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Summary 

The climates in cities are known to be different from the climates of natural settings. Even 
during the days of the Roman Empire, various literary works were produced expressing the 
warm and polluted climate of Rome due to its unique urban characteristics. The first scientific 
publication on the Urban Heat Island (UHI) effect, which refers to the elevated temperatures in 
cities compared to their rural surroundings, was produced during the early 19th century. With 
the rapid urbanization of the World population and with numerous studies on the consequences 
of elevated urban temperatures on building energy demand and human morbidity and 
mortality, studies on the UHI effect in particular and on urban microclimates in general have 
gained popularity. Research on urban microclimates can be divided into two groups based on 
the methodology used: 1) observational approaches, which can employ field measurements, 
thermal remote sensing or small-scale modeling and 2) numerical approaches, which can 
comprise Energy Balance Models (EBM) and/or Computational Fluid Dynamics (CFD). Unlike 
the observational approaches, the numerical approaches provide the possibility to conduct 
comparative analyses based on different scenarios and can be employed for controlled 
parametric analysis.  

One of the challenges of modern urban climatology is to assess the implications of 
microscale climatic aspects on other aspects at smaller scales, such as building energy demand. 
To conduct such an assessment, multiple numerical approaches are required. The aim of this 
research is to combine two numerical approaches, namely CFD and Building Energy 
Simulations (BES), to study the UHI effect. With a comprehensive methodology that can bridge 
the gap between the meteorological microscale and the building scale, deterministic analyses on 
the implications of UHIs on building energy demand can be conducted 

In the first part of this research, a review on the CFD analysis of urban microclimate is 
conducted. A total of 183 journal publications, all of which are in English, were identified for 
the review. The earliest publication identified was from 1998 and the latest from the end of 2015. 
The annual distribution of the studies on the topic documents the rising popularity of CFD 
urban microclimate analysis. The review contains an analysis on the keywords used by the 183 
studies identified. Based on several statistical analyses, achievements on this particular research 
field are documented and future perspectives are provided. 

In the second part, a CFD methodology is developed for the accurate representation of 
urban microclimate. The methodology utilizes the 3D Unsteady Reynolds-Averaged Navier-
Stokes (URANS) equations together with the realizable k-epsilon turbulence model for closure. 
The 3D URANS approach can resolve urban flow fields with sufficient accuracy while remaining 
computationally more economical compared to more advanced alternatives such as Large Eddy 
Simulation (LES). This methodology is employed in a case study focusing on the Bergpolder 
Zuid district in Rotterdam. CFD simulations are performed and the resulting surface 
temperatures in the urban area of interest are compared with the surface temperatures obtained 
via satellite imagery. The CFD methodology is shown to provide a fairly good performance in 
predicting the surface temperatures, with an average deviation of 7.9%.  



x 

 

Summary 

In the third part, the CFD methodology developed is used to assess the effect of an urban 
park on the microclimate in its vicinity. The focus area of this phase was the Stadspark in 
Antwerp, Belgium, and its surroundings up to a distance of 850 m away from the park. The park 
cooling effect is investigated by focusing on two parameters: 1) intensity of the cooling effect, 
designating the maximum reduction in air temperature outside of the park and 2) range of the 
cooling effect, designating the maximum horizontal distance where a minimum of 0.1˚C 
cooling effect is present. The maximum intensity and range of the cooling effect for the 
investigated date (30 June 2012) are calculated as 3.4˚C and 498 m, respectively, occurring at 
15:00 hours.  

Next, in the fourth part, CFD is coupled with BES. This case study builds further on the 
previous case study considering the Stadspark in Antwerp. Measurements and CFD simulations 
are conducted to generate location-specific Microclimatic Conditions (MCs) in three locations: 
(1) a rural location outside Antwerp; (2) an urban location inside central Antwerp, away from 
the Stadspark; (3) another urban location, close to the Stadspark. Later, these three MCs are 
used in the BES of a building with the same form and orientation but with six different 
construction characteristics and two building use types, leading to 36 simulation cases. BES are 
performed to compare the resulting cooling demands for July 2013. It is shown that buildings 
subjected to urban MC have up to 90% more cooling demand than buildings subjected to rural 
MC. In addition, buildings close to the urban park of interest are found to have (on average) 
13.9% less cooling demand than the buildings away from the urban park of interest. The results 
from this particular study are significant as they document the importance of meteorological 
wind direction and local cooling sources (i.e. the urban park investigated) on the estimation of 
summertime building cooling demands. 

One of the main limitations of the CFD simulations performed in this research and in 
worldwide ongoing urban microclimate research is the assumption of a uniform temperature 
profile for urban microclimate analysis. This limitation is denoted in several prior publications 
on the topic. Therefore, in the last part of this thesis, a new temperature profile is defined for 
CFD simulations of horizontally homogeneous Atmospheric Boundary Layer (ABL) flow in 
terms of mean velocity, turbulence intensity and temperature. Such horizontal homogeneity is 
widely recognized as an essential requirement for the accurate representation of ABL flow. This 
profile can be used in future CFD studies of ABL flow with heat transfer. 

 
 
 



 

 

1 
Introduction 

1.1 From natural landscapes to urban landscapes 

The origins of first cities is a highly debated academic topic since the concept of city is, in 
the words of Vere Gordon Childe, “notoriously hard to define” [1]. It is widely accepted that 
following the Neolithic Revolution, also known as the Agricultural Revolution (in circa 10.000 
BC), humans started to live in organized societies, where some members of the society would 
produce a surplus of agricultural products to support the members of other trades, such as 
craftsmen and soldiers [2]. Such societies formed various settlements, known as proto-cities, for 
example Jericho near the Jordan River and Catalhoyuk in Southern Anatolia. The proto-cities 
were certainly very different than the cities we know today. Childe [1] famously proposed ten 
conditions to help distinguish what is termed as “true cities” from proto-cities and from natural 
settlements. These conditions can be related to sociological aspects (e.g., existence of symbolic 
art), economic aspects (e.g., trade and import of raw materials) or physical aspects (e.g., 
existence of permanent buildings). For the purposes of this thesis, the focus of this sub-section 
will be on the physical aspects of cities. 

Bairoch [3] and Grant et al. [4] indicate that for a settlement to qualify as a city, they have 
to be formed with a permanent urban habitat, composed of buildings built with durable 
materials, streets and roads arranged to serve the purposes of urban living and public buildings 
(e.g., city fortifications). Similarly, the ancient Egyptian hieroglyph denoting a city (region) 
depicts a city as an orderly composition of various materials forming buildings, streets and city 
fortifications (Figure 1.1). The physical transformation of natural landscapes into a created, 
built-up space that is shaped for mankind’s needs is the essential element of every city. Withfield 
[5] points to this transformation by denoting “nature is the environment into which mankind 
was born, but the city is the environment which he has created for himself”. 

These “created” urban environments indicate spaces with unique physical characteristics, 
typically very different from the physical characteristics of the natural landscapes they replaced. 
For instance, with the formation of an urban area in a natural setting, smooth wind flow 
occurring above plain grass fields would be replaced by a wind flow obstructed by buildings. 
Solar radiation would be absorbed by construction materials, leading to higher levels of heat 
storage and heat release compared to a case composed of natural landscapes. Densely 
concentrated anthropogenic activity can lead to air pollution. 

Certainly, changes in the physical characteristics of a natural space would lead to different 
conditions of wind flow, heat transfer and humidity (mass) transfer. Therefore, every city with 
its unique physical characteristics, would eventually have its own, unique urban climate, which 
can be very different from the climates of the natural landscapes that once occupied the same 
space.   
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Figure 1.1: The ancient Egyptian hieroglyph denoting a city (region). The hieroglyph depicts the city as an 
orderly composition of urban elements (e.g., streets, fortifications), formed with building materials. The 
figure is taken from Ref. [5]. 

1.2 Urban climatology 

The American Meteorological Society defines urban climate as “the climate affected by the 
presence of a town or a city” [6]. A significant portion of research activities on urban climatology 
is concerned with the Urban Heat Island (UHI) effect [7]. The term UHI is used to denote urban 
areas which are significantly warmer than their surrounding rural counterparts. Scientifically, 
UHIs are enclosed isothermic urban temperature fields which are distinguishable from the 
temperature fields of surrounding areas [8]. 

1.2.1 Historical background 

The differences between rural and urban climates were probably known even during the 
days of the Roman Empire. In one of his famous lyric poems, Quintus Horatius Flaccus 
(commonly known as Horace), invites his friend Gaius Maecenas to visit him in Sabina, a rural 
region outside of Rome, with the following ode: 

 
“O leave that pomp that can but tire, 

Those piles, among the clouds at home; 
Cease for a moment to admire 

The smoke, the wealth, the noise of Rome!” 
(Horace, Odes 3:29 [9]) 

 
Similar to this piece of text, Horace regularly indicates the climate of Rome as depressing 

and warm and considers the climate of his countryside dwelling as superior. Even though people 
in the times of Horace (or maybe even people before his time) might have been aware of the 
climatic differences between rural and urban settings, to the best of the author’s knowledge, no 
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scientific measurements and/or reporting of these differences had been made till the late 18th 
century. Meyer [10] has collected an extensive list of American medical records dating as early 
as 1792 where some doctors became interested in urban climates upon noticing the increasing 
number of health problems in cities. These medical records report noticeable climatic 
differences between some cities and their surrounding rural counterparts.  

The first known quantitative analysis based on observed urban-rural temperature 
differences was conducted by the famous lexicographer Noah Webster in 1799 [11] who noted 
in his book the following [12]: “By observations made in the city of New York for one year, I 
found the mean temperature to be 53.5°F (11.9°C); but this is 1.5°F (0.8°C) too high; owing to 
an excess of heat within the city, beyond the general temperature of the climate. The air in a city 
cools less at night, than in the country, and hence the morning observations were found to be 
too high.” With this statement, Webster not only documents the existence of the UHI 
phenomenon, but he also indicates rightly that the UHI effect is more prevalent during night 
hours. 

Review papers on urban climatology consider the work by Luke Howard in 1820 as the 
pioneering work on UHI research, most probably due to the availability of the measured 
temperature data reported explicitly by Howard [13]. Howard [13] measured air temperatures 
in London during 1813-1819, specifically at two locations: 1) at the Royal Society, located in the 
London city center and 2) at a house in Tottenham, which was located approximately 6 km 
North of the city center, in a rural setting [14,15] (Figure 1.2). Upon the analysis of his results, 
Howard noted the following regarding the air temperature: “(the mean temperature in the rural 
area) … is strictly about 48.50°F (9.2°C) but in the denser parts of the metropolis, the heat is 
raised, by the effect of the population and fires, to 50.50°F (10.3°C).” The analysis of temperature 
differences reported by Howard [13] essentially became the first scientific method to quantify 
the UHI effect1, which is based on the following equation: 

∆𝑇#$%&'($#$&) =	𝑇#$%&' −	𝑇$#$&)  Eq. 1.1 

Where 𝑇#$%&'  (°C) is the air temperature measured in an urban station, 𝑇$#$&)  (°C) is the 
air temperature measured in a rural station and ∆𝑇#$%&'($#$&)  (°C) is the calculated UHI 
intensity.  

Measurement studies similar to the ones by Howard [13] were conducted throughout the 
first half of the 20th century in various North American [16–18] and European [15,19–21] cities, 
reporting a wide range UHI intensity values. Most of these studies were primarily descriptive 
and studies investigating physical phenomena behind the UHI effect began to emerge only in 
late 1960s [22] with the most basic form of the surface energy balance [14]: 

𝑄∗ = 𝑄/ + 𝑄1 + 𝑄2 Eq. 1.2 

where 𝑄∗ (W/m2) is the net radiation, 𝑄/ (W/m2) is the turbulent sensible heat exchange, 
𝑄1 (W/m2) is the turbulent latent heat exchange and 𝑄2  (W/m2) is the conductive sensible heat 
exchange. Eq. 1.2 is able to explain some physical aspects forming the UHI effect. 

                                                                    
1 It should be noted that even though the pioneering study on the UHI effect was conducted by Howard 
[13] the term UHI effect was first used in the study by Manley [98]. 
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Figure 1.2: A representative map demonstrating the extent of London in 1820 and the two measurement 
locations used by Howard [13]. The figure is modified from Ref. [14] 

However, due to the lack of accurate measurement devices [23,24], it was challenging to 
produce predictive models using the surface energy balance [25,26]. Since the computational 
resources were not yet wide-spread for urban climate research, most of the early predictive 
models for the UHI intensity focused on empirical equations. A popular example of such an 
empirical equation was introduced by Oke [27], who linked the city population with the 
resulting UHI intensity. Oke [27] used 20 prior measurement studies to produce two statistically 
meaningful predictive equations in the following forms: 

∆𝑇#$%&'($#$&)(4&5) = 	2.96	 log𝑃?@ − 6.47 Eq. 1.3 

∆𝑇#$%&'($#$&)(4&5) = 	2.01	 log 𝑃1 − 4.06 Eq. 1.4 

Where 𝑃?@ denotes the population of any particular city in North America and 𝑃1  denotes 
the population of any particular city in Europe. Similarly, various studies focusing on the 
empirical estimation of the UHI intensity were published till the early 1980s. However, the 
empirical estimation of the UHI intensity can have serious challenges as discussed in the article 
by Lowry [28] titled “Empirical estimation of urban effects on climate: A problem analysis”. 
Lowry [28] argued that due to the complexity of physical phenomena affecting urban climates, 
the estimation of the UHI intensity is quite challenging since the UHI intensity can depend on 
upwind/downwind conditions, location of the reference rural temperature measurement and 
measurement period. Given the high level of uncertainty in the UHI intensity measurements 
and in the empirical estimations, urban climate research since 1980s started to focus on physical 
aspects and on the development of realistic climate models. 
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1.2.2 Modern research approaches and spatial scales 

Nowadays, approaches to study urban climates are grouped in two main categories [29,30]: 
1) observational approaches and 2) (numerical) simulation approaches. Observational 
approaches refer to measurement techniques such as field measurements, thermal remote 
sensing and small-scale physical modeling. Field measurements refer to studies similar to the 
one conducted by Howard [13] where air temperatures measured in cities and rural areas are 
compared with each other [31]. Thermal remote sensing refers to techniques used to obtain 
temperature field data from cities using sensors implemented in satellites (e.g. satellite imagery) 
or on any other suitable airborne vehicle (e.g. drones, aircrafts) [32,33]. Small-scale physical 
modeling refers to studies conducted with Atmospheric Boundary Layer (ABL) wind-tunnel 
measurements [34,35] or with small-scale urban models in outdoor spaces [36].  

Even though observational approaches have traditionally been the dominant methodology 
in urban climate research, with the increasing availability of computational resources, 
simulation approaches started to gain popularity since the 1980s. Studies with simulation 
approaches can utilize Energy Balance Models (EBMs), which are based on the law of energy 
conservation for a control volume [37], or Computational Fluid Dynamics. EBMs have been 
extensively used in urban climate research [23,38–41] whereas CFD for urban climate analysis 
is a relatively newer approach [7]. For the study of urban climates, CFD offers at least two 
advantages compared to EBM. The first is that with CFD simulations, velocity and temperature 
fields can be explicitly coupled and if necessary, humidity and pollution fields can also be 
included with dedicated equations. The second advantage is the ability to resolve flow fields at 
finer scales (e.g., around individual buildings) compared to EBM [42]. 

Climate modeling is commonly grouped with respect to the horizontal spatial scales 
considered. Climate modeling can be conducted at the meteorological macroscale where typical 
horizontal distances are larger than 5000 km [43,44] using Numerical Weather Prediction 
(NWP) models [45,46]. Studies at this scale are typically conducted to investigate global [47] or 
regional climatic occurrences [48,49]. However, urban climate modeling typically is conducted 
at smaller meteorological scales such as the meteorological mesoscale and the meteorological 
microscale. Meteorological mesoscale typically focuses on horizontal distances of a few to 
several hundred kilometers. Studies at this scale can investigate flow circulations over one (or 
more) cities and can even be extended to investigate entire countries [50–52]. Mesoscale models 
are capable of including atmospheric phenomena, such as precipitation or cloud formation. 
Meteorological microscale studies focus on domains with horizontal distances in the range of 
0.1 – 5 km [44]. At this scale, atmospheric phenomena are not modeled but rather, the focus is 
on the analysis of wind flow and heat and mass transfer occurring at grid resolutions in the 
range of 0.1 to 100 m. Due to the necessity of resolving physical phenomena at finer scales, 
microscale climate modeling is typically conducted with CFD simulations. Most of the studies 
in the field of urban physics investigating wind flow around buildings [42,53,54], pedestrian 
wind comfort [55–57], wind-driven rain [58–60] pollutant dispersion [61–63] and wind energy 
[64–66] are conducted at this scale. Commonly, urban climate simulations focusing at the 
meteorological microscale are termed as urban microclimate simulations [42,67,68]. 
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1.3 Designing urban microclimates 

Interpreting the UHI effect merely as an increase of temperatures inside urban areas would 
be an oversimplification. Prior research in the literature demonstrated that the UHI effect can 
cause an increase in the energy demands of buildings [69–73] that can lead to an increased use 
of air-conditioning units for space cooling and can this further elevate urban air temperatures 
[74], creating a vicious cycle. In addition, the UHI effect can cause problems related to human 
thermal comfort [75], aggravate human morbidity and mortality [76,77], influence regional 
atmospheric pollution [78] and negatively impact urban infrastructure [79]. Such problems in 
cities related to high temperatures might become even more problematic due to the 
combination of the UHI effect with global climate change [47] and the increased frequency of 
heat waves [80].   

