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Abstract. There have been thirty-eight heat waves in Europe in the last century, seventeen of which 

were in the last decade. In urban areas, the effects of global warming are intensified because air and 

surface temperatures are, on average higher than in the surrounding areas, a phenomenon is known 

as Urban Heat Island (UHI). This research, therefore, investigates how road pavement design, 

construction, and maintenance can play an important role in the formation of UHI's while proposing 

a conceptual framework for a data-driven simulation of the interaction between road pavements and 

UHI's, moving one step closer towards smarter and sustainable solutions for asphalt road pavements. 

1. Introduction 

There have been thirty-eight heat waves in Europe in the last century, seventeen of which were 

in the last decade (Steeneveld et al., 2011). Climate projections for the next decades show that 

the frequency and severity of heatwaves will further increase unless immediate actions are 

taken. Greenhouse gas (GHG) emissions need to drop globally by 45 percent until 2030 to keep 

global warming below 1.5 degrees Celsius (First, 2019). 

In urban areas, the effects of global warming are intensified because air and surface 

temperatures are, on average higher than in the surrounding areas. This phenomenon is known 

as Urban Heat Island (UHI), which is understood as one of the main contributors to urban 

energy use and urban GHG emissions (Mirzaei, 2015). With half of the world's population 

living in urban areas, GHG emissions are likely to increase further, as cities continue to grow 

(U.N., 2018). Since the 1800s, scholars across various fields have studied urban heat islands. 

While governments, engineers, and city planners are urged to design and implement mitigation 

strategies to both reduce the heat trapped in the cities and increase urban climate resilience, up 

to date, there is no consensus about how to deal with its effects (Grimmond et al., 2010, 2011).  

Due to the complexity of urban geometry, the focus has primarily been on buildings and how 

they contribute to UHI. In doing so, the significant impact and role played by large urban 

infrastructures, particularly asphalt road infrastructure in the formation of UHI, remain mostly 

overlooked. Given the fact that road infrastructures can account for up to 45 percent of the 

urban area, this can be a significant oversight (Akbari and Rose, 2008). 

Studies of road infrastructure have been carried out from the perspective of urban connectivity, 

in order to guarantee accessibility and efficient access to all spaces in the urban area, while 

reducing construction and maintenance costs (Sharifi, 2019). In recent years, due to the urgency 

of climate change, the current body of knowledge has also expanded to the sustainable design, 

construction, and maintenance of roads. This has been achieved through the implementation of 

green strategies such as the increased use of recycled materials, as well as the incorporation of 

new technologies for the design and application of fresh pavements with high thermal 

emissivity and water retention (permeable) pavements. However, the distinctive contributions 

of urban roads and their design and construction parameters to the formation of urban heat 

islands have not been clearly identified. (US EPA, 2008). 

mailto:m.penaacosta@utwente.nl
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The research work presented in this paper proposes a framework for the study of the interplay 

between road pavements and UHI. The focus is specifically on the investigation of how road 

pavement design, construction, and maintenance can play a major role in the formation of UHI. 

To this end, we propose a conceptual framework that harnesses the advances in data science 

and machine learning along with the ever-increasing computing power to develop a data-driven 

modeling technique that can accurately simulate the impacts of road pavement design, 

construction, and maintenance on UHI. The proposed framework can be used to develop 

strategies and policies for mitigation of road pavement-induced impacts on UHI, moving a step 

closer towards smarter and sustainable solutions for asphalt road pavements. 

2. Literature Review 

Luke Howard first used the concept of the Urban Heat Islands in his book The Climate of 

London (Howard, 1833). The book outlines and discusses the effects of the built environment 

on the climate. Even though Howard was not able to take simultaneous measurements in 

different points in London and its surroundings, he was able to correctly point out the existence 

of an urban phenomenon causing the difference in temperature (∆𝑇𝑢−𝑟). Centuries later, his 

findings were confirmed when geospatial information became available. The urban island effect 

then was mapped, revealing itself as a "pool" of warmer air that dwells in the built area. Recent 

literature points to Howard's findings as a "canopy effect" on the air temperature (Oke, 1982). 

The canopy layer is the air that lies below the roof level. The properties of the outdoor canopy 

layer are determined by exchanges of heat between vertical surfaces (building walls and roads), 

indoor air across building openings and outdoor spaces. 

Howard describes four causes for the differences in temperature in the canopy layer as 1. 

anthropogenic sources of heat, 2. the geometry of urban surfaces trapping the radiation and 

blocking its reflection back to the sky, 3. the effect of urban "roughness" impeding the passage 

of the "light winds of summer," and 4. the availability of moisture to evaporate. 

