temperature performance to be able to resist cracking and 541 

rutting. However, a systematic understanding of how controlling temperature changes of asphalt 542 

pavement throughout different seasons prevents pavement distresses formation in such large-scale 543 

HAPs is still lacking to the knowledge of the authors. 544 

As regards the introduction of heat exchange layer in HAP, structural performance of the pavement is 545 

expected to vary due to high stresses developing around the pipes, challenges in the construction 546 

stage (i.e., laying and compaction of the heat exchange layer), cracking resistance, differences in the 547 

thermal expansion coefficient of asphalt and pipe, improper adhesion between asphalt and pipe, and 548 

moisture damage [66, 72]. Van Bijsterveld et al. [66] performed a series of experiments using the 549 

commercial RES system to predict the failure mechanism and to obtain insight into the stress 550 
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distribution in HAP systems. As a result, they showed that crack initiation starts from pipe vicinity, 551 

which affects the durability of the HAP structure negatively. To tackle the stress concentration around 552 

pipes, studies encourage using grid supports to fix and protect the embedded pipes (Figure 8). The 553 

grid support has been successfully implemented in projects of RES [38, 66] (EMVO airport platform 554 

Woensdrecht, Rotterdam Bridge, Ullapool office parking lot, and Wester-Koggenland building 555 

complex) and the CyPaTs project [64, 65, 69] at the University of Antwerp (Figure 9). The grid also 556 

provides a solid layout for precise placement of pipes, enhances confining and arching actions to 557 

reduce asphalt thickness, and takes the loading during construction partially (i.e., paving and 558 

compaction machinery). Lastly, the need for a grid was confirmed as several large-scale HAP projects 559 

reported potential difficulties due to lack of grid in the heat exchange layer [49, 71].  560 

 561 

Figure 8. Details of the heat exchange layer in a PSC (annotated from [38]) 562 

 563 
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 564 

Figure 9. Spraying bitumen on the support grid and pipes before the asphalt placement [65] 565 

The structural performance of HAP systems is highlighted in projects concerning heavy traffic and 566 

loading (i.e., airport). To evaluate the structural performance of asphalt in Power Road projects, a 567 

pavement fatigue carrousel simulates the equivalent of 3 to 5 million heavy trucks [62]. In order to 568 

improve heat transfer, adhesion between the pipe surface and the surrounding asphalt mixture, and 569 

allowable movements due to differences in coefficients of thermal expansion between pipe and 570 

asphalt, grid and pipes are sprayed with 1,5 mm bitumen (high-quality elastomer modified bitumen) 571 

before the asphalt paving stage [66].  572 

Even though several recent projects have not implemented grid supports, it proved to be an essential 573 

protection element in the construction of HAP systems. 574 

Figure 10 and Figure 11 show the construction stage of projects with and without grid support. 575 
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 576 

Figure 10. The construction stage of PSC with grid support in a RES project [115] 577 

  
Figure 11. The construction stage of PSC without grid support (left) Power Road where the tubes are placed in grooves in 578 

the previously installed layer [67], (right) ICAX TRL project where the pipe network is connected to a steel square mesh using 579 
metal pins [45] 580 

4.4. Contribution to the reduction of UHI and CO2 emissions 581 

A more detailed account of the contribution of large-scale HAP systems regarding UHI, CO2 emissions, 582 

and fossil fuel consumption is given in the following subsection. HAP systems with renewable energy 583 

sources are proved to have less carbon footprint than conventional vehicle-operated salt spreading 584 

systems for snow melting purposes [36]. As a result of harvesting solar radiation from asphalt, upper 585 

layers get cooler, and consequently, the sensible heat flux to the atmosphere reduces, which mitigates 586 

the effects of UHI [12, 13, 59, 62]. Although Dakessian et al. [25] showed that HAP significantly 587 

decreases pavement surface temperature using small-scale and simulation experiments, Saleh et al. 588 

[72] observed that both the HAP and GCHAP systems are not effective in reducing the surface 589 

temperature of the pavement sufficiently. Therefore, the findings of the impact of HAP systems on 590 

UHI effect are inconclusive. 591 

PSC systems have demonstrated great potential in reducing carbon dioxide emissions due to the use 592 

of sustainable heating and cooling energy. For example, the annual decrease of CO2 emissions in the 593 

ongoing Eurovia Forez-Est project is 16 tons by harvesting heat from a parking lot and using it for water 594 
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heating in a public swimming pool. Besides, large-scale systems assessed the reduction in CO2 595 

emissions by means of replacing fossil fuels with renewable energy sources. The CO2 emissions was 596 

diminished in projects of Gaia by 80% [37], Eurovia Fleury-sur-Orne 75% [67], RES (Wester-Koggenland 597 

building complex 45% [38] and Zonnige kempen social housing 8-50%) [61, 111], TRL 33-45% [109], 598 

and Howe Dell School (zero-carbon) [45]. It is noteworthy mentioning that the presented results are 599 

related to the theoretical and operational stages of systems since no information regarding the life 600 

cycle studies of the projects has been reported. 601 

4.5. Sustainability assessment 602 

The sustainability of the HAP systems with regards to economic feasibility, snow melting performance, 603 

and environmental effects are explained in this part. Sustainability Assessment (SA) is an important 604 

aspect of large-scale HAP systems [99, 116]. Studies have emphasized to investigate the SA of HAP 605 

systems utilizing LCA and life cycle cost analysis [64, 65, 113, 117, 118]. Sustainability of HAP should 606 

be assessed from various points of view, such as economic viability (i.e., return on investment), 607 

pavement service life, performance feasibility, safety increase (less car accidents)  and environmental 608 

impacts. Although a limited number of studies have attempted to evaluate the sustainability of the 609 

large-scale HAP systems [119-123], they present a useful framework for future SA analysis by providing 610 

valuable information regarding governing parameters. 611 

In [119], Habibzadeh-Bigdarvish et al. carried out a life cycle cost-benefit analysis on a GCHAP and 612 

showed their economic feasibility in comparison with conventional snow/ice removal systems. In 613 

addition to the high initial investment of GCHAP systems, the operation and maintenance cost was 614 

recognized as an important cost factor through the life cycle of the project [119]. Moreover, they 615 

performed a sensitivity analysis of the input variables on output results utilizing Monte Carlo 616 