Instead of solely focusing on the analysis of urban climates, researchers in the past expressed 
their motivations and interests in influencing the climate itself through various measures. In his 
famous work titled “Das Stadtsklima” [81] (eng. “The Climate of Cities”) Kratzer [82] notes the 
following: “Only when we possess sufficient knowledge of the bright and dark sides of city climate 
are we in a position to use this information and to formulate a technique for city construction 
based on considerations of climate. Yet something is already accomplished, when we realize that 
we do not have to accept city climate simply as a fact but can influence it.” Nowadays, it is known 
that urban microclimates can be influenced by implementing so-called urban-scale “adaptation 
measures”. Various studies focused on such adaptation measures and assessed their potentials 
in influencing urban microclimates [7,83–85], mostly for reducing elevated temperatures. These 
adaptation measures can be using vegetation (e.g., trees) [86,87], implementing water bodies 
[88–90], altering urban form (e.g., street orientation or urban morphology) [91–94], using 
alternative materials (e.g., high albedo materials2) [95,96] and decreasing anthropogenic heat 
release in cities (e.g., lowering the number of cars in traffic) [7,97]. 

To design urban microclimates, the methodology employed should be able to evaluate 
multiple design options, which requires a computational approach. In addition, investigating 
the effect of UHIs on aspects concerning built environments (such as energy demand) requires 
a secondary computational approach based on Building Energy Simulation (BES). BES is a type 
of a numerical tool, which allows the investigation of energy use and thermal comfort for 
individual buildings. Although various studies have attempted to link urban microclimate 
analysis with building energy, an entirely numerical approach is currently lacking.  

1.4 Research objectives 

This thesis aims to combine numerical techniques, namely CFD and BES, to study the UHI 
effect on the meteorological microscale and to bridge the gap between the urban scale on one 
side and the building scale on the other (Figure 1.3). Bridging this gap is essential to conduct an 
entirely deterministic analysis of the implications of urban microclimate on building energy 
demand. In addition, numerical analysis of urban microclimate will bring the possibility to 
design and implement urban-scale adaptation measures. The overall objective is to develop and 
validate computational models for the analysis of urban microclimate and to use the 

                                                                    
2 It should be noted that high-albedo materials on a building’s outer surfaces can influence not only the 
microclimate of the building’s vicinity but also the climate of the building’s interior.  
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microclimatic output as an input for the calculations of building energy demand. This objective 
can be divided into the following sub-objectives: 

- Investigate prior research on CFD urban microclimate analysis; 
- Develop a CFD approach for urban microclimate simulations and conduct a validation 

study; 
- Review prior research on adaptation measures and evaluate the effect of one particular 

measure on urban microclimate with CFD simulations; 
- Couple CFD and BES with a case study to evaluate the effect of urban microclimate on 

building energy demand; 
- Improve the state-of-the-art CFD approach employed in urban microclimate 

simulations with a new boundary condition. 
 

 

Figure 1.3: The range of scales in climate modeling and the scope of the present research. 

1.5 Thesis outline 

This thesis is composed of five chapters (Chapter 2-6), all of which are based on journal 
papers. The contents and the results of these chapters are further discussed in Chapter 7 
(Discussion) and the conclusions are provided in Chapter 8 (Conclusions). The thesis outline is 
given below. 

Chapter 2: Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. A review on the CFD 
analysis of urban microclimate. Renewable and Sustainable Energy Reviews 80 (2017): 1613-
1640 

This chapter reviews a total of 183 journal papers, published in English and focused on the 
CFD analysis of urban microclimate. Data are extracted from these journal papers to investigate 
the development of CFD for urban microclimate simulations since 1998. Based on the analysis 
of the extracted data, past achievements on this research topic are documented, various 
knowledge gaps are identified and future trends are discussed. 
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Chapter 3: Toparlar, Y., Blocken, B., Vos, P., van Heijst, G.J.F., Janssen, W.D., van Hooff, T., 
Montazeri, H., Timmermans, H.J.P. CFD simulation and validation of urban microclimate: A 
case study for Bergpolder Zuid, Rotterdam. Building and Environment 83 (2015): 79-90 

This chapter presents and validates an approach for the CFD analysis of urban 
microclimates. The chapter evaluates the performance of the developed approach with a case 
study for Bergpolder Zuid in Rotterdam. 

Chapter 4: Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. The effect of an urban park 
on the microclimate in its vicinity: A case study for Antwerp, Belgium. International Journal of 
Climatology (online issue) (2018) 

This chapter focuses first on the development and validation of a vegetation model to be 
used in CFD simulations and then it investigates the effect of an urban park on the microclimate 
in its vicinity. The latter investigation part is conducted by comparing three cases: 1) a base case 
with the park; 2) a case where the park geometry is replaced by an open square and 3) a case 
where the park geometry is replaced with representative buildings. By comparing these three 
cases, the aim is to quantify the intensity and the range of the cooling effect convected from the 
park. 

Chapter 5: Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. Impact of urban 
microclimate on summertime building cooling demand: A parametric analysis for Antwerp, 
Belgium. Applied Energy (under review) (2018) 

Continuing from the case study mentioned in the previous chapter, in this chapter, the aim 
is to couple CFD urban microclimate simulations with BES. Measurements and CFD 
simulations are conducted considering Antwerp, Belgium, to extract location specific 
microclimatological conditions in two urban and one rural locations. The selected urban 
locations have different proximities to an urban park of interest to investigate the effect of the 
park on summertime building cooling demand.  

Chapter 6: Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. CFD simulation of the 
atmospheric boundary layer: new temperature inlet profile consistent with wall. (in 
preparation) (2018) 

This chapter aims to improve the state-of-the-art CFD approach employed in urban 
microclimate simulations by developing a new inlet temperature profile. The vast majority of 
the past CFD urban microclimate simulations in the literature, including the ones presented in 
Chapters 3-5, are conducted with the wall function approach and have utilized uniform 
temperature profiles at the inlets of the computational domains. This chapter aims to 
demonstrate possible shortcomings of these uniform temperature profiles and introduces a 
new, appropriate temperature profile. 
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A review on the CFD analysis of urban 

microclimate 

This chapter has been published as: 

A review on the CFD analysis of urban microclimate 

Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. Renewable and Sustainable Energy 
Reviews 80 (2017): pp. 1613-1640 

Abstract: Urban microclimate studies are gaining popularity due to rapid urbanization. Many 
studies documented that urban microclimate can affect building energy performance, human 
morbidity and mortality and thermal comfort. Historically, urban microclimate studies were 
conducted with observational methods such as field measurements. In the last decades, with the 
advances in computational resources, numerical simulation approaches have become 
increasingly popular. Nowadays, especially simulations with Computational Fluid Dynamics 
(CFD) is frequently used to assess urban microclimate. CFD can resolve the transfer of heat and 
mass and their interaction with individual obstacles such as buildings. Considering the rapid 
increase in CFD studies of urban microclimate, this study provides a review of research reported 
in journal publications on this topic till the end of 2015. The studies are categorized based on 
the following characteristics: morphology of the urban area (generic versus real) and 
methodology (with or without validation study). In addition, the studies are categorized by 
specifying the considered urban settings/locations, simulation equations and models, target 
parameters and keywords. This review documents the increasing popularity of the research area 
over the years. Based on the data obtained concerning the urban location, target parameters and 
keywords, the historical development of the studies is discussed and future perspectives are 
provided. According to the results, early CFD microclimate studies were conducted for model 
development and later studies considered CFD approach as a predictive methodology. Later, 
with the established simulation setups, research efforts shifted to case studies. Recently, an 
increasing amount of studies focus on urban scale adaptation measures. The review hints a 
possible change in this trend as the results from CFD simulations can be linked up with different 
aspects (e.g. economy) and with different scales (e.g. buildings), and thus, CFD can play an 
important role in transferring urban climate knowledge into engineering and design practice. 
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2.1 Introduction 

The United Nations (UN) and the World Bank anticipate a rapid increase of the percentage 
of the world population living in urban areas within the course of the 21st century [1,2] (Figure 
2.1). This change is expected to occur due to the increase in the number of cities, migration from 
rural to urban areas and transformation of some rural settlements into urban areas [3]. Recently, 
making “cities and human settlements climate resilient and sustainable” is marked as one of the 
sustainable development goals by the UN [4]. As a result, research on sustainable habitats and 
related topics is gaining importance and will continue to do so in the coming years [5]. 

Urban settlements are formed by replacing natural surroundings by urban environments 
and the latter create their own, unique microclimates3. In his pioneering publication “the 
Climate of London”, Luke Howard [6] documented that urban microclimates can be 
substantially different from their rural counterparts as the former tend to produce and retain 
more heat and are therefore characterized by higher temperatures. This phenomenon is known 

 

 
Figure 2.1: World population in urban and rural areas. The dotted line denotes the year 2011. Figure 
modified from reference [3]. 

                                                                    
3 According to the Meteorology Glossary of American Meteorological Society (AMS) 
(http://glossary.ametsoc.org/), the term microclimate is defined as “the fine climatic structure of the air 
space that extends from the very surface of the earth to a height where the effects of the immediate 
character of the underlying surface no longer can be distinguished from the general local climate.” From 
a spatial perspective, the glossary defines the meteorological microscale as the “horizontal spatial scales of 
2 km or less.” 
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as the Urban Heat Island (UHI) effect, a term first used by Manley in 1958 [7], although Erell et 
al. [8] mention it might have been coined earlier.  

Interpreting the impact of the UHI effect merely as an “increase of temperature inside urban 
areas” would be an oversimplification. The UHI effect in particular and urban microclimate in 
general can yield a wide range of impacts on health and energy use and these impacts are not 
necessarily negative. For instance, UHIs can reduce building energy demand depending on the 
city [9], location within the same city [10], type of building [11,12] or meteorological conditions 
[13]. Knowledge of urban microclimate and its dependency on key physical parameters is 
important as input for urban designers, architects and engineers to design and plan built 
environments [14–21]. The inherent complexity and multiscale character evidently requires a 
multiscale approach for its analysis. 

Urban microclimate as a research topic has a long history. The paper by Mills [22] identifies 
the work by Luke Howard [6] as the starting point. Mills [17] specifies six distinct periods of 
urban microclimate studies based on the research methodology followed: 

1) Since the 1900s: Observation of urban-rural temperature differences with 
conventional meteorological measurement devices;  

2) Since the 1960s: Measurement of urban microclimate process variables such as 
turbulent heat exchanges and the use of statistical methods to document UHI 
intensity;  

3) Since the 1970s: Use of early energy budget models for the physical explanation of 
the UHI effect, early use of computer modeling techniques; 

4) Since the 1980s: Adoption of experimental approaches, scaled-physical models and 
flux measurements (e.g. latent heat flux, storage heat flux); 

5) Since the 1990s: Understanding the relationships between real urban forms and their 
effect on urban microclimate, organized field projects; 

6) Since the early 2000s: Development of realistic urban microclimate models and 
employment of new techniques for the analysis of urban microclimate. 
 

As suggested by these six periods, nowadays, a wide range of approaches can be employed 
for urban microclimate studies. Mirzaei and Haghighat [15] and Mirzaei [23] distinguish two 
main categories: (a) observational approaches and (b) simulation4 approaches. Observational 
approaches refer to measurement techniques such as field measurements, thermal remote 
sensing (e.g. satellite imagery) or small-scale physical modeling (e.g. atmospheric boundary 
layer wind-tunnel tests). Traditionally, observational approaches dominated urban 
microclimate analysis [24,25]. More recently, the increasing availability of computational 
resources has strongly advocated the application of numerical simulation approaches [26,27], 
where a distinction can be made between Energy Balance Models (EBM) and Computational 
Fluid Dynamics (CFD). The main advantage of the numerical simulation approaches compared 
with their observational counterparts is the opportunity to perform comparative analyses based 
on different scenarios [19,28]. In addition, while measurements are generally only performed at 
a limited number of points in space, numerical simulations can provide information on any 
investigated variable in the entire computational domain [16,24,29].  

                                                                    
4 Here, the authors refer to numerical simulations, as opposed to physical simulations in e.g. atmospheric 
boundary layer wind tunnels. 
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EBMs, which are based on the law of energy conservation for a control volume, have been 
used extensively in the past [30] and have increased in popularity with the pioneering article by 
Oke [31] entitled “The Energetic Basis of the Urban Heat Island”. Later, several studies utilized 
EBM for validation and model development purposes [32–38]. In the early 2000s, new validated 
models were proposed by Masson [39], Martilli et al. [40] and Kanda et al. [41]. Throughout 
this period of new EBM developments, the use of observational approaches, such as heat flux 
measurements, has continued [42–44], mostly to support the validation of newly developed 
models. 

From an urban climate research point of view, CFD offers two advantages compared to 
EBM: (1) CFD is capable of performing simulations with the explicit coupling of velocity and 
temperature fields and if necessary, with the addition of humidity and pollution fields; (2) With 
CFD, it is possible to resolve the flow field at finer scales (e.g. building or even human scale) 
than EBM [45]. On the other hand, CFD simulations require a high-resolution representation 
of the urban geometry, the knowledge of boundary conditions for all relevant flow variables and 
adequate computational resources [15,16,19].  

With the increased necessity for simulations incorporating higher spatial and modeling 
details and driven by the advances in computing power [27], CFD has continued to gain 
popularity as a tool for urban microclimate research, in particular from the 1990s. In the 
concluding chapters of two urban climate review papers by Souch and Grimmond [26] and 
Kanda [28], the increasing popularity of the CFD approach is pointed out with the following 
quotes: 

“The development and use of CFD is a very active area of inquiry. The models are becoming 
more sophisticated in terms of numerical methods, mesh structures and turbulence modeling 
approaches.” (Souch and Grimmond [26]); 

“CFD technologies that explicitly resolve urban buildings are the most complex 
representation of urban surfaces. Such technologies will play an important role not only in pure 
application studies but also in guiding the improvement of simpler models” (Kanda [28]). 

Computational simulations can be employed to study urban microclimate at different 
spatial scales, ranging from the meteorological mesoscale over the meteorological microscale to 
the building scale and the indoor environment [16,19,29] (Figure 2.2).  
 
 

 
Figure 2.2: Schematic representation of the spatial scales in climate modeling, with typical horizontal 
dimensions. 
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Numerical research at the meteorological mesoscale refers to climatic studies investigating 
atmospheric events, which occur within horizontal distances of a few to several hundred 
kilometers (e.g. thunderstorms) [46]. Numerical approaches at this scale are termed as 
Numerical Weather Prediction (NWP) models [29,47,48] or Mesoscale Meteorological Models 
(MMM) [49–51]. Urban climate analysis at the mesoscale can be traced back to the early 1970s 
and was mainly applied for 2D computational domains [52–57], investigating flow circulations 
occurring over urban areas, which were represented as localized heat sources. Later, mesoscale 
studies also included 3D applications for specific urban areas, such as St. Louis [58] and Chicago 
[59]. Nowadays, many urban climate studies at the meteorological mesoscale are being 
conducted [60–69] and some of the more recent efforts are focusing on coupling mesoscale 
climate models with finer scale models [50,51,70,71].  

CFD at the meteorological microscale considers simulations at horizontal distances up to 
about 2 km [29,72]. CFD microscale simulations provide the possibility for the detailed 
modeling of every building and the parameterization of other obstacles within an urban area. 
Extensive reviews of CFD studies at the meteorological microscale were published in the past 
[16,19,29,73,74]. In recent years, with the advances in computational resources and the 
establishment of CFD best practice guidelines on the relevant topics (e.g. [19,75–79]), CFD 
studies at the meteorological microscale have gained popularity. CFD studies at the 
meteorological microscale can be used to investigate wind flow around buildings [45], 
pedestrian wind comfort [80–82], pedestrian thermal comfort [81], wind-driven rain [83,84], 
pollutant dispersion [85–90], snow drift [91,92] and other topics.  

 CFD can be utilized for the analysis of the microclimate around individual buildings, which 
is classified as the building scale with typical distances less than 100 m. There have been several 
review papers on CFD studies at the building scale [19,29,45,73,74,81]. Specifically, natural 
ventilation studies [93–96] and studies on Convective Heat Transfer Coefficients (CHTC) [97–
100] are conducted at this scale. Many studies adopted a 2D modeling approach focusing on 
street canyons [101–118], on individual building shaped obstacles [119] or on vegetation cover 
[120–122]. For individual buildings, Building Energy Simulation (BES) is also employed for the 
analysis of indoor climate, indoor human thermal comfort and building energy consumption 
and recently, several studies have investigated the possibility for coupling CFD and BES models 
[123–126].  

The smallest scale at which CFD is employed for climatic analysis in urban areas is the 
building indoor environment, where typical horizontal distances are around 10 m and the focus 
is on indoor climate. Studies at this scale have employed CFD mainly for ventilation studies 
[127–129] and for topics related to HVAC design and building services engineering [130].  
Natural ventilation studies with CFD can also be performed at multiple scales, by combining 
building and indoor scales, which enables researchers to conduct coupled analyses [94,95,131–
141].  