More recent literature on the understating of the urban effect translates Howard's findings in 

terms of the energy budget of the urban canopy layer, which is defined as: 

𝑄∗ + 𝑄𝐹 = 𝑄𝐻 + 𝑄𝐸 +  ∆𝑄𝑆`  (1) 

   

Where: 𝑄∗ = net radiation; 𝑄𝐹 = heat that anthropogenic activities add to the urban fabric; 𝑄𝐻= 

transfer of heat from the surface to the air (sensitive heat exchanges); 𝑄𝐸 = latent heat 

exchanges; ∆𝑄𝑆  = variation in energy added or taken from the urban fabric.  

From Howard's findings, it is possible to conclude that the variation of urban temperature is 

mainly drawn as a function of the cooling effect driven by the loss of long-wave radiation to 

the sky, which is counterbalanced by the release of heat from storage. Under the canopy layer, 

building walls and urban roads will store and release this heat, and under the limited view of 

the sky given by the specific urban geometry, this heat, therefore, will remain trapped.  

3. Approaches to assessing and model UHIs 

Over the past centuries, both academia and industry have dedicated their efforts to measure the 

impact of UHIs. However, given the complexity of the problem, different types of modeling 

approaches and methodologies have been proposed, utilizing different parameters and scale of 
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application. This has resulted in inconsistent outcomes and lack of a uniform methodology in 

the field (Grimmond et al., 2010, 2011; Stewart, 2011). 

For instance, balloons, tall T.V. towers, or helicopters were widely used before the 1980s, 

aiming to collect data for empirical statistical models (Roth, 2013). The most common 

statistical analysis compared time trends from the observations of two or three different 

environments. The primary emphasis at that time was to compare the average temperature in 

the urban boundary layer (UBL). However, these early studies were subject to a particular site 

and observation, and lacking the statistical significance to elicit a generic insight about UHI 

vis-à-vis urban geometries and contexts, particularly, energy surface characteristics, such as 

solar radiation balance and energy fluxes. 

The shortcomings of statistical implementations were lessened by Oke and the development of 

an Urban Canopy Model (UCM). The model focusses on the energy transition between surface 

and air temperature in the urban canopy layer by averaging geometries of building height, 

width, impervious surfaces, and roads to represent urban surfaces and reduce the computational 

cost. 

There are two main categories in the UCMs: 1) the single-layer urban canopy model (SLUCM) 

and 2) the multilayer canopy models (MLUCM). The main advantage of the UCM is the 

calculation of the energy budgets for roofs, walls, and roads to combine them later at the canopy 

level. These energy representations give more detailed information about the radiative budgets, 

turbulent heat, and momentum fluxes. The most advanced MLUCM models incorporate 3D 

urban environments, considering the impacts of vertical surfaces (walls) and horizontal surfaces 

(roofs and pavements) and consider urban canyon shadows, reflections, and radiation trapping 

(Garuma, 2018). Nonetheless, the complexity of the energy transfer processes at the surface 

temperatures and the turbulent surface exchanges create a significant challenge in assessing the 

impact of different parameters in the overall temperature difference. Consequently, there is no 

consistency among the measurements, and the outcomes are not replicable (Grimmond et al., 

2010, 2011; Mirzaei, 2015). 

On the other hand, numerical models offer a more accurate simulation of the temperature and 

airflow conditions in the urban canopy (Bruse, 1999; Porson et al., 2009; Garuma, 2018). These 

numerical models are mostly used to calculate sensible heat fluxes inside the buildings (i.e., the 

wall to the floor, and from the floor to the roof) and how environmental factor affects the energy 

composition of the building. Moreover, numerical models can be implemented to simulate 

parameters in the canopy layer, such as temperature, wind speed, and precipitation. Despite the 

greater complexity of the factors incorporated in these models, they are still limited to the spatial 

domain, and thus separated at different scales. This is because atmospheric and canopy scale 

turbulences cannot be modeled on the same temporal scale of time and length, and therefore 

the simplification made to the models is significantly different due to the scale of the study 

(Mirzaei and Haghighat, 2010). 

Nowadays, satellite remote sensing techniques have proved useful in the detection of thermal 

patterns in urban areas receiving enough attention in the last three decades. Researchers around 

the globe (Golden and Kaloush, 2006; Buyantuyev and Wu, 2010; Cao et al., 2010; Zhou et al., 

2014) have investigated more detailed scales using remotely sensed or ground-based imageries. 