Simulation (MCS), in which an increase in the traffic flow recognized as the most dominant variable. 617 

Nahvi et al. [121] confirmed that HAP systems are economically feasible, however, they argued the 618 

high dependency of benefit-cost ratio to project-specific features (i.e., in this case specifically the 619 

number of airplane operations and HAP project area) by employing MCS in a sensitivity analysis of 620 

input variables. 621 

With respect to global warming, studies analyzed greenhouse gas emission in the conventional 622 

(mechanical machinery) and HAP snow/ice melting systems using life cycle assessment and concluded 623 

that HAP systems produce less greenhouse gas [122, 123]. Shen et al. [122] performed LCA on different 624 

snow and ice removal systems in airports (i.e., HAP) using a well-to-gate assessment to evaluate 625 

energy consumption and environmental impact aspects. The study aims to facilitate the decision-626 

making process of the airport authorities and concludes that geothermally coupled HAP systems 627 

consume less energy and have lower greenhouse gas emissions than traditional snow and ice removal 628 

methods. A comparison of greenhouse gas emission (kgCO2 equivalent) between HAP and mechanical 629 

snow removing systems shows that traditional snow and ice removal systems reach around 6.000 630 

(kgCO2 equivalent) after 12 hours of snow, while a HAP system could decrease the greenhouse gas 631 

emission up to around 55%. However, the results show that the snow rate affects greenhouse gas 632 

emission, especially at higher snow rates (e.g., 50,8 mm/h), and HAP systems with a lower coefficient 633 

of performance will produce almost the same amount (around 6.000 kgCO2 equivalent) of greenhouse 634 

gas as traditional snow and ice removal systems. In [123], a partial LCA assessment has been 635 

performed to exclude the same life cycle phases for snow/ice melting systems subjected to 636 

comparison. Due to the limited information on data and cost of the subjected projects, the LCA of HAP 637 

systems is concentrated on the partial phases such as the operation phase [122] and construction and 638 

operation phase [123]. The service life of the airport concrete pavement in the HAP, including 639 

construction and operation, was assumed as 20 years [122, 123]. 640 
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5. Current challenges and future developments 641 

This section presents current challenges in the design and construction of large-scale HAPs as well as 642 

future developments that need further investigation. 643 

There has been limited discussion about the performance and potential challenges of collective heat 644 

provision using PSC. A further study could assess the distribution of the extracted surplus heat for 645 

district heating. 646 

In terms of construction challenges, the small pipe spacing (e.g., 5-10 cm) can result in low-quality 647 

compaction of the asphalt between the pipes and grid (if any). Further experimental and numerical 648 

modelling is needed to understand the compaction quality around the pipes since insufficient 649 

compaction may create an insulation layer of air voids and decrease the heat transfer between pipe 650 

and asphalt. Another drawback of inadequate compaction is that the service life of the asphalt 651 

pavement could shorten due to an increase in rutting. 652 

Embedment depth of pipe should be carefully considered to balance energy harvesting and prevent 653 

structural damage on the pipe due to wheel track passes. It is suggested to conduct combined 654 

numerical and experimental investigations to evaluate the sensitivity of pipe depth on the structural 655 

and thermal performance. An optimum solution is to achieve maximum solar energy extraction and 656 

minimum pipe damage, while the rehabilitation and maintenance of the surface layer should also be 657 

possible without damaging the pipe and grid. 658 

Further research might explore the impact of intermittent and continuous operation modes on the 659 

snow melting ability and service life extension of asphalt pavement. Besides, future HAP projects can 660 

use a pre-heating protocol to achieve higher snow melting performance. 661 

Finally, research on the LCA of HAP systems has been mostly restricted to limited comparisons of 662 

operation and construction phases rather than complete life cycle analysis. It can be argued that 663 

installing a HAP incorporates an increase in the CO2 emission during the initial phase. Furthermore, 664 

since the polyethylene pipes (and grid) are embedded in the asphalt pavement, milling and reclaiming 665 

the top layer is challenging. In case of practical issues in the pavement milling and recycling of 666 

polyethylene and asphalt material, it might eliminate expected environmental benefits and result in 667 

an unfavorable scenario. Hence, further research should be carried out to establish the claim that the 668 

environmental benefits of HAP systems outweigh their adverse impacts. 669 

6. Conclusions 670 

The pavement solar collectors can extract solar radiation during summertime and deposit the heat in 671 

storage for cold months. Also, hydronic asphalt pavements (i.e., PSC) are an alternative for 672 

conventional snow melting systems. Based on the definition in this study, PSC systems are defined 673 

based on their ability to only harvest solar energy, while HAPs can couple other energy sources as well. 674 

This paper reviewed the constructed large-scale HAP to evaluate different aspects of these 675 

infrastructures. The present research aimed to investigate potential challenges that arise in large-scale 676 