Some review papers on the analysis of urban microclimate such as Erell and Williamson 
[142], Ooka [143], Mochida et al. [51] and Lun et al. [144] have evaluated numerical models in 
general (including EBMs), without a specific focus on any CFD approach. Mochida and Lun 
[81] have reviewed CFD microclimate studies, but without focusing on the coupling of velocity 
and temperature fields. As CFD studies on urban microclimate are gaining popularity, it is 
important to document the achievements and trends in this field for future research, and this 
paper serves this purpose. 
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This research reviews studies on the CFD analysis of urban microclimate. The scope of the 
review covers studies published in refereed journals, in English, with 3D computational 
domains and with coupling of velocity and temperature fields. To the best of our knowledge, 
the first study that fits to this scope is from 1998. Therefore, this review covers studies from 
what we consider as the first study in this field until the ones from 2015. In Section 2.2, the 
investigated studies are listed and classified based on the type of the urban area considered 
(generic versus real urban) and methodology followed (with or without validation study). 
Section 2.3 contains a further analysis of the reviewed studies and Section 2.4 presents a 
discussion with future perspectives. Finally, Section 2.5 contains the conclusions. 

2.2 Overview of studies on the CFD analysis of urban microclimate 

Within the above-mentioned scope of the review, a total of 183 studies are identified and 
investigated. The earliest study is from 1998 and the latest is from 2015. Figure 2.3 shows the 
yearly distribution of the studies, indicating the increasing popularity of the field. The figure 
shows that the number of studies considered only in the last three years constitute more than 
half of all the studies (104 of 183 studies). 

The papers are categorized based on the type of urban area (generic versus real) (see Figure 
2.4) and the methodology, without validation versus with validation. We remark that a study 
containing validation of at least one parameter from velocity and/or temperature field is 
classified as a study with validation. Figure 2.5 shows that most studies are focused on real urban 
areas and are conducted without validation. 

 
 

 
Figure 2.3: The yearly distribution of the reviewed journal papers on CFD analysis of urban microclimate. 
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Figure 2.4: Examples of CFD microclimate studies: a) Computational domain and grid for a generic urban 
domain [145]; b) Domain and grid for a real urban domain [146]; c) Contours of standard effective 
temperature inside a generic urban domain [147]; d) Contours of air temperature inside a real urban domain 
[148]. 
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Figure 2.5: Categorical distribution of the studies investigated in this paper. Categories are based on the type 
of urban area (generic vs. real) and on the methodology followed (with vs. without validation). 

The studies are summarized in tables with the following entries: 
- Author(s) and publication year; 
- Reference number as listed in this paper;  
- Urban setting/location 

o For studies with generic urban areas, the urban geometries are classified as 
follows (Figure 2.6): 

§ Building blocks: Multiple building blocks, distributed generically; 
§ Street canyon: Only one street canyon; 
§ Open space: No obstructions, possibly investigating additional features 

such as trees, water bodies etc.; 
§ Urban street canyons: Multiple street canyons in an urban setting;  
§ Courtyard: Domains focusing on a single courtyard. 

o For studies with real urban areas, the urban location is mentioned based on the 
information provided in the respective papers. 

- Approximate form of the governing equations solved and the turbulence model/sub-
grid scale model used. The investigated studies employed either Reynolds-averaged 
Navier Stokes (RANS) equations or Large Eddy Simulations (LES). The turbulence 
models (for RANS) and sub-grid scale models (for LES) employed are: 
o For RANS 

§ Abe-Kondoh-Nagano (AKN) k-ε [149] (AKNKE); Chen-Kim Extended 
k-ε (CKEKE) [150]; Durbin k-ε [151] (DKE); Eddy Diffusivity [101] 
(ED); Low Reynolds Number k-ε [149,152] (LRNKE); Miao E-ε [153] 
(MEE); Modified k-ε [131] (MDKE); Realizable k-ε [154] (RKE); Re-
Normalization Group (RNG) k-ε [155] (RNGKE); Shear Stress 
Transport (SST) k-ω [156] (SSTKW); Standard k-ε [157] (STKE); 
Yamada and Mellor E-ε [158] (YMEE). 

o For LES 
§ Deardorff Subgrid-scale [159] (DSGS); Smagorinsky-Lilly Subgrid-scale 

[160] (SLSGS). 
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Figure 2.6: Different urban geometries used in generic CFD studies. 

- Validation/target parameters:  
o Temperature related: Air temperature (°C) (AT); Dry-bulb temperature (°C) 

(DBT); Indoor air temperature (°C) (IAT); Mean radiant temperature (°C) 
(MRT); Surface temperature (°C) (ST); Wet bulb globe temperature (°C) 
(WBGT); 

o Thermal comfort related: Physiological equivalent temperature (°C) [161] 
(PET); Predicted mean vote (-) [162] (PMV) and Extended PMV (-) (EPMV) 
[163]; Standard effective temperature (°C) [164] (SET); Temperature of 
equivalent perception (°C) [165] (TEP); Thermal Sensation Perception (-) [166] 
(TSP); Universal thermal climate index (°C) [167] (UTCI);  

o Heat transfer related (includes radiation and reflectivity): Convective heat 
transfer coefficient (W/m2K) (CHTC); Heat flux (w/m2) (HF); Sky View Factor 
(-) (SVF); Solar access index (-) (SAI); Solar radiation (W/m2) (SR); 

o Flow/ventilation related: Air change rate (1/hour) (ACH); Pressure (coefficient) 
(CP); Turbulent kinetic energy (m2/s2) (TKE); Turbulence dissipation rate 
(m2/s3) (TDR); Ventilation rate (l/minute) (VR); Wind velocity (m/s) (WV); 

o Humidity/mass transfer related: Relative humidity (%) (RH); Water vapor 
fraction (%) (WVF); 

o Dimensionless numbers/indices: Air quality index (-) (AQI); Froude number (-
) (Fr); Richardson number (-) (Ri); Temperature-humidity index (-) (THI); 
Wind comfort index (-) (WCI); 

o Other quantitative parameters: Building energy consumption (W) (BEC); 
Economy (currency) (ECN); Pollutant concentration (unit varies) (PC); 
Pressure distribution (PD); Statistical performance indicators (various, e.g. 
correlation coefficient) (SPI); Wind velocity vectors (WVV). 
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- Keyword categories: For every study, representative keywords are specified based on 
the list of keywords provided in each publication. Later, keywords with similar or 
interchangeable use are grouped and in total 37 keyword categories are identified5. For 
papers with less than five keywords in the list of keywords, first the title and then the 
abstract is scanned for selecting suitable keyword categories. Referring to the title and 
the abstract for selecting keywords has its limitations but it was adopted due to the lack 
of a better alternative. Some very general keywords, such as microclimate, CFD and 
urban heat island (effect) are omitted. At the end, five keywords categories per study 
are identified. In the remainder of this paper, we will use the word “keyword” to refer 
to these “keyword categories”. In alphabetical order, the categories are: 

o 1) Adaptation/mitigation; 2) Aspect ratio (i.e. building height/street width); 
3) Building form (i.e. height, roof, façade, shape); 4) Canyon (i.e. urban 
canyon, street canyon); 5) Case comparison/case studies (i.e. scenario 
analysis); 6) (Convective) heat transfer coefficient (CHTC); 7) Climate (i.e. 
climate scenarios, climate change, heat wave); 8) Climate sensitive design (i.e. 
bioclimatic design, climatic design); 9) District comparison (comparison of 
neighborhoods, streets); 10) Diurnal variation (i.e. of temperature, velocity); 
11) Economy (i.e. feasibility, return of investment); 12) Energy (i.e. building 
energy demand); 13) Energy budget (i.e. Energy Balance Models); 14) Heat 
transfer (i.e. modeling, convection, conduction); 15) Human/pedestrian; 16) 
Materials/albedo (i.e. absorptivity, reflectivity, conductivity); 17) Model 
coupling (i.e. mesoscale – microscale, BES-CFD); 18) Model development (i.e. 
new model, tool, software) ; 19) Optimization (i.e. algorithms, parametric 
analysis); 20) Orientation; 21) Pollutant dispersion; 22) Radiation (modeling) 
(i.e. reflections, solar, shading, SVF); 23) Seasonal variation (i.e. temperature, 
relative humidity); 24) Specific forms (i.e. courtyards, squares); 25) Statistical 
analysis (i.e. regression, statistical performance indicators); 26) Surface 
heating (i.e. heated facades, heated ground surfaces); 27) 
Sustainable/sustainability; 28) Thermal comfort/heat stress; 29) Thermal 
stability/instability; 30) Turbulent heat fluxes (i.e. latent heat flux, 
anthropogenic heat flux); 31) Urban density (i.e. area density, building 
density); 32) Urban design/planning (i.e. regulations, design competition, 
guidelines); 33) Urban forms/morphology (i.e. building distribution, urban 
shape); 34) Vegetation (i.e. greenery, trees, urban parks, green roofs/facades); 
35) Ventilation (i.e. pedestrian level ventilation); 36) Water body (i.e. water 
ponds, fountains); 37) Wind/flow.  

                                                                    
5 For instance, various studies investigate the effect of building height, shape façade or roof on urban 
microclimate. Studies that use one of these as keywords are grouped in the keyword category called 
building form. 
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2.2.1 Studies for generic urban areas 

CFD studies for generic urban areas typically comprise simple building shapes, such as 
cubes or rectangular prisms. Early CFD models employed for microclimate analysis considered 
generic domains for model development and validation purposes. Later studies were generally 
conducted to investigate generic aspects of fluid flow and/or heat transfer in urban areas that 
can provide basic insights that subsequently can be translated to understanding these processes 
in real urban areas.  

Figure 2.7 depicts the number of publications and the percentage of studies for generic 
urban areas among all the papers investigated in this review. Generic urban areas in CFD 
microclimate analysis were quite popular in the early years of this field. Even though the number 
of publications of this sub-category kept increasing, with the development of new models and 
successful model validations, their share among all the studies seems to have declined in time. 
Of all publications reviewed in this review, 61 of 183 (33.3%) studies focus on generic urban 
areas. 

2.2.1.1 Studies without validation 

Most early studies on generic urban areas did not consider validation. For example, this is 
the case for the five of the oldest studies in this review: Bruse and Fleer in 1998 [168], Herbert 
el al. in 1998 [169], Herbert and Herbert in 2002 [170], Dimoudi and Nikolopoulou in 2003 
[171], and Baik et al. in 2003 [172]. The sub-category “generic urban areas – without validation” 
contains 40 studies, which are summarized in Table 2.1. 

Most early studies focused on new model developments, demonstrating the suitability of 
CFD for microclimate analysis. For instance, the study by Bruse and Fleer [168] focused on 
surface, plant and air interaction at the microscale and is considered as the original 
documentation of the CFD microclimate software ENVI-Met, which is a tool increasingly 
employed by researchers in later years.  

 

 
Figure 2.7: Number of publications and percentage of studies for generic urban areas among all the papers 
investigated in this review. 
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In the late 1990s, EBMs were the main tool used for the numerical analysis of urban 
microclimate. In the early years of CFD microclimate analysis, the influence of EBM 
methodology on CFD simulations is evidenced in the following ways: (1) CFD studies have 
averaged most of the turbulent heat fluxes in urban canopies similar to the way they were used 
in EBMs [169,170,172,173]; (2) the terms, which were popular in EBMs, such as “energy budget” 
and “turbulent heat fluxes,” were very often used as the main keywords in these early CFD 
studies. 

The five most commonly used keywords in this sub-category are vegetation (19 of 40 
studies), thermal comfort (16 of 40 studies), case comparison (15 of 40 studies), wind (flow) (12 
of 40 studies) and canyon (12 of 40 studies). Keywords such as climate sensitive design, 
sustainable and thermal stability do not occur as keywords in any of these studies6. 

 
Table 2.1: Overview of studies in the sub-category “generic urban areas - without validation”. 

# Authors 
(year) Ref. Urban 

setting 
Equations / 

Models Keywords Parameters 

1 Bruse and Fleer 
(1998) [168] Building 

blocks RANS / YMEE Model development, vegetation, heat transfer, 
urban form, wind AT, WV 

2 Herbert et al. 
(1998) [169] Street canyon RANS / STKE Material (albedo), seasonal variation, diurnal 

variation, canyon, energy budget AT 

3 
Herbert and 

Herbert 
(2002) 

[170] Street canyon RANS / STKE Canyon, aspect ratio, energy budget, heat transfer, 
building form (height) AT 

4 
Dimoudi and 
Nikolopoulou 

(2003) 
[171] Building 

blocks Not specified Vegetation, urban density, case comparison, 
radiation (SVF), orientation AT 

5 Baik et al. 
(2003) [172] Street canyon RANS / ED Heat transfer, canyon, pollutant dispersion, wind 

(flow), turbulent heat fluxes AT, ST, WV 

6 Robitu et al. 
(2004) [173] Open space 

(water pond) RANS / STKE Water body, heat transfer, building energy, 
turbulent heat fluxes, coupling AT, ST, WVF 

7 Murakami 
(2004) [174] Building 

blocks RANS / MDKE Model development, urban morphology, 
vegetation, case comparison, thermal comfort AT, MRT, SET 

8 
Ali-Toudert and 

Mayer 
(2006) 

[175] Street canyon RANS / YMEE Thermal comfort, aspect ratio, orientation, urban 
design, canyon AT, SAI, PET 

9 Murakami 
(2006) [176] Building 

blocks RANS / MDKE Model development, urban morphology, 
vegetation, case comparison, thermal comfort AT, MRT, SET 

10 
Grignaffini and 

Vallati 
(2007) 

[177] 
Building 

blocks, open 
space 

RANS / MDKE Vegetation, climate (scenario analysis), urban 
morphology, materials, wind AT, ST 

11 Lin et al. 
(2008) [178] Building 

blocks RANS / STKE Vegetation, thermal comfort, urban form, 
pedestrian, case comparison 

AT, RH, SET, 
MRT, WV 

12 Chen et al. 
(2008) [179] Building 

blocks RANS / MDKE Optimization, vegetation, model development, 
thermal comfort, coupling 

AT, MRT, SET, 
WV 

13 Zhao et al. 
(2008) [180] Urban street 

canyon Not specified Aspect ratio, materials, orientation, building form 
(facades), canyon 

AT, SET, ST, 
WBGT 

                                                                    
6 Although these words might be used within the text itself, here, they are not present in the keyword 
categories as extracted from abstract and the list of keywords. 
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14 Ooka et al. 
(2008) [181] Building 

blocks RANS / MDKE Vegetation, optimization, thermal comfort, model 
development, economy ECN, SET, SVF 

15 Dimitrova et al. 
(2009) [182] Urban street 

canyon RANS / ED Canyon, wind, heat transfer, model development, 
building form (facades) AT, WV 

16 Okeil 
(2010) [183] Building 

blocks RANS / YMEE Building form, energy (building), urban form, 
radiation (solar), vegetation AT, WV 

17 Hong et al. 
(2011) [184] Street canyon RANS / STKE Vegetation, wind, optimization, canyon, radiation 

(solar) AT, WV 

18 Park et al. 
(2012) [185] Street canyon LES / DSGS Canyon, wind, heat transfer, surface heating, case 

comparison AT, TKE, WV 

19 Berkovic et al. 
(2012) [186] Courtyard RANS / YMEE Thermal comfort, specific forms (courtyards), 

radiation (shading), orientation, case comparison 
AT, PMV, RH, 

SR 

20 Qu et al. 
(2012) [145] Building 

blocks RANS / STKE Heat transfer, coupling, model development, 
radiation (solar), wind 

AT, ST, TKE, 
WV 

21 Bo-ot et al. 
(2012) [187] Urban street 

canyon RANS / STKE Vegetation, energy (building), urban form, case 
comparison, optimization AT, BEC, WV 

22 
Mirzaei and 
Haghighat 

(2012) 
[188] Building 

blocks RANS / STKE Aspect ratio, material (albedo), building form 
(façade), thermal comfort, case comparison 

AQI, THI, 
WCI 

23 Yang et al. 
(2012) [189] Building 

blocks RANS / YMEE Energy (building), urban form, vegetation, model 
coupling, case comparison 

AT, BEC, IAT, 
RH, WT 

24 Lee et al. 
(2013) [190] Building 

blocks RANS / RKE Building form (height), urban form, ventilation, 
case comparison, wind WV 

25 Johansson et al. 
(2013) [191] 

Building 
blocks, open 

space 
RANS / YMEE Building form (height), materials, vegetation, 

urban density, thermal comfort 
AT, MRT, RH, 
ST, TEP, WV 

26 
Yahia and 
Johansson 

(2013) 
[192] Building 

blocks RANS / YMEE Urban planning, aspect ratio, vegetation, 
orientation, thermal comfort PET, ST 

27 Hong and Lin 
(2014) [193] Building 

blocks RANS / STKE Urban morphology, vegetation, thermal comfort, 
ventilation, case comparison 

AT, MRT, SET, 
VW, WV 

28 
de Lieto Vollaro 

et al. 
(2014) 

[194] Street canyon RANS / STKE Canyon, radiation (solar), aspect ratio, model 
development, case comparison AT, WV 