Regardless of advances in the thermal remote sensing technologies and methods, many 

challenges arise when studying the thermal response of the urban surface, given the 

heterogeneity of the urban morphology. For instance, the measured surface temperature 

depends on the viewing geometry and solar orientation due to the orientation of the 

infrastructure (thermal anisotropy). In general, shaded areas are colder than average 

temperatures. However, the average pixel surface temperature depends on the perceived 
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shadows and the sampled facets (Hu et al., 2016; Li and Li, 2020). Moreover, the different 

types of materials used in the built environment required different corrections when processing 

the sensed imagery, creating significant discrepancies in the temperatures obtained, measured, 

and predicted. Therefore, the most common approach is the satellite-based observations in 

combination with statistical analysis to find correlations between land and temperature 

distributions (Zhou et al., 2014). 

Nevertheless, in the current state of the art, there is no single modeling approach or adaptive 

technique that meets all the needs and demands of urban areas. Furthermore, there is no single 

rule that maintains the level of detail and specificity that a model should contain. 

3.1 Parameters and drivers that contribute to UHIs 

While there is no consensus on modeling approaches or methodology for the assessment of 

urban heat islands (Grimmond et al., 2010, 2011), the relevant parameters and driving forces 

affecting these heat islands can be derived from the literature. For example, Stanganelli and 

Soravia (2012), have shown that there is a direct relationship between the land coverage 

coefficient and temperatures; increasing the land coverage ratio will, therefore, increase urban 

temperatures too. In addition, increasing the average height of buildings will also increase 

temperatures. This can be attributed to the decrease in long-wave radiation capacity at night in 

densely populated areas. 

Likewise, the urban geometry, which is a factor in the height, length and spacing of buildings, 

as well as the street profile (orientation, view factors and the relationship between the height 

and width of buildings), plays an important role in the formation of UHI, as demonstrated by 

Oliveira, Andrade, and Vaz (2011) and  Mohajerani, Bakaric and Jeffrey-Bailey (2017).  

The interaction between open spaces, buildings, and urban roads is a characteristic of urban 

geometry that influences the increase in air temperatures. This interaction creates a street 

canyon that affects air temperature and forms wind vortices (Vardoulakis et al., 2014). In turn, 

since sidewalks are mostly on the surface, they are often shaded in an urban environment by 

buildings and trees and therefore overlooked. However, these street canyons, along with the 

urban fabric (materials), can have an impact on solar reflections, and on the amount of heat that 

is absorbed and released by the paved surfaces (Chen et al., 2016). Recent investigations have 

shown that in large cities when viewed from above the urban canopy, paved surfaces (urban 

roads, sidewalks, and parking lots) typically cover between 29 and 39 percent of the city's 

surface area. However, when viewed from below the canopy, this percentage can increase to 

between 36 and 45 percent (Akbari and Rose, 2008). 

Another important parameter is the type of materials used in the built environment. Depending 

on the thermal efficiency of the materials, they absorb and reflect the heat radiated by the sun 

in various ways and therefore affect the thermal comfort conditions of buildings and open 

spaces differently. The fraction of the incident radiation that is reflected from a surface is called 

albedo, and it plays a significant role in the energy balance on the surface of the earth since it 

defines how much solar radiation is absorbed (Mohajerani, Bakaric and Jeffrey-Bailey, 2017). 

Therefore, albedo is a significant parameter to consider in the study of heat islands. For 

example, fresh asphalt concrete can absorb up to 95 percent of the sunlight (5 percent albedo). 

In general, paved surfaces are comprised of materials with very low albedo and, therefore, 

roughly about 45 percent of urban areas have the unintended ability to store heat. 

Yaghoobian and Kleissl (2012), found that although a small reduction in urban air temperature 

could be achieved by increasing the albedo, high pavement reflectivity contributed to increased 

use of building energy for summer cooling. This, in turn, carries a negative impact with regards 



268 

 

to CO2 emissions. Experimental results from (Li, 2012) showed that a more reflective surface 

reduced the paved surface temperature by 15 degrees Celsius compared to a less reflective 

surface on a hot summer day. However, it was also observed that the adjacent painted wall 

temperature with albedo about 0.3 was 3 degrees Celsius warmer for the reflective surface 

versus the non-reflective pavement surface. This highlights the importance of context-specific 

mitigation strategies to address UHIs. 

The following table summarizes the main contributing factors affecting UHIs based on the 

literature. 