HAPs and are less present in small- or lab-scale systems. This study has identified several findings that 677 

are summarized as follows: 678 

There are only about 50 large-scale HAP systems around the world that are used for different reasons 679 

such as sustainable energy production, increase in road safety and extend of pavement service life. 680 

This limited number of large-scale HAP systems can be due to high initial cost, insufficient data on ROI 681 

and payback period for long-term investment, and inadequate research on the performance (e.g., high 682 
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dependency on geographical location) and sustainability assessment of such systems. The area of a 683 

great number of large-scale projects changes between 65-10.000 m2, with a median of 550 m2. The 684 

median size for the research prototypes and actual projects is 90 m2 and 740 m2. In the HAP systems, 685 

pipe spacing changes between 5 and 40 cm, with an average and standard deviation of 18,91 cm and 686 

8,46 cm, respectively. Most of the projects place the pipes with a pipe distance between 10-20 cm. 687 

However, there is a high risk of insufficient compaction in case of small pipe spacing that can cause a 688 

reduction in the service life. Embedment depth of pipe varies between 5-12 cm, with an average of 689 

7,67 cm and highest frequency between 5-9 cm in different large-scale HAP projects. A trade-off in 690 

heat extraction efficiency, protecting the pipes from the forces during compaction and traffic(avoiding 691 

failure due to possible damages), and allowing the possibility of renewing the pavement surface layer 692 

is necessary for the embedment depth selection. The polyethylene pipe is the most widely used 693 

material in HAP systems owing to its cost-effectiveness and resistance against corrosion. 694 

Hydronic asphalt pavements can be coupled with other heat sources such as geothermal, electric 695 

heaters, and fuel-based boilers to satisfy the required heat capacity of snow melting systems. The 696 

intermittent operation mode provides a more optimized operational strategy than the continuous 697 

mode in terms of saving cost and energy. A comparison between long term performance of 698 

intermittent and continuous operation modes seems necessary to evaluate their impact on the 699 

potential increase of the pavement service life. 700 

PSCs are proven to be an economical alternative to the other solar collector systems. The construction 701 

cost of asphalt collector varies between 25-151 €/m2 for heat exchanger section and 1.760-3.000 €/m2 702 

for their total cost. The wide range of cost for both cases reveals an uncertainty related to the variables 703 

concerning system cost. In terms of LCOE, PSCs (4,21 $/kWh) are a better alternative than 704 

thermoelectric (95,74 $/kWh), electromagnetic (278,95 $/kWh), and piezoelectric (106,38 $/kWh) 705 

technologies, while photovoltaic (0,45 $/kWh) and geothermal (0,15 $/kWh) technologies are more 706 

effective in LCOE than PSC systems. The return on capital investment for large-scale PSC systems are 707 

reported between 8-12 years. Since a large number of items are involved in a comprehensive 708 

economic analysis of the HAP systems, an accurate calculation of payback period needs more 709 

extended research. The energy harvest capacity of large-scale PSCs varies between 20%-50%, which 710 

depends on several parameters such as project geographical location, storage capacity, and size of the 711 

collector. Hydronic snow melting systems consume 100-900 W/m2 of heat from storage to provide 712 

ice/snow-free surfaces. Both energy harvest capacity and heat requirement for snow melting show a 713 

great variation in different projects. Using grid supports is recommended to have better alignment of 714 

pipes and protection against heavy loads during and after construction. Even though several recent 715 

projects have not implemented grid supports, it can also provide a solid layout to enhance confining 716 

and arching actions to reduce asphalt thickness. 717 

Based on the reviewed studies, the impact of PSC systems on the pavement surface temperature 718 

reduction is unclear. Consequently, PSCs do not necessarily mitigate the UHI effect. Further research 719 

should focus on the impact of large-scale HAP systems on the surrounding air temperature in the 720 

urban areas rather than limiting the scope of studies to temperature variation of the pavement 721 

surface. HAPs can decrease the release of CO2 considerably by substituting fossil fuels with the 722 

geothermal or solar energy. However, a comprehensive LCA is required to evaluate the system from 723 

different points of view, such as energy performance, an extension of pavement service life, and 724 

material recycling. The LCA of HAP systems is limited to the operation and construction phase since 725 

not much information is available on data and cost of the large-scale projects. 726 

This review paper has brought to notice several challenges and problems in need of further 727 

investigation. The extracted heat is a low-quality energy type, and storage of this heat with efficient 728 
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insulation until wintertime is a major concern. The construction time of HAP systems needs to be as 729 

short as possible in order to be practical to be applied in the existing road pavements (interfering with 730 

the road users). Embedment depth of pipe should be carefully considered in order to improve the 731 

efficiency of both the heat collection and winter maintenance while also tackling durability issues in 732 

asphalt pavement. The large-scale HAP systems should be monitored in the long-term to enable 733 

researchers to provide an assessment of the thermal and structural performance of these systems. 734 

Acknowledgements 735 

This research did not receive any form of funding from public agencies, commercial, or not-for-profit 736 

sectors. The first author would like to acknowledge the University of Antwerp for the doctoral funding. 737 