29 Wang et al. 
(2014) [195] Urban street 

canyon RANS / STKE Canyon, wind, ventilation, heat transfer, building 
form (façade) 

HF, PD, VR, 
WVV 

30 Kim et al. 
(2014) [196] Urban street 

canyon RANS / STKE Canyon, wind, vegetation, case comparison, 
building form (roof) 

AT, TKE, WV, 
WVV 

31 
Perini and 
Magliocco 

(2014) 
[197] Building 

blocks RANS / YMEE Urban density, aspect ratio, vegetation, thermal 
comfort, case comparison 

AT, MRT, 
PMV 

32 Bottillo et al. 
(2014) [198] Street canyon RANS / STKE Canyon, wind, heat transfer, solar radiation, 

model development 
CHTC, RI, ST, 

WV 

33 
Yahia and 
Johansson 

(2014) 
[199] Building 

blocks RANS / YMEE Urban design, aspect ratio, vegetation, orientation, 
thermal comfort PET, ST 

34 Ma et al. 
(2015) [200] Building 

blocks RANS / DKE Thermal comfort, statistical analysis, model 
development, pedestrians, diurnal variation 

MRT, SET, 
WV 

35 Liu et al. 
(2015) [201] Building 

blocks 

LES / SLSGS; 
RANS / RKE, 

SSTKW 

CHTC, energy (building), urban density, wind, 
model development 

BEC, CHTC, 
ST 

36 Hong and Lin 
(2015) [147] Building 

blocks RANS / STKE Urban form, vegetation, optimization, thermal 
comfort, pedestrian PD, SET, WV 
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37 Allegrini et al. 
(2015) [202] Building 

blocks RANS / STKE Energy (building), urban form / morphology, 
mitigation, case comparison, urban density 

AT, BEC, ST, 
WV 

38 Liu et al. 
(2015) [203] Building 

blocks Not specified Energy (building), climate, diurnal variation, 
model coupling, model development AT, BEC, WV 

39 
Botham-Myint et 

al. 
(2015) 

[204] Building 
blocks RANS / STKE Materials (albedo), building form, thermal 

comfort, urban morphology, pedestrian AT 

40 Allegrini et al. 
(2015) [205] Building 

blocks RANS / STKE Turbulent heat fluxes, energy (building), building 
form, ventilation, urban morphology AT, HF, WV 

Abbreviations: AKN k-ε [149] (AKNNE); Chen-Kim Extended k-ε (CKEKE) [150]; Deardorff Subgrid-scale [159] (DSGS); 
Durbin k-ε [151] (DKE); Eddy Diffusivity [101] (ED); Low Reynold Number k-ε [149,152] (LRNKE); Miao E-ε [153] (MEE); 
Modified k-ε [131] (MDKE); Realizable k-ε [154] (RKE); RNG k-ε [155] (RNGKE); Smagorinsky-Lilly Subgrid-scale [160];  SST 
k-ω [156] (SSTKW); Standard k-ε [157] (STKE); Yamada and Mellor E-ε [158] (YMEE). Air change rate (1/hour) (ACH); Air 
quality index (-) (AQI); Air temperature (°C) (AT); Building energy consumption (W) (BEC); Convective heat transfer 
coefficient (W/m2K) (CHTC); Dry-bulb temperature (°C) (DBT); Economy (currency) (ECN); Froude number (-) (Fn); Heat 
flux (w/m2) (HF); Indoor air temperature (°C) (IAT); Mean radiant temperature (°C) (MRT); Physiological equivalent 
temperature (°C) [161] (PET); Predicted mean vote (-) [162] (PMV); Extended PMV (-) (EPMV) [163]; Pressure (coefficient) 
(CP); Pollutant concentration (%) (PC); Pressure distribution (PD); Relative humidity (%) (RH); Richardson number (-) (Ri); 
Sky view factor (-) (SVF); Solar access index (-) (SAI); Solar radiation (W/m2) (SR); Standard effective temperature (°C) [164] 
(SET); Statistical Performance Indicators (various, e.g. Correlation coefficient)(SPI); Surface temperature (°C) (ST); 
Temperature-humidity index (-) (THI); Temperature of equivalent perception (°C) [165] (TEP); Thermal Sensation Perception 
[166] (TSP); Turbulence dissipation rate (m2/s3) (TDR); Turbulent kinetic energy (m2/s2) (TKE); Universal thermal climate index 
(°C) [167] (UTCI); Ventilation rate (l/minute) (VR); Water vapor fraction (%) (WVF); Wet black globe temperature (°C) 
(WBGT); Wind comfort index (-) (WCI); Wind velocity (m/s) (WV); Wind velocity vectors (WVV). 

2.2.1.2 Studies with validation 

Validation of CFD studies for generic urban areas is typically performed with data from 
wind-tunnel measurements [15,19] whereas validation with field measurements is less common 
[206]. Many studies have been performed on the CFD validation of urban flow patterns in terms 
of velocity fields [29] but these studies are often conducted for isothermal conditions and as 
such are not within the scope of this review. As mentioned at the beginning of this section, a 
study is considered “with validation” as long as there is at least one parameter related to velocity 
or temperature fields, which is compared with measurement data. The sub-category “generic 
urban areas – with validation” contains 21 studies, which are summarized in Table 2.2. 
 
Table 2.2: Overview of studies in the sub-category “generic urban areas – studies with validation”.  

# Authors 
(year) Ref. Urban 

setting 
Equations / 

Models 
Validation 
parameter Keywords Parameters 

1 Gu et al. 
(2010) [216] Open space, 

street canyon LES / SLSGS WV 
Vegetation, thermal stability, 
canyon, pollutant dispersion, 

surface heating 
AT, WV 

2 Li et al. 
(2010) [217] Street canyon LES / SLSGS Ri Surface heating, canyon, thermal 

stability, pollutant dispersion, flow AT, PC, Ri, WV 

3 
Mirzaei and 
Haghighat 

(2010) 
[218] 

Building 
blocks, urban 
street canyon 

RANS / STKE WV 
Ventilation, mitigation, thermal 

comfort, pedestrian, thermal 
stability 

AT, Ri, WV 

4 Kwak et al. 
(2011) [219] Street canyon RANS / 

RNGKE ST Canyon, diurnal variation, wind 
(flow), radiation, surface heating AT, HF, ST, WV 

5 Luo and Li 
(2011) [220] Building 

blocks 

RANS / 
RNGKE and 

SSTKW 
WV 

Ventilation, wind (flow), canyon, 
surface heating, building form 

(height) 
ACH, AT, WV 
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6 Qu et al. 
(2011) [207] Building 

blocks RANS / STKE ST 
Coupling, model development, heat 

transfer, wind (flow), diurnal 
variation 

CHTC, HF, ST 

7 
Haghighat and 

Mirzaei 
(2011) 

[221] Building 
blocks 

RANS / 
RNGKE AT, WV 

Surface heating, thermal stability, 
ventilation, material (albedo), 

canyon 
AT, PC, WV 

8 Pillai and Yoshie 
(2012) [215] Building 

blocks 
RANS / 
LRNKE 

AT, HF, 
WV 

CHTC, urban form, building form 
(height), case comparison, urban 

density 

AT, CHTC, HF, 
WV 

9 
Mirzaei and 
Carmeliet 

(2013) 
[208] Building 

blocks 
RANS / 
RNGKE WV Canyon, wind, model development, 

case comparison, orientation ST, WV 

10 
Vidrih and 

Medved 
(2013) 

[209] Open space 
(urban park) 

RANS / 
RNGKE AT 

Vegetation, urban density, climate, 
case comparison, model 

development 
AT 

11 Pillai and Yoshie 
(2013) [214] Building 

blocks 
RANS / 
LRNKE HF CHTC, flow, thermal stability, 

surface heating, case comparison AT, CHTC, HF 

12 Liu et al. 
(2013) [210] Building 

blocks 

LES / SLSGS; 
RANS / 

SSTKW, RKE 
CHTC, ST 

CHTC, urban density, building 
energy, model development, case 

comparison 
CHTC, ST, WV 

13 Yaghoobian et al. 
(2014) [222] Street canyon LES / DSGS Fr, WV 

Diurnal variation, wind(flow), 
canyon, thermal stability, material 

(albedo) 

Fr, HF, PD, ST, 
TKE, WV 

14 Taleghani et al. 
(2014) [223] 

Building 
blocks, 

courtyards 
RANS / YMEE AT 

Thermal comfort, orientation, 
urban form, case comparison, 

specific forms (courtyards) 

AT, MRT, PET, 
WV 

15 Qaid and Ossen 
(2014) [224] Street canyon RANS / YMEE AT 

Aspect ratio, building form (height), 
climate (hot and arid), diurnal 

variation, case comparison 
AT, ST, WV 

16 Bottillo et al. 
(2014) [211] Street canyon RANS / STKE AT, WV 

Canyon, radiation, model 
development, heat transfer, wind 

(flow) 

AT, CHTC, ST, 
WV 

17 Santiago et al. 
(2014) [212] Street canyon RANS / STKE AT, WV 

Radiation (solar), orientation, heat 
transfer, wind (flow), model 

development 
AT, WV 

18 
Nazarian and 

Kleissl 
(2015) 

[225] Building 
blocks RANS / RKE ST Material (albedo), aspect ratio, heat 

transfer, canyon, diurnal variation HF, SR, ST, WV 

19 
Ghaffarianhoseini 

et al. 
(2015) 

[226] Courtyards RANS / YMEE DBT 
Thermal comfort, building form, 
albedo, vegetation, specific forms 

(courtyards) 

AT, DBT, MRT, 
PET, PMV, RH 

20 Xue et al. 
(2015) [213] Open space 

(water body) RANS / STKE DBT, RH 
Water body, heat transfer, model 

development, wind (flow), 
adaptation 

DBT, RH 

21 Yumino et al. 
(2015) [206] Building 

blocks RANS / DKE HF, ST 
Adaptation / mitigation, climate, 

vegetation, materials (albedo), 
building form 

BEC, HF, MRT, 
SET, ST, WBGT 

Abbreviations: AKN k-ε [149] (AKNNE); Chen-Kim Extended k-ε (CKEKE) [150]; Deardorff Subgrid-scale [159] (DSGS); Durbin 
k-ε [151] (DKE); Low Reynold Number k-ε [149,152] (LRNKE); Miao E-ε [153] (MEE); Modified k-ε [131] (MDKE); Realizable k-
ε [154] (RKE); RNG k-ε [155] (RNGKE); Smagorinsky-Lilly Subgrid-scale [160];  SST k-ω [156] (SSTKW); Standard k-ε [157] 
(STKE); Yamada and Mellor E-ε [158] (YMEE). Air change rate (1/hour) (ACH); Air temperature (°C) (AT); Building energy 
consumption (W) (BEC); Convective heat transfer coefficient (W/m2K) (CHTC); Dry-bulb temperature (°C) (DBT); Economy 
(currency) (ECN); Froude number (-) (Fn); Heat flux (w/m2) (HF); Indoor air temperature (°C) (IAT); Mean radiant temperature 
(°C) (MRT); Physiological equivalent temperature (°C) [161] (PET); Predicted mean vote (-) [162] (PMV); Extended PMV (-) 
(EPMV) [163]; Pressure (coefficient) (CP); Pressure distribution (PD); Relative humidity (%) (RH); Richardson number (-) (Ri); 
Sky view factor (-) (SVF); Solar access index (-) (SAI); Solar radiation (W/m2) (SR); Standard effective temperature (°C) [164] 
(SET); Statistical Performance Indicators (various, e.g. Correlation coefficient)(SPI); Surface temperature (°C) (ST); Temperature 
of equivalent perception (°C) [165] (TEP); Thermal Sensation Perception [166] (TSP); Turbulent kinetic energy (m2/s2) (TKE); 
Universal thermal climate index (°C) [167] (UTCI); Ventilation rate (l/minute) (VR); Water vapor fraction (%) (WVF); Wet black 
globe temperature (°C) (WBGT); Wind comfort index (-) (WCI); Wind velocity (m/s) (WV); Wind velocity vectors (WVV). 
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Some of the validation studies are conducted to investigate and demonstrate the suitability 
and accuracy of newly developed CFD approaches [207–213]. Others focus on the CHTC of 
individual buildings in urban areas [210,214,215], which in turn can be used for coupling CFD 
with BES [210]. Validation studies on generic urban areas can be the first step towards 
justification of a CFD approach in modeling the cooling effect of adaptation measures, before 
implementing the same approach on real urban areas. Some of the studies for instance propose 
validated approaches for the cooling effect from vegetation sources [209] and from water bodies 
[213] on generic urban domains. 

The five most commonly used keywords in this sub-category are wind (flow) (10 of 21 
studies), canyon (9 of 21 studies), case comparison (7 of 21 studies), model development (7 of 
21 studies) and surface heating (6 of 21 studies). Note however that keywords such as climate 
sensitive design, energy budget, optimization, seasonal variation, sustainability and urban 
design do not occur as keywords in any of these 21 studies. 7 

2.2.2 Studies for real urban areas 

The term “real urban areas” can cover only a few buildings to a portion of a city. CFD 
simulations on real urban areas are performed either as practical case studies or – in case of 
studies with validation – to investigate the possibilities and limitations of CFD for real urban 
areas that are generally characterized by a complexity that substantially exceeds that of generic 
urban areas. 

 Figure 2.8 depicts the number of publications and the percentage of studies for real urban 
areas among all the papers investigated in this review. The number of publications for real urban 
areas has been rapidly increasing especially in the last five years. Of all the publications reviewed 
in this research, 122/183 (66.6%) studies focus on real urban areas. 

 

 
Figure 2.8: Number of publications and percentage of studies for real urban areas among all the papers 
investigated in this review. 

                                                                    
7 Although these words might be used within the text itself, here, they are not present in the keyword 
categories as extracted from the abstract and the list of keywords. 
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2.2.2.1 Studies without validation 

CFD studies on real urban areas without validation are generally comparative studies, 
where several urban configurations, design parameters, neighborhoods (districts) within the 
same urban area are compared. Most of these studies aim to reach best-case scenarios based on 
the optimization of a target parameter (e.g. outdoor thermal comfort). The sub-category “real 
urban areas – without validation” contains 65 studies, rendering this sub-category the most 
popular one. These studies are summarized in Table 2.3. 

The table indicates that studies in this sub-category have two characteristics. First, all 
studies are conducted using the RANS equations, which may be attributed to the high 
computational requirements of LES. Second, most studies are characterized by practical rather 
than fundamental keywords. The five most commonly used keywords in this sub-category are 
vegetation (39 of 65 studies), case comparison (36 of 65 studies), thermal comfort/heat stress 
(29 of 65 studies), urban design/planning (27 of 65 studies) and materials/albedo (19 of 65 
studies). Keywords which might indicate that a particular study’s focus is on fundamental 
aspects, such as CHTC, heat transfer or wind (flow), are not used often (1 of 65, 2 of 65 and 9 of 
65 studies respectively). Keywords such as energy budget, optimization, statistical analysis, 
surface heating and thermal stability do not occur as keyword8 in any of these 65 studies. 
 
Table 2.3: Overview of studies in the sub-category “real urban areas – without validation”. 

# Authors 
(year) Ref. Location  

(Country) 
Equations / 

Models Keywords Parameters 

1 Fang et al. 
(2004) [227] Fangzhuang, Beijing 

(China) RANS / MEE 
Urban planning, coupling (mesoscale - 

microscale), model development, vegetation, 
water body 

ST, WV 

2 Robitu et al. 
(2006) [228] Fleuriot Square, 

Nantes (France) 
RANS / 
STKE 

Vegetation, water body, thermal comfort, 
model development, case comparison 

MRT, PMV, 
ST, WV 

3 Yu and Hien 
(2006) [229] 

Bukit Batok and 
Clementi Woods 
Park (Singapore) 

RANS / 
YMEE 

Vegetation, district comparison, case 
comparison, diurnal variation, urban form AT 

4 Wong et al. 
(2007) [230] Singapore 

(Singapore) 
RANS / 
YMEE 

Vegetation, urban form, case comparison, 
diurnal variation, materials AT 

5 Li an Yu 
(2008) [231] Wuhan City 

(China) Not specified Urban planning, water body, vegetation, 
building form (height), model development AT, ST 

6 Huang et al. 
(2008) [232] Kawasaki City 

(Japan) 
RANS / 
STKE 

Pollutant dispersion, diurnal variation, 
turbulent heat fluxes, wind, heat transfer AT, ST, WV 

7 
Andrade and 
Alcoforado 

(2008) 
[233] Telheiras, Lisbon 

(Portugal) 
RANS / 
YMEE 

Thermal comfort, urban form, seasonal 
variation, district comparison, radiation (SVF) 

AT, MRT, 
PET 

8 He and Hoyano 
(2009) [234] Tonami (Japan) RANS / 

AKNKE 
Thermal comfort, coupling, model 
development, materials, vegetation 

AT, MRT, 
SET, WV 

9 Chen et al. 
(2009) [235] Otemachi and 

Kyobashi (Japan) 
RANS / 
STKE 

Mitigation, thermal comfort, turbulent heat 
fluxes, district comparison, case comparison AT, WV 

10 Fahmy and Sharples 
(2009) [236] 5th Community, 

Cairo (Egypt) 
RANS / 
YMEE 

Case comparison, vegetation, urban form, 
aspect ratio, building density PMV 

                                                                    
8 Although these words might be used within the text itself, here, they are not present in the keyword 
categories as extracted from the abstract and the list of keywords. 