Table 1: Main contributing factors to UHIs 

Category Factor Calculation method 

Urban morphology 

Anthropogenic heat (Q.F.) The function of distance to a road and the road length 

Building fraction The ratio between buildings and land area 

Non-permeable surfaces Non-permeable Surfaces Index 

Sky view factor 
A value between 0 to 1 expressing the radiation 

received by a flat surface 

Surface cover The ratio between built area and land area 

Urban canyon  Measure between the two facing walls above the road  

Vegetation coverage Normalized difference vegetation index (NDVI) 

Material properties 

Road albedo 

Solar reflectance index (SRI) 

Road emissivity 

Roof albedo 

Roof emissivity 

Wall albedo 

Wall emissivity 

Urban context 

Air temp Measuring air temperatures (usually 2 m) 

Land surface temperature Remote sensing 

Rainfall Meteorological stations 

Specific humidity Meteorological stations 

Urban climate zone 
The classification proposed by (Stewart and Oke, 

2012) 

Wind temp 
Measuring air temperatures (usually 2 m) 

Wind velocity 

 

While the road fraction occupies a large percentage of a city's surface area, the literature shows 

that its explicit contribution to the formation of the heat island is not measured or modeled on 

its own. As shown in table 1, road albedo and emissivity are calculated as part of the solar 

reflectance index, which does not take into account neither the city sky view factor nor the 

canyon effect, thus leading to a more accurate SRI relative to flat surfaces with a ski view factor 

close to 1. However, in high-density urban environments, this is never the case.  

4. Proposed Framework 

This paper proposes a conceptual framework that addresses the need for a more explicit 

understanding of the contribution of road infrastructure in the UHI. In a nutshell, this framework 

intends to elaborate on the development of a data-driven approach to finding a correlation 

between road design parameters (e.g., geometry, material, texture, etc.) and UHI. As shown in 

Figure 1, this data-driven model is expected to use a machine learning method to identify the 
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correlations between a set of input variables and UHI. This model can be used to gain a better 

understanding of the impact of the road network on the UHI phenomenon and also to develop 

a mitigation strategy for reducing UHI through enhanced road design.  

 

Figure 1: Schematic representation of the scope of the data-driven model 

Figure 2 presents the overall framework for the development of the data-driven model. As 

shown in this figure, the proposed framework consists of 5 steps, namely, (1) Data Collection, 

(2) Data Integration, (3) Data Preparation, (4) Model Development, and (5) Analysis and 

Decision making. The remainder of this section is dedicated to the elaboration of each phase of 

this framework.  

Data Collection Data IntegrationData Preparation Model Development Analysis and Decision Making

GIS data

Design data

Data restructuring 

Street typology based 

on Street Heat 

Potential
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and verification
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Temperature  
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Figure 2: Conceptual framework for the development of data-driven Urban Heat Island model 

4.1 Data Collection 

As the first step in this methodology, a dataset consisting of input and output variables need to 

be prepared. The input variable consists of the road design data and all the influential parameters 

on UHI, as indicated in Table 1. The output variable encompasses high-resolution time-stamped 

data about the UHI, i.e., Δt between the temperature of each urban street and the baseline 

temperature in the outskirt of the city.  

The first type of data pertains to the urban morphology. Urban morphology involves such data 

as anthropogenic heat, building height and density, surface, and vegetation cover. These data 

can be retrieved from the national cadastre databases, CityGML models, and public municipal 

and geoinformation data.  

Urban context data pertains to the overall climate of the city at a given point in time. This 

includes data about the baseline temperature of the region, rainfall, specific humidity, wind 
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temperature, and wind velocity. The time-stamped urban context data can be obtained from 

meteorological databases.  

The next data type required for the data-driven model is the data about the design and 

construction of roads. This includes data about the physical properties of the road (asphalt type, 

density, layer thickness, etc.). This data type is available from the contract document at the 

municipality. From these documents, the specifications of different roads need to be extracted 

and structured.  

Finally, the heat differential data need to be collected. This data pertains to the difference 

between the baseline temperature (i.e., the temperature in the outskirt of the city) and the micro-

temperature at the street level. Although municipalities have recently started to deploy sensor 

technologies to collect temperature data from several strategic locations of their jurisdiction, 

the available data is insufficient for the scope of a data-driven model. To this end, a data 

collection method is developed to collect fill this gap. In this method, a sensorized bicycle is 

used to roam around the city and collect geo-referenced and time-stamped temperature data at 

(1) the level of road surfaces and (2) above the ground level, as shown in Figure 3. The sensor 

kit would include a microprocessor (e.g., Raspberry Pi), a GPS rover, a mobile weather station, 

and an infrared camera. The infrared camera, weather station, and GPS rover are connected to 

the microcontroller that is responsible for (a) registering, (b) synchronizing, and (c) storing the 

data.  