References 738 

1. BPCompany. BP statistical review of world energy. 2018. 739 
2. Gholikhani M, Roshani H, Dessouky S, Papagiannakis AT. A critical review of roadway energy 740 
harvesting technologies. Applied Energy. 2020;261:114388. 741 
3. Ahmad S, Abdul Mujeebu M, Farooqi MA. Energy harvesting from pavements and roadways: A 742 
comprehensive review of technologies, materials, and challenges. International Journal of Energy 743 
Research. 2019;43(6):1974-2015. 744 
4. Soltani M, M. Kashkooli F, Dehghani-Sanij AR, Kazemi AR, Bordbar N, Farshchi MJ, Elmi M, Gharali 745 
K, B. Dusseault M. A comprehensive study of geothermal heating and cooling systems. Sustainable 746 
Cities and Society. 2019;44:793-818. 747 
5. Kabir E, Kumar P, Kumar S, Adelodun AA, Kim K-H. Solar energy: Potential and future prospects. 748 
Renewable and Sustainable Energy Reviews. 2018;82:894-900. 749 
6. Pei J, Zhou B, Lyu L. e-Road: The largest energy supply of the future? Applied Energy. 2019;241:174-750 
83. 751 
7. Wang H, Jasim A, Chen X. Energy harvesting technologies in roadway and bridge for different 752 
applications – A comprehensive review. Applied Energy. 2018;212:1083-94. 753 
8. Dawson A, Mallick R, Hernandez AG, Dehdezi PK. Energy harvesting from pavements.  Climate 754 
Change, Energy, Sustainability and Pavements: Springer; 2014. p. 481-517. 755 
9. Duarte F, Ferreira A. Energy harvesting on road pavements: state of the art. 2016;169(2):79-90. 756 
10. Xiang B, Cao X, Yuan Y, Hasanuzzaman M, Zeng C, Ji Y, Sun L. A novel hybrid energy system 757 
combined with solar-road and soil-regenerator: Sensitivity analysis and optimization. Renewable 758 
Energy. 2018;129:419-30. 759 
11. Guldentops G, Nejad AM, Vuye C, Van den bergh W, Rahbar N. Performance of a pavement solar 760 
energy collector: Model development and validation. Applied Energy. 2016;163:180-9. 761 
12. Santamouris M. Using cool pavements as a mitigation strategy to fight urban heat island—A review 762 
of the actual developments. Renewable and Sustainable Energy Reviews. 2013;26:224-40. 763 
13. Mallick RB, Chen B-L, Bhowmick S. Harvesting energy from asphalt pavements and reducing the 764 
heat island effect. International Journal of Sustainable Engineering. 2009;2(3):214-28. 765 
14. Mallick RB, Chen B-L, Bhowmick S. Harvesting heat energy from asphalt pavements: development 766 
of and comparison between numerical models and experiment. International Journal of Sustainable 767 
Engineering. 2012;5(2):159-69. 768 
15. Mensah K, Choi JM. Review of technologies for snow melting systems. Journal of Mechanical 769 
Science and Technology. 2015;29(12):5507-21. 770 
16. Sadati SMS, Cetin K, Ceylan H, Sassani A, Kim S. Energy and thermal performance evaluation of an 771 
automated snow and ice removal system at airports using numerical modeling and field 772 
measurements. Sustainable Cities and Society. 2018;43:238-50. 773 



26 
 

17. Arabzadeh A, Notani MA, Kazemiyan Zadeh A, Nahvi A, Sassani A, Ceylan H. Electrically conductive 774 
asphalt concrete: An alternative for automating the winter maintenance operations of transportation 775 
infrastructure. Composites Part B: Engineering. 2019;173:106985. 776 
18. Han C, Wu G, Yu Xiong B. Performance Analyses of Geothermal and Geothermoelectric Pavement 777 
Snow Melting System. Journal of Energy Engineering. 2018;144(6):04018067. 778 
19. Olgun GB, Allen Use of Geothermal Energy in Snow Melting and Deicing of Transportation 779 
Infrastructures. Transportation Research Board2016. 780 
20. Mirzanamadi R, Hagentoft C-E, Johansson P. Coupling a Hydronic Heating Pavement to a Horizontal 781 
Ground Heat Exchanger for harvesting solar energy and heating road surfaces. Renewable Energy. 782 
2020;147:447-63. 783 
21. Chen M, Wu S, Wang H, Zhang J. Study of ice and snow melting process on conductive asphalt solar 784 
collector. Solar Energy Materials and Solar Cells. 2011;95(12):3241-50. 785 
22. Gao Q, Huang Y, Li M, Liu Y, Yan YY. Experimental study of slab solar collection on the hydronic 786 
system of road. Solar Energy. 2010;84(12):2096-102. 787 
23. Bayat A, Knight M, Soleymani HR. Field monitoring and comparison of thermal-and load-induced 788 
strains in asphalt pavement. 2012;13(6):508-14. 789 
24. de Bondt A. Generation of energy via asphalt pavement surfaces, prepared for asphaltica padova, 790 
Netherland, 2003. 2003. 791 
25. Dakessian L, Harfoushian H, Habib D, Chehab GR, Saad G, Srour I. Finite element approach to assess 792 
the benefits of asphalt solar collectors. Transportation Research Record. 2016;2575(1):79-91. 793 
26. Zhao X, Shen A, Ma B. Temperature response of asphalt pavement to low temperatures and large 794 
temperature differences. International Journal of Pavement Engineering. 2020;21(1):49-62. 795 
27. Nasir DSNM, Pantua CAJ, Zhou B, Vital B, Calautit J, Hughes B. Numerical analysis of an urban road 796 
pavement solar collector (U-RPSC) for heat island mitigation: Impact on the urban environment. 797 
Renewable Energy. 2021;164:618-41. 798 
28. Shaopeng W, Mingyu C, Jizhe Z. Laboratory investigation into thermal response of asphalt 799 
pavements as solar collector by application of small-scale slabs. Applied Thermal Engineering. 800 
2011;31(10):1582-7. 801 
29. Dehdezi PK. Enhancing pavements for thermal applications:University of Nottingham; 2012. 802 
30. Talib SHA, Syed Hashim SIN, Beddu S, Maidin AF, Abustan MS. Heat Lump in Different Pavement 803 
Layer Using Ethylene Glycol as A Solar Heat Collector. MATEC Web Conf. 2017;87. 804 
31. Abdelaziz S, Longtin J, Yin H, Orr D, Abraham SP, He X. Pavement Deicing Using Hydronic Heat 805 
Exchange Loops in The Base Layer: Experimental and Modeling Feasibility Study. State University of 806 
New York, Stony Brook; 2018. 807 
32. Farzan H, Zaim EH, Ameri M, Amiri T. Study on effects of wind velocity on thermal efficiency and 808 
heat dynamics of pavement solar collectors: An experimental and numerical study. Renewable Energy. 809 
2021;163:1718-28. 810 
33. Lund JW. Reconstruction of a pavement geothermal deicing system. Geo-Heat Center Bulletin. 811 
1999:14-7. 812 
34. Guldentops G. Analysis of an Asphalt Pavement Solar Collector Using a Finite Element 813 
Approach:Universiteit Antwerpen; 2014. 814 
35. Eugster WJ, editor Road and bridge heating using geothermal energy. overview and examples. 815 
Proceedings European Geothermal Congress; 2007; Unterhaching, Germany. 816 
36. Siebert N, Zacharakis E. Asphalt Solar Collector and Borehole Storage; Design study for a small 817 
residential building area:Chalmers University of Technology; 2010. 818 
37. Morita K, Tago M. Operational characteristics of the Gaia snow-melting system in Ninohe, Iwate, 819 
Japan. Geo-Heat Center Bulletin. 2000;21. 820 
38. Sullivan C, de Bondt A, Jansen R, Verweijmeren H, editors. Innovation in the production and 821 
commercial use of energy extracted from asphalt pavements. 6th Annual International Conference on 822 
Sustainable Aggregates, International Journal of Pavement Engineering and Asphalt Technology; 2007. 823 