 
 

 

42 Chapter 2 

11 Fahmy et al. 
(2010) [237] Misr Al-Gadida, 

Cairo (Egypt) 
RANS / 
YMEE 

Vegetation, surface fluxes, radiation, diurnal 
variation, district comparison 

AT, MRT, 
RH 

12 Hsieh et al. 
(2010) [238] Tokyo (Japan) RANS / 

STKE 
Material (albedo), wind, water body, vegetation, 

urban planning AT, ST, WV 

13 
Al-Sallal and Al-

Rais 
(2011) 

[239] Dubai (United Arab 
Emirates)  

RANS / 
STKE 

Ventilation, urban form, canyon, model 
development, seasonal variation AT, WV 

14 Ashie and Kono 
(2011) [240] Nihonbashi, Tokyo 

(Japan) 
RANS / 
STKE 

Urban design, case comparison, wind, climate-
sensitive design, coupling (mesoscale – 

microscale) 
AT, WV 

15 Bouyer et al. 
(2011) [241] Lyon (France) RANS / 

STKE 
Energy (building), vegetation, urban design, 

coupling, materials AT, BEC 

16 Fintikakis et al. 
(2011) [242] Tirana (Albania) RANS / 

STKE 
Climate sensitive design, materials, vegetation, 

thermal comfort, case comparison AT, ST, WV 

17 Kaoru et al. 
(2011) [243] Osaka City (Japan) RANS / 

STKE 
Radiation, diurnal variation, case comparison, 

model development, coupling AT, ST, WV 

18 Fahmy and Sharples 
(2011) [244] 5th Community, 

Cairo (Egypt) 
RANS / 
YMEE 

Urban design, case comparison, thermal 
comfort, urban form, urban density AT, PMV 

19 Synnefa et al. 
(2011) [245] Ag. Paraskevi, 

Athens (Greece) 
RANS / 
STKE 

Materials (albedo), radiation (reflections), 
mitigation, diurnal variation, urban design AT 

20 
Boukhabla and 

Alkama 
(2012) 

[246] 
Street of the 

Republic, Biskra 
(Algeria) 

RANS / 
YMEE 

Vegetation, heat transfer, case comparison, 
urban form, diurnal variation 

AT, RH, SR, 
WV 

21 
Al-Sallal and Al-

Rais 
(2012) 

[247] 
Al-Mankhool, 

Dubai (United Arab 
Emirates) 

RANS / 
STKE 

Ventilation, urban form, canyon, thermal 
comfort, seasonal variation AT, WV 

22 Lenzholzer 
(2012) [248] 

Grote Markt, 
Groningen 

(Netherlands) 

RANS / 
YMEE 

Urban design, case comparison, thermal 
comfort, specific forms (squares), vegetation PMV 

23 Tominaga 
(2012) [249] Niigata City (Japan) RANS / DKE Urban form, building form (height), 

ventilation, case comparison,  wind 
ACH, AT, 

WV 

24 Baik et al. 
(2012) [250] Central Region, 

Seoul (South Korea) 
RANS / 
RNGKE 

Building form (roof), vegetation, canyon, urban 
density, case comparison AT, PC 

25 Carfan et al. 
(2012) [251] Consolocao, Sao 

Paulo (Brazil) 
RANS / 
YMEE 

Thermal comfort, vegetation, materials, district 
comparison, building form (height) 

MRT, PMV, 
WV 

26 Stavrakakis et al. 
(2012) [252] Gazi, Heraclion 

(Greece) 
RANS / 
STKE 

Climate-sensitive design, thermal comfort, 
specific forms (squares), vegetation, diurnal 

variation 

AT, EPMV, 
ST 

27 Palme and Ramirez 
(2013) [253] Avenida Brasil, 

Antofagasta (Chile) 
RANS / 
YMEE 

Urban design, vegetation, sustainability, climate 
(dry and arid), radiation (SVF) 

AT, MRT, 
SVF, WV 

28 
Maragkogiannis et 

al. 
(2013) 

[254] 1866 Square, Chania 
(Greece) 

RANS / 
CKEKE 

Case comparison, materials, thermal comfort, 
climatic design, specific forms (squares) AT, ST, WV 

29 Dütemeyer et al. 
(2013) [255] Erle, Gelsenkirchen 

(Germany) 
RANS / 
YMEE 

Thermal comfort, adaptation, vegetation, urban 
planning, climate (future scenarios) 

AT, PET, 
WV 

30 Declet-Barreto et al. 
(2013) [256] 

The Latino Urban 
Core, Phoenix 

(USA) 

RANS / 
YMEE 

Vegetation, climate (heat wave), mitigation, 
urban design, case comparison AT, ST 

31 Taleb and Hijleh 
(2013) [257] Dubai (United Arab 

Emirates) 
RANS / 
YMEE 

Urban design, case comparison, urban form, 
seasonal variation, wind 

AT, SVF, 
WV 

32 Egerhazi et al. 
(2013) [258] Szeged  

(Hungary) 
RANS / 
YMEE 

Seasonal variation, diurnal variation, thermal 
comfort, radiation (shading), vegetation PET 
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33 Radhi et al. 
(2013) [259] 

Amwaj Islands and 
Wadi Al-Sail 

(Bahrain) 

RANS / 
RNGKE 

District comparison, wind, thermal comfort, 
urban density, urban form 

AT, PMV, 
WV 

34 Miao et al. 
(2013) [260] Zhongguancun, 

Beijing (China) 
RANS / 
STKE 

Coupling, pollutant dispersion, wind, diurnal 
variation, model development 

AT, TKE, 
WV 

35 
Frohlich and 
Matzarakis 

(2013) 
[261] Freiburg (Germany) RANS / 

YMEE 
Radiation (SVF), case comparison, thermal 

comfort, urban design, specific forms (squares) PET, SVF 

36 Egerhazi et al. 
(2013) [262] Szeged (Hungary) RANS / 

YMEE 
Materials, vegetation, water body, urban design, 

case comparison MRT, PMV 

37 Tiwary and Kumar 
(2014) [263] Not mentioned RANS / 

YMEE 
Vegetation, seasonal variation, wind, materials 

(albedo), pollutant dispersion 
AT, RH, 

WV 

38 Taleb and Taleb 
(2014) [264] 

International 
Academic City, 

Dubai (United Arab 
Emirates) 

RANS / 
YMEE 

Thermal comfort, urban planning, orientation, 
case comparison, vegetation 

AT, MRT, 
PMV, RH, 

WV 

39 Ambrosini et al. 
(2014) [265] Teramo (Italy) RANS / 

YMEE 
Building form (roof), vegetation, materials 

(albedo), case comparison, diurnal variation 
AT, RH, 

WV 

40 Gros et al. 
(2014) [266] Pin Sec district, 

Nantes (France) 
RANS / 
STKE 

Materials (albedo), case comparison, energy 
(building), coupling, model development AT, BEC, ST 

41 
Ketterer and 
Matzarakis 

(2014) 
[267] Stuttgart (Germany) RANS / 

YMEE 
Thermal comfort, model development, 

vegetation, case comparison, urban planning AT, PET 

42 
Ketterer and 
Matzarakis 

(2014) 
[268] Stuttgart-West, 

Stuttgart (Germany) 
RANS / 
YMEE 

Urban planning, case comparison, vegetation, 
aspect ratio, orientation 

AT, MRT, 
SVF, WV 

43 Yi and Peng 
(2014) [269] Weston Park, 

Sheffield (England) 
RANS / 
YMEE 

Climate (future scenarios), case comparison, 
energy (building), coupling, thermal comfort AT, BEC, SR 

44 Peng and Elwan 
(2014) [270] Cairo (Egypt); 

Sheffield (England) 
RANS / 
YMEE 

Climate (future scenarios), energy (building), 
coupling, urban design, case comparison 

AT, MRT, 
RH, WV 

45 Lehmann et al. 
(2014) [271] Dresden (Germany) RANS / 

YMEE 
Vegetation, urban form, adaptation, climate 

(change), urban design AT 

46 Ciaramella et al. 
(2014) [272] 

CityLife urban 
district and Milan, 

Milan (Italy) 

RANS / 
YMEE 

District comparison, thermal comfort, urban 
design, urban form, seasonal variation AT, PC 

47 Taleghani et al. 
(2014) [273] 

Portland State 
University, Portland 

(USA) 

RANS / 
YMEE 

Specific forms (courtyards), water body, 
materials (albedo), mitigation, thermal comfort AT, MRT 

48 Sodoudi et al. 
(2014) [274] 6th urban district, 

Tehran (Iran) 
RANS / 
YMEE 

Materials (albedo), vegetation, case 
comparison, mitigation, urban density AT, RH 

49 Gromke et al. 
(2015) [275] 

City center, 
Arnhem 

(Netherlands) 
RANS / RKE Vegetation, adaptation, climate (heat wave), 

building form (façade, roof), case comparison AT, WV 

50 Djukic et al. 
(2015) [276] Central zone, 

Leskovac (Serbia) 
RANS / 
YMEE 

Climate sensitive design, urban design, specific 
forms (squares), vegetation, case comparison AT 

51 Tsilini et al. 
(2015) [277] Chalepa, Chanie 

(Greece) 
RANS / 
YMEE 

Vegetation, case comparison, seasonal 
variation, bioclimatic design, urban design AT, ST 

52 Peng et al. 
(2015) [278] Wuhan City 

(China) RANS / RKE Urban planning, case comparison, urban form, 
sustainability, thermal comfort ST, WV 

53 O’Malley et al. 
(2015) [279] West Kensington,  

London (England) 
RANS / 
YMEE 

Vegetation, materials (albedo), water body, case 
comparison, urban design AT, ST 

54 Peng et al. 
(2015) [280] Wuhan City 

(China) RANS / RKE Urban form, urban design, thermal comfort, 
radiation (solar), wind AT, ST, WV 



 
 

 

44 Chapter 2 

55 Conry et al. 
(2015) [281] Metropolitan Area, 

Chicago (USA) 
RANS / 
YMEE 

Coupling, energy (building), seasonal variation, 
climate (change), model development 

BEC, MRT, 
PMV 

56 Middel et al. 
(2015) [282] 

The City of 
Phoenix, Phoenix 

(USA) 

RANS / 
YMEE 

Vegetation, materials (albedo), climate (future 
scenarios), building form (roof), mitigation AT 

57 Peng et al. 
(2015) [283] Wuhan (China) RANS / RKE case comparison, urban design / planning, 

pedestrian, thermal comfort, ventilation ST, WV 

58 Salata et al. 
(2015) [284] Rome (Italy) RANS / 

YMEE 
thermal comfort, mitigation, vegetation, 

materials (albedo), specific forms (courtyard) 
AT, MRT, 

PMV 

59 Yang et al. 
(2015) [285] Taipei (Taiwan) RANS / RKE case comparison, thermal comfort, urban 

design, vegetation, specific forms (squares) AT, WV 

60 An et al. 
(2015) [286] Hong Kong (China) RANS / 

YMEE 
case comparison, water body, vegetation, 

district comparison, sustainability AT 

61 Wang et al. 
(2015) [287] Toronto (Canada) RANS / 

YMEE 
Vegetation, materials (albedo), district 
comparison, mitigation, urban form 

AT, MRT, 
ST 

62 Cao et al. 
(2015) [288] Guangzhou (China) Not specified Orientation, thermal comfort, urban design, 

ventilation, materials (albedo) AT, WV 

63 Lobaccaro et al. 
(2015) [289] Bilbao (Spain) RANS / 

YMEE 
Canyon, vegetation, thermal comfort, case 

comparison, aspect ratio 

AT, MRT, 
PET, RH, 
ST, WV 

64 Radhi et al. 
(2015) [290] Amwaj islands 

(Bahrain) 
RANS / 
RNGKE 

energy (building), thermal comfort, urban 
design, vegetation, water body 

AT, BEC, 
MRT, PMV, 

WV 

65 Girgis et al. 
(2015) [291] Cairo (Egypt) RANS / 

YMEE, STKE 
turbulent heat fluxes, case comparison, CHTC, 

thermal comfort, specific forms (square) AT, ST 

Abbreviations: AKN k-ε [149] (AKNNE); Chen-Kim Extended k-ε (CKEKE) [150]; Deardorff Subgrid-scale [159] (DSGS); Durbin 
k-ε [151] (DKE); Eddy Diffusivity [101] (ED); Low Reynold Number k-ε [149,152] (LRNKE); Miao E-ε [153] (MEE); Modified k-ε 
[131] (MDKE); Realizable k-ε [154] (RKE); RNG k-ε [155] (RNGKE); Smagorinsky-Lilly Subgrid-scale [160];  SST k-ω [156] 
(SSTKW); Standard k-ε [157] (STKE); Yamada and Mellor E-ε [158] (YMEE). Air change rate (1/hour) (ACH); Air quality index 
(-) (AQI); Air temperature (°C) (AT); Building energy consumption (W) (BEC); Convective heat transfer coefficient (W/m2K) 
(CHTC); Dry-bulb temperature (°C) (DBT); Economy (currency) (ECN); Froude number (-) (Fn); Heat flux (w/m2) (HF); Indoor 
air temperature (°C) (IAT); Mean radiant temperature (°C) (MRT); Physiological equivalent temperature (°C) [161] (PET); 
Predicted mean vote (-) [162] (PMV); Extended PMV (-) (EPMV) [163]; Pressure (coefficient) (CP); Pollutant concentration (%) 
(PC); Pressure distribution (PD); Relative humidity (%) (RH); Richardson number (-) (Ri); Sky view factor (-) (SVF); Solar access 
index (-) (SAI); Solar radiation (W/m2) (SR); Standard effective temperature (°C) [164] (SET); Statistical Performance Indicators 
(various, e.g. Correlation coefficient)(SPI); Surface temperature (°C) (ST); Temperature-humidity index (-) (THI); Temperature of 
equivalent perception (°C) [165] (TEP); Thermal Sensation Perception [166] (TSP); Turbulence dissipation rate (m2/s3) (TDR); 
Turbulent kinetic energy (m2/s2) (TKE); Universal thermal climate index (°C) [167] (UTCI); Ventilation rate (l/minute) (VR); 
Water vapor fraction (%) (WVF); Wet black globe temperature (°C) (WBGT); Wind comfort index (-) (WCI); Wind velocity (m/s) 
(WV); Wind velocity vectors (WVV). 

 

2.2.2.2 Studies with validation 

Validation of CFD studies for real urban areas is typically performed with data from on-site 
(field) measurements. Wind-tunnel measurements focusing on real urban areas can be 
challenging as the representative models of real, complex urban formations are more difficult 
(and often more expensive) to build than generic forms and they are often larger, hence might 
be difficult to fit into a wind tunnel. 

Similar to CFD in general and for CFD studies on urban microclimate, verification and 
validation are essential actions towards accurate and reliable results [16,29,45,74–
77,80,82,86,128,292–304]. Even in today’s era of numerical climate models, new field 
measurements are being conducted for this purpose [17,305].  
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CFD urban microclimate studies in the sub-category “real urban areas – with validation” 
include validation based on one or more of the simulation parameters with measurements. We 
note that studies on the CFD validation of urban flow patterns in terms of velocity fields are 
often conducted for isothermal conditions and as such are not within the scope of this review. 
For real urban areas, the field measurement of air temperature is relatively straightforward and 
especially in the last years, many campaigns are undertaken for measurement data, although the 
suitability and availability of these data for scientific use and especially for validation can be a 
limitation. The reason is that the complexity and inherent variability of the meteorological 
conditions not only require careful measurement of a large number of parameters (to be used 
as boundary conditions in the simulations) but also a very complete reporting of urban area, 
measurement set-up, measurement accuracy, etc., without which a detailed and thorough 
validation exercise will not be possible [296,301,306,307]. The sub-category “real urban areas – 
with validation” contains 57 studies, 47 of which use air temperature as one of the validation 
parameters. The studies belonging to this sub-category are summarized in Table 2.4. 

Similar to the studies on real urban areas without validation, all the studies in this sub-
category employed the RANS equations. However, different from the studies without 
validation, studies in this sub-category have radiation as a relatively popular keyword (16 of 57 
studies). That is mostly because recent studies on human thermal comfort demonstrated the 
importance of thermal radiation (e.g. mean radiant temperature) on thermal comfort levels. 
Therefore, studies try to validate their CFD simulation results based on radiation parameters.  

The five most commonly used keywords in this sub-category are thermal comfort/heat 
stress (29 of 57 studies), vegetation (28 of 57 studies), materials/albedo (19 of 57 studies), case 
comparison (20 of 57 studies) and radiation (16 of 57 studies). On the other hand, keywords 
such as energy budget, economy, optimization, surface heating and thermal stability do not 
occur as keywords9 in any of these 57 studies.  

 
 

Table 2.4: Overview of studies in the sub-category “real urban areas – with validation.” 