   

Figure 3: Data collection approach for street-level surface and air temperature data 

4.2 Data Preparation 

The sheer number of variables identified in the literature renders the application of the machine 

learning approach difficult since it requires a very large data set. Two preparatory and 

sequential measures will be implemented to address this issue. (1) The first step is to reduce the 

dimensionality of the data as much as possible. To that end, a multivariate analysis will be 

conducted to identify the variables (i.e., characteristics) that can best explain the variance in the 

data. This will help remove variables with a lower contribution to the internal structure of the 

data and thus simplify the training of the model.  
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(2) Next, to better distinguish between road-related and non-road-related variables, it is 

suggested first to develop a street typology based on the Street Heat Storage Potential (SHSP), 

as shown in Figure 4. To develop SHSP, all the non-road related variables (i.e., urban 

morphology, urban context, and urban material) that are not filtered out in the previous step are 

used to perform cluster analysis. It is proposed to use a centroid-based clustering method (e.g., 

K-means clustering) to identify a K number of street types that can explain the variance in UHI. 

As shown in Figure 4, at the end of this step, the thresholds of different variables that define 

different street types will be identified. The entire city can be categorized in terms of a finite 

number of street types using those thresholds. 

 

Figure 4: Schematic representation of street typology 

4.3 Data Integration  

In the next step, all the input variables need to be synchronized and integrated to form a 

consistent database for the development of the model. Figure 5 represents the data structure 

proposed for the modeling. As shown, all the data are categorized into three main classes, 

namely road data, context data, and street type. The resolution of the data will be at the street 

level. With regards to non-road related data, since they are all translated into street typology, 

the data is already in scale for the modeling. However, temperature data (as a sub-set of road 

data) need to be rescaled. 

Depending on the frequency of the data collection and the traveling speed, several temperature 

data points can be collected from the same street. Therefore, all the data consequently registered 
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in one street need to be averaged. Assuming that the entire street has uniform pavement, the 

road design data are considered constant throughout the street.  
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Figure 5: Data structure for the integration of data 

4.4 Model Development 

For this conceptual framework, we propose to use a convolutional neural network (CNN) to 

build a model that can capture the interaction between input variables and IHU data. Given the 

spatial nature of the data, a CNN and its locally connected layers would be efficient in managing 

the complexity of this problem by learning the spatial hierarchies of the non-road and road-

related data sets in combination with street typology.  

A CNN architecture typically consists of several convolutions, clustering, and fully connected 

layer. The proposed CNN architecture for this conceptual framework is a variant of the LeCun 

network, which takes advantage of two convolutional layers, two pooling layers, and an output 

layer. Each convolutional layer uses a 3x3 kernel. The convolution and pooling layer will 

perform the feature extraction; from these extracted features, the ∆𝑇 and the street temperature 

can be mapped. Metaheuristic methods will be used to optimize the internal parameters of CNN.  

4.5 Analysis and Decision Making 

Once the model is developed, it can be used for three main different purposes: (1) improving 

the design of new roads in an urbanized area, (2) developing mitigation strategies to reduce the 

impact of UHI, and (3) developing energy harvesting solutions.  

Given that this data-driven model captures the interplay between road design parameters and 

UHI, it can be used to optimize the road design from the perspective of UHI. City planners can 

use this model to make decisions about such properties of the road as asphalt type, layer 

thickness, color, and density considering the characteristics of the road location (e.g., urban 

morphology, street type, etc.). Needless to say, this model can serve the additional objective of 

reducing UHI impacts on top of the conventional road design objectives (e.g., mechanical 

properties, service life, safety, and sustainability).   

The model can also be used to develop several mitigation strategies for reducing UHI impacts. 

City planners can use this model to pinpoint potential areas where more vegetation and green 
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facades/roofs can be of assistance. Also, they can make decisions about repainting roads that 

contribute most to UHI.  

Finally, this model can be used to determine which part of the urban context energy harvesting 

methods can be used. Examples of such technologies are the use of pipe-pavement 

thermoelectric generators. The city planners can identify streets with the highest potential for 

the application of such technologies. This can be especially useful, considering the current cost 

of thermoelectric energy harvesting technologies.  

5. Conclusion 

In this paper, a conceptual framework for a more efficient, context-specific, and data-driven 

simulation of the interaction between road pavements and UHIs is proposed. It harnesses the 

advances in data science and machine learning to develop a data-driven modeling technique 

that enables the simulation of the impacts of road pavement design, construction, and 

maintenance on UHI. By taking into account the heat storage potential of the streets, the 

proposed framework will provide municipalities and policymakers with a computational 

platform to develop more effective UHI mitigation policies and programs that address the most 

vulnerable urban heat spots in a city, thereby moving a step closer towards smarter and 

sustainable solutions for asphalt road pavements within an urban context. 
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