27 
 

39. Boyd TL. New snow melt projects in Klamath Falls, OR. Geo-Heat Center Quarterly Bulletin. 824 
2003;24(3):12-5. 825 
40. Boyd TL. The Oregon Institute of Technology geothermal heating system-then and now. Geo-Heat 826 
Center Quarterly Bulletin. 1999;20(1):10-3. 827 
41. Snowmelt System  [Available from: https://cityofholland.com/879/Snowmelt-System]. 828 
42. Snowmelt: A Snow-Free Holland  [Available from: https://www.holland.org/snow-free-holland]. 829 
43. Zhou Z, Hu S, Zhang X, Zuo J. Characteristics and application of road absorbing solar energy. 830 
Frontiers in Energy. 2013;7(4):525-34. 831 
44. Zhou Z, Wang X, Zhang X, Chen G, Zuo J, Pullen S. Effectiveness of pavement-solar energy system–832 
An experimental study. Applied Energy. 2015;138:1-10. 833 
45. Seasonal Thermal Energy Storage  [Available from: www.icax.co.uk]. 834 
46. Ho C-H, Shan J, Du M, Ishaku DI-T. Experimental Study of a Snow Melting System: State-of-Practice 835 
Deicing Technology.  Environmental Sustainability in Transportation Infrastructure2015. p. 162-76. 836 
47. Lund JW. Pavement snow melting. Geo-Heat Center Quarterly Bulletin. 2000;21(2):12-9. 837 
48. Liu X, Rees SJ, Spitler JD. Modeling snow melting on heated pavement surfaces. Part II: 838 
Experimental validation. Applied Thermal Engineering. 2007;27(5-6):1125-31. 839 
49. Minsk LD. Heated Bridge Technology-Report on ISTEA Sec. 6005 Program. United States. Federal 840 
Highway Administration; 1999. 841 
50. Zwarycz K. Snow melting and heating systems based on geothermal heat pumps at Goleniow 842 
Airport, Poland. 2002. 843 
51. de Bondt A, Jansen R. Generation and saving of energy via asphalt pavement surfaces. Ooms 844 
Nederland Holding bv, Development R; 2006. 845 
52. Eggen G, Vangsnes G, editors. Heat pump for district cooling and heating at Oslo Airport 846 
Gardermoen. Proceedings 8th IEA Heat Pump Conference, Las Vegas, Nevada; 2005. 847 
53. Ziegler W. Radiant heating of airport aprons. Binghamton University – State University of New York; 848 
2009. 849 
54. Xu H, Wang D, Tan Y, Zhou J, Oeser M. Investigation of design alternatives for hydronic snow 850 
melting pavement systems in China. Journal of Cleaner Production. 2018;170:1413-22. 851 
55. Abdualla H, Ceylan H, Kim S, Taylor PC, Gopalakrishnan K, Cetin K. Hydronic Heated Pavement 852 
System Using Precast Concrete Pavement for Airport Applications.  International Conference on 853 
Transportation and Development 20182018. p. 16-24. 854 
56. Abdualla H. Design, construction, and performance of heated concrete pavements system:Iowa 855 
State University; 2018. 856 
57. Asfour S, Bernardin F, Toussaint E. Experimental validation of 2D hydrothermal modelling of porous 857 
pavement for heating and solar energy retrieving applications. Road Materials and Pavement Design. 858 
2018:1-17. 859 
58. De Zonneweg (in Dutch)  [Available from: 860 
https://www.kws.nl/dynamics/modules/SFIL0200/view.php?fil_Id=9476]. 861 
59. Dijkink H. A sunny future with the Zonneweg (in Dutch). Asfalt. 2009:33-862 
6.https://www.asfaltblij.nl/media/1400/2009-1-zonneweg.pdf 863 
60. Morita K, Tago M, editors. Snow-melting on sidewalks with ground-coupled heat pumps in a heavy 864 
snowfall city. Proceedings World Geothermal Congress Turkey: Antalya; 2005. 865 
61. Robeyn N, Bael JV. Demonstration Project Innovative Solar Energy Supply for 13 Buildings, Zoerle-866 
Parwijs. The Flemish Energy Agency; 2008. 867 
62. Eurovia Invents Power Road®, The Positive Energy Road [press release]. October 16, 2017 2017. 868 
63. Van den bergh W, Jacobs G, De Maeijer PK, Vuye C, Arimilli S, Couscheir K, Lauriks L, Baetens R, 869 
Severins I, Margaritis A, editors. Demonstrating Innovative Technologies for the Flemish Asphalt 870 
Sector in the CyPaTs Project. IOP Conference Series: Materials Science and Engineering; 2019: IOP 871 
Publishing. 872 
64. Baetens R, Severins I, Ceulemans D, Arimilli S, Couscheir K, Jacobs G, Van den bergh W, Vuye C, 873 
Verhaert I, editors. The exploration of the use of a heat exchanging asphalt layer as a prosumer in a 874 