# Authors 
(year) Ref. Location 

(Country) 
Equations / 

Models 
Validation 
parameter Keywords Parameters 

1 
Takahashi et 

al. 
(2004) 

[308] 
Several locations 

in Kyoto City 
(Japan) 

RANS / 
MDKE ST 

Turbulent heat fluxes, heat transfer, 
coupling, model development, diurnal 

variation 
AT, ST 

2 Chen et al. 
(2004) [309] Shenzhen City 

(China) 
RANS / 
MDKE ST 

Heat transfer, thermal comfort, 
turbulent heat fluxes, building form 

(façade), coupling 

AT, MRT, 
RH, SET, ST, 

WV 

3 Huang et al. 
(2005) [310] Tokyo  

(Japan) 
RANS / 
STKE AT, WV Coupling, model development, thermal 

comfort, pedestrians, heat transfer 
AT, RH, SET, 

WV 

4 
Emmanuel 

and Fernando 
(2007) 

[311] 
Colombo (Sri 

Lanka) and 
Phoenix (USA) 

RANS / 
YMEE AT 

Climate sensitive design, vegetation, 
urban density, materials (albedo), urban 

form 
AT, MRT 

5 
Emmanuel et 

al. 
(2007) 

[312] Colombo  
(Sri Lanka) 

RANS / 
YMEE AT 

Urban morphology, materials (albedo), 
vegetation, thermal comfort, radiation 

(shading) 

AT, MRT, 
PET, ST 

                                                                    
9 Although these words might be used within the text itself, here, they are not present in the keyword 
categories as extracted from the abstract and the list of keywords. 
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6 Ashie et al. 
(2007) [313] Central Tokyo, 

Tokyo (Japan) 
RANS / 
STKE AT 

Wind, model development, building 
form (height), district comparison, 

materials 
AT, WV 

7 Yamaoka et al. 
(2008) [314] Mido-Suji Street, 

Osaka (Japan) 
RANS / 
MDKE AT Canyon, water body, building form 

(height), materials, vegetation 
AT, MRT, 
SET, WV 

8 
Priyadarsini et 

al. 
(2008) 

[315] CBD, Singapore 
(Singapore) 

RANS / 
STKE AT, WV Building form (façade), materials, 

mitigation, canyon, aspect ratio AT, WV 

9 Kakon et al. 
(2009) [316] Dhaka 

(Bangladesh) 
RANS / 
YMEE AT Canyon, diurnal variation, thermal 

comfort, urban density, urban planning 

AT, RH, ST, 
SVF, THI, 

WV 

10 Kakon et al. 
(2010) [317] 

Dhanmondi, 
Dhaka 

(Bangladesh) 

RANS / 
YMEE AT Building form (height), thermal comfort, 

urban density, pedestrian, canyon 

AT, MRT, 
RH, ST, SVF, 

THI, WV 

11 Jee et al. 
(2010) [318] Suwon (South 

Korea) 
RANS / 
STKE WV Vegetation, materials, coupling, 

turbulent heat fluxes, radiation (shading) AT, ST, WV 

12 Krüger et al. 
(2011) [319] 

XV de Novembro 
Street, Curitiba 

(Brazil) 

RANS / 
YMEE WV Thermal comfort, radiation (SVF), urban 

planning, wind (flow), urban form 
MRT, SVF, 

WV 

13 Yang et al. 
(2011) [320] Shanghai  

(China) 
RANS / 
YMEE AT 

Climatic design, materials (albedo), 
vegetation, thermal comfort, case 

comparison 

AT, MRT, 
PET 

14 Gaitani et al. 
(2011) [321] 

Messolongiou 
Square, Athens 

(Greece) 
Not specified AT, WV 

Bioclimatic design, materials (albedo), 
vegetation, radiation (shading), case 

comparison 
AT, WV 

15 Chow et al. 
(2011) [322] 

Arizona State 
University, 

Phoenix (USA) 

RANS / 
YMEE AT Material, vegetation, diurnal variation, 

urban form, orientation AT 

16 Chen and Ng 
(2012) [323] 

The Central 
Market, Hong 
Kong (China) 

RANS / 
YMEE AT, MRT Thermal comfort, vegetation, urban 

planning, case comparison, pedestrians 
AT, MRT, 

PET 

17 Zhang et al. 
(2012) [324] 

The Hong Kong 
Polytechnic 

University, Hong 
Kong (China) 

RANS / 
RNGKE,  

STKE 
PR 

Ventilation, thermal comfort, 
orientation, seasonal variation, urban 

density 

PR, PMV, 
WV 

18 
Chow and 

Brazel 
(2012) 

[325] 
Tempe and West 
Phoenix, Phoenix 

(USA) 

RANS / 
YMEE AT Vegetation, case comparison, mitigation, 

sustainability, thermal comfort AT, MRT 

19 Liu et al. 
(2012) [326] Downtown 

Beijing (China) LES / SLSGS AT, WV Coupling, pollutant dispersion, wind, 
model development, heat transfer AT, HF, WV 

20 Shahidan et al. 
(2012) [327] Putrajaya 

(Malaysia) 
RANS / 
YMEE AT, ST Urban design, mitigation, vegetation, 

energy (building), materials (albedo) AT, BEC, ST 

21 Ma et al. 
(2012) [328] Shenzhen (China) RANS / DKE ST, WV Radiation (solar), pedestrian, model 

development, coupling, materials 
AT, RH, ST, 

WV 

22 Ng et al. 
(2012) [329] Tsuen Wan, Hong 

Kong (China) 
RANS / 
YMEE AT Urban density, vegetation, aspect ratio, 

urban planning, case comparison AT 

23 Maras et al. 
(2013) [330] 

Aachen Central 
Station, Aachen 

(Germany) 

RANS / 
YMEE PMV 

Heat stress, vegetation, urban density, 
specific forms (squares), case 

comparison 
PMV 

24 Yang et al. 
(2013) [331] 

Metropolitan 
Guangzhou / 

(China) 

RANS / 
YMEE AT, HF, ST Radiation (solar), heat transfer, materials 

(albedo) , heat fluxes, diurnal variation 
AT, HF, RH, 

ST 

25 
Carnielo and 

Zinzi 
(2013) 

[332] 
Prati 

Neighbourhood, 
Rome (Italy) 

RANS / 
YMEE ST 

Materials (albedo), case comparison, 
energy (building), diurnal variation, 

radiation (reflections) 
BEC, ST 
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26 Peng and Jim 
(2013) [333] 

Several locations 
in Hong Kong 

(China) 

RANS / 
YMEE AT 

Vegetation, case comparison, 
sustainable, diurnal variation, thermal 

comfort 

AT, PET, 
PMV 

27 Müller et al. 
(2013) [334] Oberhausen 

(Germany) 
RANS / 
YMEE AT, RH Adaptation, thermal comfort, vegetation, 

radiation (shading), water body AT, RH, PET 

28 Goldberg et al. 
(2013) [335] 

Friedrichstadt and 
Altstadt, Dresden 

(Germany) 

RANS / 
YMEE AT, SR 

Urban planning, thermal comfort, 
pedestrian, district comparison, case 

comparison 

AT, SR, 
UTCI 

29 
Srivanit and 

Hokao 
(2013) 

[336] 
Honjo Campus of 
Saga University, 

Saga (Japan) 

RANS / 
YMEE 

AT, RH, 
SR, WV 

Vegetation, pedestrian, case comparison, 
building form (roof), diurnal variation 

AT, RH, SR, 
WV 

30 Su et al. 
(2014) [337] HoHai University, 

Nanjing (China) 
RANS / 
YMEE AT Vegetation, coupling, sustainable, urban 

form, district comparison AT 

31 
Hedquist and 

Brazel 
(2014) 

[338] Central Phoenix, 
Phoenix (USA) 

RANS / 
YMEE AT 

Thermal comfort, seasonal variation, 
district comparison, pedestrian, 

materials 
AT, PMV, ST 

32 Middel et al. 
(2014) [339] Phoenix (USA) RANS / 

YMEE AT, ST Urban form, urban design, vegetation, 
case comparison, radiation (shading) AT, ST 

33 
Maggiotto et 

al. 
(2014) 

[340] Several locations 
in Lecce (Italy) 

RANS / 
YMEE AT 

Coupling, diurnal variation, model 
development, statistical analysis, heat 

transfer 
AT, RH, SPI 

34 Zoras et al. 
(2014) [341] Central Florina, 

Florina (Greece) Not specified AT, ST, 
WV 

Bioclimatic design, materials, thermal 
comfort, case comparison, radiation 

(reflections) 
AT, ST, WV 

35 Park et al. 
(2014) [342] 

British Columbia 
(Canada); 

Changwon (South 
Korea) 

RANS / 
YMEE SR Pedestrian, thermal comfort, district 

comparison, coupling, urban form 

AT, MRT, 
RH, SR, ST, 
UTCI, WV, 

36 Tang et al. 
(2014) [343] Shang-gan-tang 

village (China) 
RANS / 
STKE AT Bioclimatic design, urban planning, 

vegetation, sustainable, water body AT, WV 

37 Minella et al. 
(2014) [344] 

Railway Station, 
Geneva 

(Switzerland) 

RANS / 
YMEE 

AT, MRT, 
RH, SR, 

WV 

Thermal comfort, vegetation, case 
comparison, urban design, urban form 

AT, MRT, 
RH, SPI, SR, 
UTCI, WV 

38 Skelhorn et al. 
(2014) [345] 

Several locations 
in Manchester 

(England) 

RANS / 
YMEE AT, ST 

Vegetation, adaptation, climate (change), 
building form (height), district 

comparison 
AT, ST 

39 Du et al. 
(2014) [346] Chongqing 

(China) 
RANS / 
STKE AT, WV Building form, thermal comfort, diurnal 

variation, wind, energy (building) 
AT, BEC, 

WV 

40 Dimoudi et al. 
(2014) [347] Center of Serres 

(Greece) 
RANS / 
STKE 

AT, ST, 
WV 

Materials, bioclimatic design, mitigation, 
case comparison, radiation (reflections) AT, ST, WV 

41 

Acero and 
Herranz-
Pascual 
(2015) 

[348] Several locations 
in Bilbao (Spain) 

RANS / 
YMEE 

AT, MRT, 
WV 

Thermal comfort, district comparison, 
diurnal variation, statistical analysis, 

urban form 

AT, MRT, 
PET, WV 

42 Wang et al. 
(2015) [349] Assen 

(Netherlands) 
RANS / 
YMEE AT 

Radiation (shading), vegetation, diurnal 
variation, seasonal variation, thermal 

comfort 

AT, PMV, 
SPI 

43 
Tominaga et 

al. 
(2015) 

[148] Central Hadano 
(Japan) 

RANS / 
RNGKE AT, RH Water body, case comparison, model 

development, wind, diurnal variation 
AT, RH, ST, 

WV 

44 Tan et al. 
(2015) [350] 

Tsim Sha Tsui 
and Sham Shui 
Po, Hong Kong 

(China) 

RANS / 
YMEE MRT, ST Vegetation, mitigation, urban density, 

urban form, radiation (SVF) 

AT, HF, 
MRT, ST, 
SVF, WV 

45 Salata et al. 
(2015) [351] 

Sapienza 
University, Rome 

(Italy) 

RANS / 
YMEE 

AT, MRT, 
RH, SR 

Thermal comfort, case comparison 
specific forms (courtyards), material, 

mitigation 

AT, MRT, 
RH, SR, WV 
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46 
Emmanuel 

and Loconsole 
(2015) 

[352] 
Several locations 

in Glasgow 
(Scotland) 

RANS / 
YMEE AT Coupling, vegetation, different districts, 

adaptation, climate (future scenarios) AT, ST 

47 Gracik et al. 
(2015) [353] 

Penn State 
Campus, 

University Park 
(USA) 

RANS / 
RNGKE, 

RKE 
AT Urban density, diurnal variation, 

coupling, energy (building), wind AT, BEC, ST 

48 Toparlar et al. 
(2015) [146] 

Bergpolder Zuid, 
Rotterdam 

(Netherlands) 
RANS / RKE ST 

Building form, adaptation, thermal 
comfort, model development, urban 

form 
AT, ST, WV 

49 Janicke et al. 
(2015) [354] 

Berlin Institute of 
Technology, 

Berlin (Germany) 

RANS / 
YMEE 

AT, MRT, 
RH 

vegetation, thermal comfort, case 
comparison, adaptation, building form 

(façade) 

AT, MRT, 
RH 

50 Song and Park 
(2015) [355] 

Several locations 
in Changwon City 

(South Korea) 

RANS / 
YMEE AT 

Vegetation, materials, district 
comparison, statistical analysis, radiation 

(reflections) 
AT, SPI, ST 

51 Liu et al. 
(2015) [356] 

Penn State, 
University Park 

(USA) 

RANS / 
MDKE AT Building form, energy (building), CHTC, 

coupling, urban density 
AT, BEC, 

CHTC, ST 

52 Elnabawi et al. 
(2015) [357] 

Al-Muizz street, 
Cairo 

(Egypt) 

RANS / 
YMEE 

AT, MRT, 
RH 

Thermal comfort, climate, urban form, 
pedestrian, radiation 

AT, MRT, 
RH, SR 

53 
Wang and 
Zacharias 

(2015) 
[358] 

Zhongguancun 
West in the CBD 

of Beijing  
(China) 

RANS / 
YMEE AT Vegetation, mitigation, sustainability, 

thermal comfort, urban design 
AT, ECN, 

MRT 

54 Yang et al. 
(2015) [359] 

Central business 
district of 
Singapore 

(Singapore) 

RANS / 
YMEE 

AT, MRT, 
RH, WV 

Aspect ratio, thermal comfort, urban 
form, case comparison, radiation 

AT, MRT, 
PET, RH, 

WV 

55 Peron et al. 
(2015) [360] 

Urban zone of 
Mestre, Venice 

(Italy) 

RANS / 
YMEE AT Mitigation, case comparison, materials 

(albedo), vegetation, building form AT 

56 Zoras 
(2015) [361] Arta (Greece) RANS / 

SSTKW 
AT, ST, 

WV 

Climate sensitive design, adaptation, 
thermal comfort, specific forms (open 

space), case comparison 

AT, ST, TSP, 
WV 

57 Duarte et al. 
(2015) [362] 

Bela vista district, 
Sao Paulo  
(Brazil) 

RANS / 
YMEE AT, SR Vegetation, urban form, urban density, 

thermal comfort, climate 
AT, PET, SR, 

ST, TEP 

Abbreviations: AKN k-ε [149] (AKNNE); Chen-Kim Extended k-ε (CKEKE) [150]; Deardorff Subgrid-scale [159] (DSGS); 
Durbin k-ε [151] (DKE); Eddy Diffusivity [101] (ED); Low Reynold Number k-ε [149,152] (LRNKE); Miao E-ε [153] (MEE); 
Modified k-ε [131] (MDKE); Realizable k-ε [154] (RKE); RNG k-ε [155] (RNGKE); Smagorinsky-Lilly Subgrid-scale [160];  SST 
k-ω [156] (SSTKW); Standard k-ε [157] (STKE); Yamada and Mellor E-ε [158] (YMEE). Air change rate (1/hour) (ACH); Air 
quality index (-) (AQI); Air temperature (°C) (AT); Building energy consumption (W) (BEC); Convective heat transfer 
coefficient (W/m2K) (CHTC); Dry-bulb temperature (°C) (DBT); Economy (currency) (ECN); Froude number (-) (Fn); Heat 
flux (w/m2) (HF); Indoor air temperature (°C) (IAT); Mean radiant temperature (°C) (MRT); Physiological equivalent 
temperature (°C) [161] (PET); Predicted mean vote (-) [162] (PMV); Extended PMV (-) (EPMV) [163]; Pressure (coefficient) 
(CP); Pollutant concentration (%) (PC); Pressure distribution (PD); Relative humidity (%) (RH); Richardson number (-) (Ri); 
Sky view factor (-) (SVF); Solar access index (-) (SAI); Solar radiation (W/m2) (SR); Standard effective temperature (°C) [164] 
(SET); Statistical Performance Indicators (various, e.g. Correlation coefficient)(SPI); Surface temperature (°C) (ST); 
Temperature-humidity index (-) (THI); Temperature of equivalent perception (°C) [165] (TEP); Thermal Sensation Perception 
[166] (TSP); Turbulence dissipation rate (m2/s3) (TDR); Turbulent kinetic energy (m2/s2) (TKE); Universal thermal climate 
index (°C) [167] (UTCI); Ventilation rate (l/minute) (VR); Water vapor fraction (%) (WVF); Wet black globe temperature (°C) 
(WBGT); Wind comfort index (-) (WCI); Wind velocity (m/s) (WV); Wind velocity vectors (WVV). 
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2.3 Comparative analysis of CFD studies on urban microclimate  

2.3.1 Urban setting/location investigated 

Considering generic urban areas, five studies in this sub-category [177,191,216,218,223] 
considered more than one type of urban setting. The majority of generic studies focused on 
generically distributed building blocks (36 of61 studies, or 59.0%), followed by street canyons 
(15 of 61 studies, or 24.6%), open spaces (6 of 61 studies, or 9.8%), urban street canyons (6 of 61 
studies, or 9.8%) and courtyards (3 of 61 studies, or 4.9%). 