https://cityofholland.com/879/Snowmelt-System
https://www.holland.org/snow-free-holland
file:///D:/Research%20Database/Papers/03%20ASC%20Large-scale%20Prototypes/06%20Submission/03%20Renewable%20Energy%20-%20Revision/www.icax.co.uk
https://www.kws.nl/dynamics/modules/SFIL0200/view.php?fil_Id=9476
https://www.asfaltblij.nl/media/1400/2009-1-zonneweg.pdf


28 
 

low temperature heating grid. Proceedings of the REHVA Annual Meeting Conference, Low Carbon 875 
Technologies in HVAC; April 23, 2018; Brussels, Belgium. 876 
65. Ghalandari T, Vuye C, Couscheir K, Jacobs G, Severins I, Van den bergh W, Baetens R, Ceulemans 877 
D, Verhaert I, Guldentops G. The use of a large-scale prototype to investigate the actual performance 878 
of a Heat Exchanging Asphalt Layer (published online).  7th Eurasphalt & Eurobitume Congress; 879 
Madrid, Spain2021. 880 
66. Van Bijsterveld W, De Bondt A, editors. Structural aspects of asphalt pavement heating and cooling 881 
systems. Proc, 3rd Int Symp on 3D Finite Element Modelling, Design and Research; 2002. 882 
67. Vinci. Power Road®, the road to positive energy, continues its rollout 2019 [Available from: 883 
www.vinci.com]. 884 
68. Johnsson J, Adl-Zarrabi B. A numerical and experimental study of a pavement solar collector for 885 
the northern hemisphere. Applied Energy. 2020;260:114286. 886 
69. Van den Bergh W, Jacobs G, Kara De Maeijer P, Vuye C, Arimilli S, Couscheir K, Lauriks L, Baetens 887 
R, Severins I, Margaritis A, Hasheminejad N, Blom J, Stoop J, Sharif M, editors. Demonstrating 888 
Innovative Technologies for the Flemish Asphalt Sector in the CyPaTs Project2019: IOP Publishing. 889 
70. Xu J, Wang RZ, Li Y. A review of available technologies for seasonal thermal energy storage. Solar 890 
Energy. 2014;103:610-38. 891 
71. Carder D, Barker K, Hewitt M, Ritter D, Kiff A. Performance of an interseasonal heat transfer facility 892 
for collection, storage, and re-use of solar heat from the road surface. Published Project Report PPR: 893 
Transport Research Laboratory, Berkshire, UK; 2007. 894 
72. Saleh NF, Zalghout AA, Sari Ad Din SA, Chehab GR, Saad GA. Design, construction, and evaluation 895 
of energy-harvesting asphalt pavement systems. Road Materials and Pavement Design. 2019:1-28. 896 
73. Liu X. Development and experimental validation of simulation of hydronic snow melting systems 897 
for bridges:Oklahoma State University; 2005. 898 
74. Liu X, Rees SJ, Spitler JD. Modeling snow melting on heated pavement surfaces. Part I: Model 899 
development. Applied Thermal Engineering. 2007;27(5-6):1115-24. 900 
75. Bobes-Jesus V, Pascual-Muñoz P, Castro-Fresno D, Rodriguez-Hernandez J. Asphalt solar collectors: 901 
a literature review. Applied Energy. 2013;102:962-70. 902 
76. Pan P, Wu S, Xiao Y, Liu G. A review on hydronic asphalt pavement for energy harvesting and snow 903 
melting. Renewable & Sustainable Energy Reviews. 2015;48:624-34. 904 
77. Yoshitake I, Okabe Y, Yasumura N, Horino Y. Pop-out Mechanism of Concrete Pavement with 905 
Embedded Heating Pipes. In: Cheung SO, Yazdani S, Ghafoori N, Singh A, editors. Modern Methods 906 
and Advances in Structural Engineering and Construction2011. 907 
78. Daniels J, Heymsfield E. Development of Anti-Icing Airfield Heated Pavement System using Solar 908 
Energy. Transportation research record. 2019;2673(11):141-9. 909 
79. Asfour S, Bernardin F, Toussaint E, Piau JM. Hydrothermal modeling of porous pavement for its 910 
surface de-freezing. Applied Thermal Engineering. 2016;107:493-500. 911 
80. Pascual-Muñoz P, Castro-Fresno D, Serrano-Bravo P, Alonso-Estébanez A. Thermal and hydraulic 912 
analysis of multilayered asphalt pavements as active solar collectors. Applied Energy. 2013;111:324-913 
32. 914 
81. Lund JW, Boyd TL. Direct utilization of geothermal energy 2015 worldwide review. Geothermics. 915 
2016;60:66-93. 916 
82. Self SJ, Reddy BV, Rosen MA. Geothermal heat pump systems: Status review and comparison with 917 
other heating options. Applied Energy. 2013;101:341-8. 918 
83. Ragnarsson A, editor Utilization of geothermal energy in Iceland. Proceedings of the International 919 
Geothermal Conference IGC-2003; 2003. 920 
84. Xiao S, Suleiman MT, Naito CJ, Neti S. Use of Geothermal Deep Foundations for Bridge Deicing. 921 
Transportation Research Record. 2013;2363(1):56-65. 922 
85. Mauro A, Grossman JC. Street-heat: Controlling road temperature via low enthalpy geothermal 923 
energy. Applied Thermal Engineering. 2017;110:1653-8. 924 

file:///D:/Research%20Database/Papers/03%20ASC%20Large-scale%20Prototypes/06%20Submission/03%20Renewable%20Energy%20-%20Revision/www.vinci.com


29 
 

86. Lei G, Yu X, Li T, editors. Design and Numerical Analysis of an Externally Heated Geothermal Bridge 925 
Deck. Tunneling in Soft Ground, Ground Conditioning and Modification Techniques; 2019 2019//; 926 
Cham: Springer International Publishing. 927 
87. Tota-Maharaj K, Scholz M, Coupe SJ. Modelling Temperature and Energy Balances within 928 
Geothermal Paving Systems. Road Materials and Pavement Design. 2011;12(2):315-44. 929 
88. Kong G, Wu D, Liu H, Laloui L, Cheng X, Zhu X. Performance of a geothermal energy deicing system 930 
for bridge deck using a pile heat exchanger. International Journal of Energy Research. 2019;43(1):596-931 
603. 932 
89. Ho IH, Li S, Abudureyimu S. Alternative hydronic pavement heating system using deep direct use 933 
of geothermal hot water. Cold Regions Science and Technology. 2019;160:194-208. 934 
90. Yu X, Puppala AJ, Zhang N. Use of geothermal energy for deicing approach pavement slabs and 935 
bridge decks, phase 1. Texas. Dept. of Transportation. Research and Technology Implementation 936 
Office; 2017. 937 
91. Chiasson A, Spitler JD. Modeling Approach to Design of a Ground-Source Heat Pump Bridge Deck 938 
Heating System. Transportation Research Record. 2001;1741(1):207-15. 939 
92. Nagano K, Hiraga Y, Katsura T, Nogawa T, Takeda S, Nakabayashi S, editors. Feasibility Study of 940 
Snow Melting System Using Ground Thermal Energy in Japan. Proceedings of the 10th international 941 
conference on thermal energy storage-ecostock; 2006: Citeseer. 942 
93. Brown B. Klamath Falls Geothermal District Heating System at 25 Years. Geo Heat Center Bulletin. 943 
2007:10-5. 944 
94. Iwamoto K, Nagasaka S, Hamada Y, Nakamura M, Ochifuji K, Nagano K, editors. Prospects of snow 945 
melting systems (SMS) using underground thermal energy storage (UTES) in Japan. The Second 946 
Stockton International Geothermal Conference; 1998. 947 
95. Yoshitake I, Yasumura N, Syobuzako M, Scanlon A. Pipe Heating System with Underground Water 948 
Tank for Snow Thawing and Ice Prevention on Roads and Bridge Decks. 2011;25(2):71-86. 949 
96. Midttømme K, Banks D, Kalskin Ramstad R, Sæther OM, Skarphagen H. Ground-source heat pumps 950 
and underground thermal energy storage: energy for the future. 2008;11:93-8. 951 
97. Daniels J. Development of Anti-Icing Airfield Heated Pavement Systems Using Solar Energy [Theses 952 
and Dissertations]:University of Arkansas; 2018. 953 
98. Abdualla H, Ceylan H, Kim S, Taylor PC, Gopalakrishnan K, Cetin K, editors. Hydronic Heated 954 
Pavement System Using Precast Concrete Pavement for Airport Applications. International 955 
Conference on Transportation and Development; 2018. 956 
99. Anand P. Assessing the energy and financial viability of heated pavement systems for 957 
airports.Graduate Theses and Dissertations:Iowa State University; 2015. 958 
100. Ceylan H, Gopalakrishnan K, Kim S, Cord W. Heated Transportation Infrastructure Systems: 959 
Existing and Emerging Technologies.  The 12th International Symposium on Concrete Roads; 960 
September 23-26, 2014; Prague, Czech Republic2014. 961 
101. Wigstrand I, editor The ATES project–a sustainable solution for Stockholm-Arlanda airport. 11th 962 
international conference on thermal energy storage for energy efficiency and sustainability; 2009; 963 
Stockholm, Sweden. 964 
102. Xie F, Whiteley JR, editors. Model Predictive Control of a Geothermally Heated Bridge Deck. 2007 965 
American Control Conference; 2007 9-13 July 2007. 966 
103. Jenks S, Whiteley J, Pandit K, Arndt D, Stone M, Elliott R, Spitler J, Smith M, editors. Smart control 967 
of a geothermally heated bridge deck. Proceedings of the Transportation Research Board 82nd Annual 968 
Meeting; 2003. 969 
104. Xu H, Tan Y. Modeling and operation strategy of pavement snow melting systems utilizing low-970 
temperature heating fluids. Energy. 2015;80:666-76. 971 
105. Iso ISO. 15686-5: Buildings and Constructed Assets-Service-Life Planning-Part 5: Life-Cycle 972 
Costing. Geneva, Switzerland: International Organization for Standardization. 2017. 973 
106. Inflation Tool  [Available from: https://www.inflationtool.com/]. 974 