Studies for generically distributed building blocks are mostly case comparisons without 
validation and they focus on the effect of different urban geometries (e.g. orientation, density) 
[174,176,178,189,197,223], vegetation patterns [171,193,199], building materials [188] and 
building forms [190,191]. Studies on building blocks that include validation are in most of the 
cases targeted at more fundamental fluid flow or heat transfer aspects [207,210,214,215,225]. 
Studies for street canyons and urban street canyons typically investigate canyon related aspects, 
such as the effect of aspect ratio [175,180,194,224] and wind/ventilation [172,182,184,185,195, 
196,222].  

The majority of the studies on real urban areas are conducted for locations in mid-latitude 
climates and in the developed regions of the world (Figure 2.9). Figure 2.9 seems to indicate a 
lack of variety in the study locations. Although this review comprises 122 studies on real urban 
areas, the number of different cities in these studies is only 74 and the number of countries is 
only 30. Ranked according to the number of studies, the top five urban locations are Phoenix 
(USA) (7 studies), Hong Kong (China) and Cairo (Egypt) (both 6 studies), Tokyo (Japan) (5 
studies) and Wuhan (China) (4 studies). Similarly, the top five countries are China (23 studies), 
Japan (12 studies), USA (11 studies), Germany (9 studies) and Greece (8 studies). 

 
 

 
Figure 2.9: Distribution of the locations of the CFD microclimate studies focusing on real urban areas. Every 
orange dot represents one study. 
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2.3.2 CFD equations/models 

Among the investigated 183 studies, 7 of them did not specify the approximate form of the 
governing equations used. As for the remaining 176 studies, 169 (96.0%) used only RANS, 5 
used only LES (2.8%) and 2 used both LES and RANS (1.1%) as approximate form of the 
governing Navier-Stokes equations.  

A microclimatic CFD simulation that couples the temperature and velocity fields has a 
higher computational cost and the choice of LES over RANS evidently will increase this cost. It 
is expected that the increased computational cost and the often sufficient accuracy of RANS 
[146,304,363,364] are the two main reasons why the vast majority of studies was performed with 
RANS, even though LES is generally considered to be more accurate than RANS 
[19,29,73,86,89,292,300,304,363–368]. Apart from RANS and LES, the third approach often 
used in CFD simulations, that is Direct Numerical Solution (DNS) is not utilized among the 
microclimate studies investigated here. Due to its dominant use in the investigated studies, the 
remainder of this section will focus on the RANS approach. Figure 2.10 shows the distribution 
of the use of turbulence models in these studies. Among the 171 studies using RANS, 6 of them 
[201,210,220,291,324,353] have considered two or more turbulence models. 

The most commonly used turbulence model is the Yamada and Mellor E-ε [158] turbulence 
model (used in 86 studies, or 49% of total). Although this turbulence model is not explicitly 
recommended or adopted in the CFD best-practice guidelines [19,75–78], its popularity results 
from it being the only available turbulence model option in the microclimate simulation tool 
ENVI-Met [168]. The second most popular turbulence model is the standard k-ε [157] model 
(used in 45 studies – 25%).  

 

 
Figure 2.10: Distribution of the turbulence models in studies with RANS. Abbreviations: AKN k-ε [369] 
(AKNKE); Chen-Kim Extended k-ε (CKEKE) [150]; Durbin k-ε [151] (DKE); Eddy Diffusivity [101] (ED); 
Low Reynold Number k-ε [149,152] (LRNKE); Miao E-ε [153] (MEE); Modified k-ε [131] (MDKE); 
Realizable k-ε [154] (RKE); RNG k-ε [155] (RNGKE); SST k-ω [156] (SSTKW); Standard k-ε [157] (STKE); 
Yamada and Mellor E-ε [158] (YMEE). Asterisk sign (*) denotes studies conducted with SSTKW, MEE, ED, 
DKE, LRNKE, AKNKE and CKEKE. 
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Figure 2.11: Percentage distribution of the turbulence models used in the last 6 years for closure in RANS 
studies. ‘Remaining turbulence models’ include AKNKE, CKEKE, DKE, ED, LRNKE, MDKE, MEE, RKE, 
RNGKE and SSTKW. 

The RNG k-ε [155], Realizable k-ε [154] and Modified k-ε [131] turbulence models appear 
to have similar popularity compared with each other. The standard k-ε model [157] is one of 
the most popular turbulence models among CFD studies [76] but as argued in several 
publications [75,95,364], some improved models, such as the realizable k-ε model [154] can 
show better performance in resolving the mean flow field. Figure 2.11 illustrates the use of 
turbulence models over the years 2010-2015 and the popularity of YMEE (the turbulence model 
used in ENVI-met) as mentioned before. The figure also shows that except for the year 2014, 
more recent CFD studies are now using turbulence models other than standard k-ε more often. 

2.3.3 Target parameters 

As shown in the foregoing tables, the majority of the studies considered more than one 
target parameter. Figure 2.12a shows the distribution of the target parameter categories used 
and Figure 2.12b shows the distribution of the seven most used target parameters. Most studies 
considered temperature related parameters, especially air temperature for comparison, 
evaluation or validation purposes. This parameter is followed by wind velocity, surface 
temperature and mean radiant temperature.  

Target parameters related to fundamental fluid flow or heat transfer, such as TKE and 
CHTC, are mostly used in studies with generic urban areas. Among the eight studies that 
considered CHTC as a target parameter, seven were conducted in generic urban domains and 
for the TKE, this ratio is found to be 4/5. This is further evidence that studies on real urban areas 
do not typically consider parameters related to fundamental flow aspects, which can be 
explained by their larger complexity or by their difficulty for collecting measurement data. 
Economic parameters and statistical performance indicators can be used in communicating the 
results from urban microclimate studies to professionals from other disciplines, such as policy 
makers, as these aspects may lead to more generalized conclusions. However, although these 
target parameters are considered in some recent CFD urban microclimate studies, their use is 
still limited, with only 2 of 183 studies using economical parameters and 4 of 183 using statistical 
performance indicators. As CFD has demonstrated its capability for involving multiple scales, 
there is an increasing interest in linking the results from microclimate analysis with building  
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Figure 2.12: Distribution of the studies based on the target parameters considered. a) Target parameter 
categories; b) Seven most used target parameters 

scale aspects, such as building energy consumption and indoor air temperature. Even though 
these parameters are not yet considered quite often (BEC 16 of 183 studies and IAT 1 of 183 
studies), while the oldest study specifying one of these parameters is only from the year 2011 
[182], 11 of these studies are from the last two years, demonstrating the increasing interest. 

2.3.4 Keywords 

As described in Section 2.2, keywords are selected either directly from the provided 
keywords list or from the titles and abstracts of investigated papers. Keywords with similar or 
interchangeable use were grouped in 37 keyword categories and five keywords per study were 
identified, as listed in Tables 2.1-2.4. According to this procedure, the most used three keywords 
in CFD urban microclimate studies are: vegetation (90 studies), case comparison (78 studies) 
and thermal comfort/heat stress (77 studies).  

Apart from the number of studies, in this study, we suggest and apply additional metrics 
for documenting the annual use of the keywords. One of them is the first year a keyword is 
introduced in CFD urban microclimate studies (First Year Index = FYI). A second metric called 
“Weighted Year Index” (WYI) is defined as the weighted average year of a particular keyword’s 
usage:  

𝑊𝑌𝐼 =	
∑ 𝑦 ∗ 𝑘K
KL
KM
∑ 𝑘K
KL
KM

 Eq. 2.1 
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with y the year, y0 the year of the earliest study, yn the year of the latest study (as investigated in 
this study), and ky is the number of times a keyword is used in the yth year. This metric indicates 
the year associated with a keyword’s average use. A lower WYI means that the use of a particular 
keyword is mainly situated in earlier years, while a higher WYI means that the keyword use is 
mainly situated in recent years.  
According to the analysis, of all 37 keywords, the keyword with the highest FYI and WYI is 
“statistical analysis” (FYI = 2014, WYI = 2014.8), while that with the lowest FYI is “wind / flow” 
(FYI = 1998)10 and that with the lowest WYI is “energy budget” (WYI = 2000). The annual use 
of these keywords along with that of the most common keyword (vegetation) is illustrated in 
Figure 2.13. 

A more comprehensive view of the relationship between the historical use of keywords and 
the associated number of studies, or between the FYI and the WYI and number of studies, is 
given in Figure 2.14. This chart graphically demonstrates the number of times each keyword is 
used (by size of the circle), whether a keyword is relatively new or old (indicated by FYI on 
horizontal axis) and whether a keyword is used more often in earlier or more recent years 
(indicated by the WYI on the vertical axis). The average overall metrics for the ensemble of all 
keywords are: average number a keyword is used: 24.7, average FYI: 2004.3 and average WYI: 
2011.9. The latter two numbers define the origin of the coordinate system in Figure 2.14. 

Figure 2.14 shows that the keyword use in CFD studies of urban microclimate has 
transitioned from keywords related to model development (heat energy budget, turbulent heat 
fluxes, model development) to keywords related to urban scale adaptation measures (e.g. 
adaptation, climate sensitive design) and energy (e.g. building energy, sustainable). Highly used 
keywords with large circles in Figure 2.14, such as vegetation, case comparison, thermal 
comfort, materials/albedo and urban design/planning are keywords which are used since the 
early years of this research field and are still very commonly employed. 

2.4 Discussion and future perspectives 

2.4.1 Validation studies 

According to the American Institute of Aeronautics and Astronautics (AIAA), validation is 
“the process of determining the degree to which a model is an accurate representation of the 
real world from the perspective of the intended uses of the model” [370]. According to several 
CFD best practice guidelines [19,75–78,292], CFD simulations should be evaluated critically 
and the results should only be considered reliable after comparing with some measurement 
data. If measurement data are hard to obtain for a specific case, sub-configuration validation 
can be performed for the intended use of the model [19]. One example of a sub-configuration 
validation is the study by Gromke et al. [275] where the authors used a vegetation model which 
is validated with measurement data in separate CFD simulations and then used the same model 
in a real urban area. The advantage of sub-configuration validation can be relevant for complex 
studies with different physical models, as the classical validation of the whole simulation setup 
can be difficult to conduct due to the uncertainty in parameters. 

                                                                    
10 As every study has five keywords, and the earliest study is from the year 1998, the keyword wind / flow 
shares the lowest FYI = 1998 along with other keywords from the same study [237], namely model 
development, vegetation, heat transfer and urban form / morphology. 
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Figure 2.13: The annual use of four of the keywords. a) Statistical analysis (keyword with the highest WYI 
and FYI), b) wind / flow (keyword with the lowest FYI), c) Energy budget (keyword with the lowest WYI) and 
d) vegetation (the most common keyword). 
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Figure 2.14: Chart of historical keyword analysis. The X-axis location of a keyword is determined by the first 
year a keyword is used (FYI); the Y-axis location is determined by the weighted year index (WYI), and the 
amount of studies with each keyword is indicated by the size of the respective orange circle. 

According to this review, the majority of the CFD urban microclimate studies (105 of 183 
studies) are conducted without validation. The percentage share of the studies without 
validation seems to have remained rather stable in the last years, as demonstrated in Figure 2.15. 
However, it is imperative that CFD urban microclimate studies include validation much more 
often to ensure the desired reliability and predictive capability.  

The most common reason for the absence of validation in CFD microclimate studies might 
be the lack of relevant and well-documented measurement data. Measurement campaigns on 
urban areas can have some challenges such as logistic difficulties, data quality issues (e.g. 
ventilated vs non-ventilated temperature measurements) and problems with spatial 
representativeness. Although these challenges remain, difficulties in obtaining relevant data can 
be overcome in a much better-connected World. Internet resources can be a good alternative 
for measurement data as large datasets are now within reach. For instance, surface temperature 
data for various locations around the world can now be obtained from the National Oceanic 
and Atmospheric Administration’s (NOAA) satellite imagery dataset. In one of the plenary 
session presentations during the 9th International Conference on Urban Climate (ICUC9), 
Chapman [371] mentioned the possibility of using low-cost air temperature sensors with WiFi 
network, distributed vastly in urban areas. Such a network could have the potential of becoming  
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Figure 2.15: Distribution of the studies with and without validation for the last five years. 

a part of Internet of Things [372,373] and consequently could provide a large amount of 
measurement data for microclimate researchers. In the future, researchers can investigate such 
resources carefully to find relevant measurement datasets to validate their CFD simulation 
results. 

2.4.2 Urban locations 

Figure 2.9 illustrated the limited variety of studied urban locations. In the article entitled 
Urban Climatology: History, status and prospects, Mills [17] identifies one of the major 
challenges in the urban climatology field as: “acquiring information on the climates of cities in 
less prosperous regions, which are growing rapidly and many of which have tropical climates in 
which there have been few studies”. Although this statement was made referring to urban 
climatology studies in general, CFD urban microclimate studies are following a similar route. 
According to the UN World Urbanization Prospects [2], most of the urbanization expected to 
occur in the 21st Century will take place in the developing regions of the World. Therefore, in 
the future, more studies are needed focusing on urban areas in these regions, especially on the 
ones with high/increasing populations (e.g. African continent, India, Latin America).  

Another observation in the location analysis is the relation between the study location and 
the physical location of the respective research groups. Mostly, research groups with expertise 
in CFD urban microclimate studies investigate the city in which they are located or to which 
they are closely situated. In the future, researchers should aim at expanding the CFD knowledge 
to various parts of the World and should not limit themselves to their own vicinity.  

Most of the reviewed papers focus on the negative consequences of the UHI effect (e.g. on 
heat stress, energy demand). Therefore, adaptation/mitigation measures aiming mostly at 
temperature reductions are proposed and scientifically tested for implementation in the various 
parts of the World. However, the UHI effect may not necessarily always cause negative 
consequences. The numerical study by Hirano and Fujita [11], focusing on the climate and 
building stock of Tokyo has shown that for residential buildings, the UHI effect can have a net 
positive effect on the building energy demand on a yearly basis. It is safe to assume that if a city 
is located in colder climate zones, the UHI might actually be beneficial. Future CFD studies can 
investigate in more detail the consequences of the UHI effect in the colder parts of the World. 
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Furthermore, the reviewed studies are mostly conducted for cities in the mid-latitudes and 
cities near the arctic circles are not considered often. Among the reviewed studies, the urban 
area closest to the Arctic or Antarctic Circle, was Glasgow [352]. Some higher latitude cities, 
such as Oslo, Stockholm or Moscow can be considered in future CFD urban microclimate 
studies and new information can be gained. Note that the lack of urban planning and urban 
microclimate studies in the arctic regions is mentioned in a recent study by Ebrahimabadi et al. 
[374]. Similarly, (sub)tropical regions are not often considered in CFD microclimate studies. 
According to Roth [375], among all the urban climate studies, studies on sub(tropical) regions 
constitute less than 20% and according to the present review, this ratio is 8% (15 of 183 studies). 

2.4.3 CFD equations/models  

Almost half of the investigated studies used the ENVI-Met [168] software. This software 
combines several physical phenomena (e.g. fluid flow, heat transfer, mass transfer, vegetation 
interactions) for urban microclimate analysis. Limited modeling options in the software, such 
as the availability of only one turbulence model (Yamada and Mellor E-ε [158]), the limited 
options for grid generation and the lack of information about wall functions, can be considered 
as drawbacks. Such limitations and their possible implications on the results are mentioned in 
several studies which were included in this review [175,312,319,333,339,349].  

After the Yamada and Mellor E-ε [158], the second most commonly used turbulence model 
is the standard k-ε turbulence model [157]. Over the years, the standard k-ε turbulence model 
has been used in many CFD studies but it is well-known that with this turbulence model, the 
production of kinetic energy near the frontal corners of buildings is overestimated and that the 
turbulent kinetic energy in wake regions is underestimated (e.g. [76,376]). Various CFD best 
practice guidelines [19,76,77] referred to this problem and advised the use of other turbulence 
models, such as realizable k-ε [154]. Among the reviewed studies, the standard k-ε turbulence 
model [157] is used many times (45/183 studies) but turbulence models such as realizable k-ε 
[154] (used in 11 of 183 studies) or RNG k-ε [155] (used in 11 of 183 studies) are gaining 
popularity. Among the 22 studies using one of these two turbulence models (realizable and RNG 
k-ε), 17 are published in the last three years. 

In many CFD review papers and best practice guidelines on urban flow fields, LES is 
reported as superior to RANS simulations in terms of results accuracy compared with 
measurements [19,29,73,86,89,292,300,304,363–368]. According to this review, the LES 
approach is not yet very popular for urban microclimate studies, as only less than 5% of studies 
followed this approach. Computational requirements and the lack of best practice guidelines for 
the use of LES can be the two main reasons for this. However, in the near future, rapid 
developments in the computational resources can and should result in more studies with LES 
approach.   

2.4.4 Target parameters 

Most of the CFD urban microclimate studies focused on parameters related to temperature, 
wind flow, thermal comfort and heat transfer. CFD has repeatedly demonstrated its predictive 
capability in validation studies focusing on different parameters. The three most commonly 
used parameters are air temperature (151/183, 82.5%), wind velocity (90/183, 49.2%) and 
surface temperature (64/183, 35.0%). 
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Measurement data for air temperatures is relatively easier to obtain compared with surface 
temperatures and thus are used more often. The accurate prediction of surface temperatures 
can be harder as surface heat transfer modeling requires appropriate near-wall modeling. 
Therefore, validation of surface temperatures can be a more vigorous test for the predictive 
capability of CFD simulations.  