https://www.inflationtool.com/


30 
 

107. Asphalt collector using paved surfaces to capture solar energy  [Available from: 975 
https://www.cyclifier.org/project/asphalt-collector/]. 976 
108. Vossebeld JA. The asphalt collector and solar road on the A58 : research into the potential of 977 
applying the asphalt collector and solar road on the A58. 2018. 978 
109. Carder D. The feasibility of trials of renewable energy generation in highways. Transport Research 979 
Laboratory (Great Britain); 2005. 980 
110. Muñoz-Criollo JJ, Cleall PJ, Rees SW. Factors influencing collection performance of near surface 981 
interseasonal ground energy collection and storage systems. Geomechanics for Energy and the 982 
Environment. 2016;6:45-57. 983 
111. Vandevyvere H, Neuckermans H, editors. The implementation deficit of sustainable construction 984 
in Flanders, Belgium. Estimation and proposals for enhanced strategies. Proceedings of the 24th 985 
International Conference on Passive and Low Energy Architecture; 2007: NUS; Singapore. 986 
112. Loomans M, Oversloot H, De Bondt A, Jansen R, Van Rij H, editors. Design tool for the thermal 987 
energy potential of asphalt pavements. Eighth International IBPSA Conference, Eindhoven, 988 
Netherlands; 2003. 989 
113. Mirzanamadi R, Hagentoft C-E, Johansson P. Numerical investigation of harvesting solar energy 990 
and anti-icing road surfaces using a hydronic heating pavement and borehole thermal energy storage. 991 
Energies. 2018;11(12):3443. 992 
114. Zalghout A, Saleh N, Sari S, Addin S, Chehab G, editors. Constructability study of asphalt 993 
pavements incorporating shallow geothermal energy. Second European and Mediterranean Structural 994 
Engineering and Construction Conference; 2018; Beirut, Lebanon. 995 
115. Lieshout Mv. Green energy through piping and asphalt (in Dutch): E&W Installatietechniek; 2017 996 
[Available from: https://www.ew-installatietechniek.nl/artikelen/open/groene-energiering-via-997 
buizenstelsel-en-asfalt/20180115112640]. 998 
116. Anand P, Nahvi A, Ceylan H, Pyrialakou VD, Gkritza K, Gopalakrishnan K, Kim S, Taylor PC. Energy 999 
and financial viability of hydronic heated pavement systems. 2017. 1000 
117. Mirzanamadi R, Hagentoft C-E, Johansson P. An analysis of hydronic heating pavement to 1001 
optimize the required energy for anti-icing. Applied Thermal Engineering. 2018;144:278-90. 1002 
118. Mirzanamadi R, Hagentoft C-E, Johansson P, Johnsson J. Anti-icing of road surfaces using Hydronic 1003 
Heating Pavement with low temperature. Cold Regions Science and Technology. 2018;145:106-18. 1004 
119. Habibzadeh-Bigdarvish O, Yu X, Lei G, Li T, Puppala AJ. Life-Cycle cost-benefit analysis of Bridge 1005 
deck de-icing using geothermal heat pump system: A case study of North Texas. Sustainable Cities and 1006 
Society. 2019;47:101492. 1007 
120. Ghasemi-Fare O, Bowers GA, Kramer CA, Ozudogru TY, Basu P, Olgun CG, Bulbul T, Sutman M. A 1008 
Feasibility Study of Bridge Deck Deicing Using Geothermal Energy. 2015. 1009 
121. Nahvi A, Pyrialakou VD, Anand P, Sadati SMS, Gkritza K, Ceylan H, Cetin K, Kim S, Gopalakrishnan 1010 
K, Taylor PC. Integrated stochastic life cycle benefit cost analysis of hydronically-heated apron 1011 
pavement system. Journal of Cleaner Production. 2019;224:994-1003. 1012 
122. Shen W, Ceylan H, Gopalakrishnan K, Kim S, Taylor PC, Rehmann CR. Life cycle assessment of 1013 
heated apron pavement system operations. Transportation Research Part D: Transport and 1014 
Environment. 2016;48:316-31. 1015 
123. Shen W, Gopalakrishnan K, Kim S, Ceylan H. Assessment of Greenhouse Gas Emissions from 1016 
Geothermal Heated Airport Pavement System. International Journal of Pavement Research 1017 
Technology. 2015;8(4). 1018 

 1019 

https://www.cyclifier.org/project/asphalt-collector/
https://www.ew-installatietechniek.nl/artikelen/open/groene-energiering-via-buizenstelsel-en-asfalt/20180115112640
https://www.ew-installatietechniek.nl/artikelen/open/groene-energiering-via-buizenstelsel-en-asfalt/20180115112640