Some past studies used the percentage difference in predicted and measured temperatures 
for evaluating the simulation performance. Such comparisons can be improved in the future, as 
the outcome of percentage difference in temperatures would be different for every temperature 
unit. For validation studies, dimensionless parameters and/or statistical performance measures 
can be used more frequently to evaluate the performance of simulation approaches.  

CFD and complementary numerical tools can be used to link climate studies from different 
scales. For instance, the results from urban microclimate simulations can be employed as 
boundary conditions for simulations at building or indoor scale. This is necessary to accurately 
assess the effect of urban microclimate on building energy demand and/or indoor ventilation. 
This review showed that target parameters such as building energy consumption and ventilation 
rate are not very common; though parameters related to building energy consumption have an 
increasing popularity. Future studies can focus on these parameters, which can create a 
deterministic link between urban design and building design [377]. 

The relevance of urban climatology for urban designers and policy makers is mentioned in 
several review studies [17,378–380]. Policy makers and/or professionals responsible for public 
resources (e.g. local municipalities) are interested in the economic consequences of planned 
adaptations or modifications in urban areas [381].  In the past, microclimate studies (not with 
CFD approach) have showed the positive economic consequences of adaptation measures on 
key issues such as energy demand, thermal comfort and human productivity. CFD simulations 
can be coupled with financial models to obtain deterministic results on the economic aspects of 
adaptation measures. So far, the reviewed studies showed that the economic aspects are almost 
never considered with a relevant target parameter. The missing link between fundamental 
microclimate studies and the economic consequences can be an important aspect in the near 
future.  

2.4.5 Keywords 

The keywords can be classified in four categories based on the quadrants in Figure 2.14.  
Keywords with low FYI and low WYI, such as heat transfer, model development, energy 

budget and turbulent heat fluxes were mainly used in the earlier studies and are not used very 
often in the later studies. With more validated CFD approaches, research efforts have shifted 
from the development of new models to case studies.  

Keywords with low FYI and high WYI, such as materials/albedo and vegetation are used in 
CFD urban microclimate studies since the early 2000s and they are still used very often. 
Vegetation is the most common keyword as many studies investigated the effect of street trees, 
urban parks and green roofs/facades since the early years of this research field and still, similar 
studies are conducted for different cities. 

Keywords with high FYI and high WYI are not used very often yet, because they are very 
recent. Among the new keywords with high WYI values, adaptation/mitigation and climate 
sensitive design are gaining popularity not only among the CFD studies but also among studies 
with different methodologies [20,382]. New keywords such as “sustainable” and “climate” 
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demonstrate the effect of the popularized sustainable development challenge on this research 
field. 

Keywords with high FYI but with low WYI values, such as model coupling, thermal stability 
and optimization refer to studies, which are recent but are not very common. Typically, studies 
with these keywords are very specialized. For instance, the “optimization” keyword belongs to 
this group and the parametric optimization of CFD results would require many simulations, 
with a dedicated campaign, which may have affected its FYI and WYI values. 

In the future, many of the new keywords are expected to continue to increase their 
popularity. Among these new keywords, statistical analysis should play an important role in 
testing new models and simulation cases more effectively. The economic aspects of 
adaptation/mitigation strategies should be evaluated with new methods, possibly by linking 
multiple scales. Even though the effects of vegetation and materials on urban microclimate seem 
to be well understood, it might continue being investigated with new case studies and with 
studies performed on generic urban areas to provide general conclusions (or guidelines) for 
professionals from other disciplines. CFD is a useful tool for deterministic judgement and 
researchers in these other disciplines should benefit from this. 

2.4.6 Limitations of the review 

Given the large scope and large number of publications in this topic, some studies had to 
be omitted from this review. As denoted in Section 2.2, this review identified CFD microscale 
studies, which couple velocity field with temperature field on 3D computational domains. CFD 
studies on urban microscale investigating pedestrian wind comfort [82,383,384] and thermal 
comfort [385], are not investigated in this review if their focus was only on the modeling of 
velocity field, without the coupling with temperature. In addition, this review focused only on 
journal papers which are prepared in English language but surely, valuable studies on CFD 
urban microclimate analysis have been published in the past as conference papers (e.g. [386–
388]) or in other languages (e.g. [389,390]).  

2.5 Conclusions 

Considering the trend towards urbanization and the challenge of sustainable habitats, 
studies on urban microclimate will continue to gain popularity in the 21st century. Numerical 
methods to analyze urban microclimate are essential tools for engineers, architects, urban 
planners and policy makers to compare urban design alternatives and to manifest guidelines. 
CFD is one of these numerical tools, which is frequently used in the urban climate at various 
spatial scales. CFD studies on the meteorological microscale, where typical spatial distances are 
less than 2 km, are gaining popularity due to their advantages such as the explicit modeling of 
urban and building geometry and resolving the flow field with high spatial resolution. Though 
gaining popularity, to the best of our knowledge, there has been no review paper yet that is 
dedicated to CFD studies on urban microclimate. 

This study presented a systematic review and analysis of the CFD urban microclimate 
studies that were published in peer-reviewed international journals from 1998 until the end of 
2015. A total of 183 studies were identified which include 3D computational domains and 
couple the velocity and temperature fields. The studies were categorized based on the types of 
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urban areas investigated, real or generic, and on the methodology followed, studies with and 
without validation.  

 For every sub-category, the studies were listed in tabular form based on their 
publication year, location, CFD equations/models, validation parameter (if any), keywords and 
target parameters. A comparative analysis was provided based on the findings.  

From this review, the following conclusions can be made: 
- CFD results should be subjected to detailed validation in the future. This review 

documented that 58% of the existing CFD microclimate studies have not considered 
any validation. In order to improve the reliability and the predictive capability of CFD 
simulations, future studies should collect and employ relevant measurement data to 
support simulation results. 

- Even though CFD urban microclimate studies are gaining popularity, the urban 
locations investigated do not have a large variety. Among the 122 studies focusing on 
real urban areas, only 74 cities from 30 countries have been the subject of CFD 
simulations. Especially for the cities located in the developing regions and in the 
tropics, very few studies can be identified. CFD urban microclimate knowledge needs 
to be expanded to the developing regions of the World. 

- The review documented that 96% of the studies considered RANS simulations only, 
even though LES has the potential to be more accurate in predicting flow field.  

- Among the RANS simulations, 74% used either Yamada-Mellor E-ε or standard k-ε 
turbulence models. The choice of turbulence models can be limited with the availability 
of the software packages. However, detailed validation studies and the resulting 
increased accuracy and reliability of CFD studies will benefit from the availability 
and/or use of more turbulence models. 

- The results from validation studies can be communicated using statistical performance 
indicators, which were not used in the past studies often. Moreover, the target 
parameters can be selected from other spatial scales (e.g. building energy demand) or 
from generic terms (e.g. economy, emissions) for a thorough analysis on the effect of 
microclimate and adaptation measures on humans, buildings and urban 
infrastructure. 

- The themes of CFD urban microclimate studies were documented by investigating the 
keywords they used. According to this investigation, the early CFD urban microclimate 
studies had been conducted for model developments and case studies. In the past few 
years, more studies about urban scale adaptation measures and thermal comfort are 
conducted. Future studies might focus more on systematic studies with multiple scales 
(e.g. mesoscale, building scale) and aspects (e.g. economical) to transfer the gained 
knowledge from urban climatology to routine building and urban design guidelines. 

 
These recommendations are in fact against the current trends observed among CFD urban 

microclimate studies. Future studies on this topic can consider these recommendations to push 
the boundaries of this field for acquiring new knowledge on urban climatology.  
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Nomenclature 

ACH: Air change rate (1/hour) 
AIAA: American Institute of Aeronautics and 
Astronautics 
AKNKE: Abe-Kondoh-Nagano k-ε turbulence 
model 
AMS: American Meteorological Society 
AQI: Air quality index (-) 
AT: Air temperature (°C) 
BEC: Building energy consumption (W) 
BES: Building Energy Simulations 
CFD: Computational Fluid Dynamics 
CHTC: Convective Heat Transfer Coefficient 
(W/m2.K) 
CKEKE: Chen-Kim Extended k-ε turbulence model 
CP: Pressure (coefficient) (-) 
DBT: Dry-bulb temperature (°C) 
DKE: Durbin k-ε turbulence model 
DNS: Direct Numerical Solutions 
DSGS: Deardorff Subgrid-scale 
ε (TDR): Turbulence Dissipation Rate (m2/s3) 
E (TKE): Turbulent Kinetic Energy (m2/s2) 
EBM: Energy Balance Models 
ECN: Economy (currency) 
ED: Eddy Diffusivity turbulence model 
EPMV: Extended PMV (-) 
Fr: Froude number (-) 
FYI: First Year Index (year) 
HF: Heat flux (w/m2) 
HVAC: Heating Ventilation and Cooling 
IAT: Indoor air temperature (°C) 
k (TKE): Turbulent Kinetic Energy (m2/s2) 
LRNKE: Low Reynolds Number k-ε turbulence 
model 
LES: Large-Eddy Simulations 
MDKE: Modified k-ε turbulence model 
MEE: Miao E-ε turbulence model 
MMM: Mesoscale Meteorological Models 
MRT: Mean radiant temperature (°C) 
NOAA: National Oceanic and Atmospheric 
Administration 

NWP: Numerical Weather Prediction 
ω (TDR): Turbulence Dissipation Rate (m2/s3) 
PC: Pollutant concentration (-) (PC) 
PD: Pressure distribution 
PET: Physiological equivalent temperature (°C) 
PMV: Predicted mean vote (-) 
PYI: Percentage Year Index 
RANS: Reynolds-averaged Navier-Stokes 
RH: Relative humidity (%) 
Ri: Richardson number (-) 
RKE: Realizable k-ε turbulence model 
RNGKE: Re-Normalization Group k-ε turbulence 
model 
SAI: Solar access index (-) 
SET: Standard effective temperature (°C) 
SLSGS: Smagorinsky-Lilly Subgrid-scale 
SPI: Statistical performance indicators 
SR: Solar radiation (W/m2) 
SSTKW: Shear Stress Transport k-ω turbulence 
model 
ST: Surface temperature (°C) (ST) 
STKE: Standard k-ε turbulence model 
SVF: Sky View Factor (-) 
TEP: Temperature of equivalent perception (°C) 
THI: Temperature-humidity index (-) 
TSP: Thermal Sensation Perception (-) 
UHI: Urban Heat Island 
UN: United Nations 
UTCI: Universal thermal climate index (°C) 
VR: Ventilation rate (l/minute) 
WBGT: Wet black globe temperature (°C) 
WCI: Wind comfort index (-) 
WV: Wind velocity (m/s) 
WVF: Water vapor fraction (%) 
WVV: Wind velocity vectors 
WYI: Weighted Year Index (year) 
YMEE: Yamada and Mellor E-ε turbulence model 
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Abstract: Considering climate change and the rapid trend towards urbanization, the analysis of 
urban microclimate is gaining importance. The Urban Heat Island (UHI) effect and summer-
time heat waves can significantly affect urban microclimate with negative consequences for 
human mortality and morbidity and building energy demand. So far, most studies on urban 
microclimate employed observational approaches with field measurements. However, in order 
to provide more information towards the design of climate adaptive urban areas, deterministic 
analyses are required. In this study, Computational Fluid Dynamics (CFD) simulations are 
performed to predict urban temperatures in the Bergpolder Zuid region in Rotterdam, which is 
planned to be renovated to increase its climate resilience. 3D unsteady Reynolds-averaged 
Navier-Stokes (URANS) simulations with the realizable k-ε turbulence model are performed on 
a high-resolution computational grid. The simulations include wind flow and heat transfer by 
conduction, convection and radiation. The resulting surface temperatures are validated using 
experimental data from high-resolution thermal infrared satellite imagery performed during 
the heat wave of July 2006. The results show that the CFD simulations are able to predict urban 
surface temperatures with an average deviation of 7.9% from the experimental data. It is 
concluded that CFD has the potential of accurately predicting urban microclimate. Results from 
CFD simulations can therefore be used to identify problem areas and to evaluate the effect of 
climate adaptation measures in these areas such as urban greening and evaporative cooling. 
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3.1 Introduction 

The adverse effect of high temperatures on human morbidity and mortality and energy use 
in buildings has been investigated in various studies about climate change [1–3] and heat waves 
[4–6]. Because of the Urban Heat Island (UHI) effect, the negative consequences of high 
temperatures are even more severe inside urban areas [7–11]. The UHI refers to the fact that 
temperatures in urban areas are generally higher than the surrounding rural areas because 
urban areas retain and release more heat to their local environment. In view of the rapid trend 
towards urbanization [12,13], the design of sustainable and comfortable urban spaces and 
buildings becomes increasingly important [14]. In this perspective, the study of urban 
microclimate is a key element during the design stages of urban settlements, whether it concerns 
a new project or a redevelopment project [15,16]. 

Although there are several subtopics which can be a part of urban microclimate research 
(e.g. wind flow, water balance, energy exchange), the urban temperature field and consequently 
the UHI effect constitute some of the most common subjects covered [17]. According to the 
review paper by Mirzaei and Haghighat [18], techniques to study the urban heat island effect 
can be divided into two groups. One is termed “observational approaches” which can be field 
measurements, thermal remote sensing or small-scale modeling (models built for wind-tunnel 
tests or for measurements in the outdoor environment). The other group is called “simulation 
approaches” which can be either energy balance models or numerical studies using 
Computational Fluid Dynamics (CFD). The main advantage of simulation studies compared to 
observational studies is the possibility to perform comparative analyses based on different 
scenarios. Moreover, as opposed to observational studies, simulations can provide results for 
any relevant variable in the whole computational domain. On the other hand, the main 
drawback of simulation approaches is the necessity to apply several simplifications, as the 
physics underlying the urban microclimate is very complex. Therefore, careful validation of the 
simulations is very important.  

Among the simulation approaches, the energy balance model [19], which is based on energy 
conservation for a control volume, is extensively used in the UHI research. A range of studies 
investigated the parameterization [20–23] and the implementation of this model for various 
urban regions [24–27]. The main weakness of this model is the absence of the velocity field [18] 
which implies the decoupling of temperature and wind flow. Lower wind velocities inside street 
canyons and courtyards cause a decrease in heat transferred out of the local environment, which 
substantially affects the UHI effect [28]. Therefore, the absence of the velocity field is a serious 
limitation in urban microclimate research conducted with energy balance models. In that sense, 
CFD can be a useful tool for coupling temperature and velocity fields, but it requires high-
resolution modeling of urban areas, the knowledge of relevant boundary conditions and 
sufficient computational resources for the simulations [29,30]. As the use of CFD in urban 
physics continues to gain popularity, several guidelines [31–36] have been published to improve 
the quality of the simulations and to limit numerical and physical modeling errors. 

CFD is widely used in urban physics [16,30,37,38]. Applications include pedestrian-level 
wind conditions [37,39–42], pollutant dispersion [43–47], wind-driven rain [48,49], natural 
ventilation [50–53] and thermal environment in urban areas [54–77]. An overview of 24 
previous CFD studies on the thermal environment in urban areas is provided in Table 3.1, 
distinguishing between mesoscale and microscale studies. In a mesoscale CFD simulation, the 
analysis of urban climate spans a larger area than microclimate (scale of a microclimate study is 
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often less than 10 km). Because of the larger scale in mesoscale studies, the buildings are 
generally not modeled explicitly, which means neglecting (or averaging) several contributing 
factors like wind flow inside street canyons and building shapes. This simplification has a direct 
influence on radiative and convective heat transfer and thus on the microscale thermal 
environment. For every study, Table 3.1 indicates which UHI causes were considered. Indeed, 
in order to simulate urban microclimate accurately, several physical phenomena should be 
considered, which can be expressed as UHI causes. Oke [19,28] identified the following possible 
UHI causes (Figure 3.1): 

1) Amplified short-wave radiation gain; 
2) Amplified long-wave radiation gain from the sky; 
3) Decreased long-wave radiation loss; 
4) Anthropogenic heat sources inside urban areas; 
5) Increased heat storage; 
6) Less evapotranspiration; 
7) Decreased turbulent heat transport. 
 

Table 3.1: Overview of CFD studies on thermal environment in urban areas. The entry “Causes considered” 
refers to the list of possible UHI causes by Oke [20,29], which are (1) amplified short-wave radiation gain; 
(2) amplified long-wave radiation gain from the sky; (3) decreased long-wave radiation loss; (4) 
anthropogenic heat sources; (5) increased heat storage; (6) less evapotranspiration and (7) decreased 
turbulent heat transport. 

Authors (year) Ref. Scale Configuration Causes 
considered 

Steady vs. 
unsteady Validation 

Mochida et al. (1997) [54] Mesoscale (3D) No buildings 1, 2, 3, 4, 5, 6 Unsteady Yes 
Bruse and Fleer (1998) [55] Microscale (3D) 3D generic urban 1, 3, 5, 6, 7 Unsteady No 

Ashie et al. (1999) [56] Microscale (2D) 2D street canyon 1, 4, 6, 7 Unsteady No 
Ca et al. (1999) [57] Microscale (2D) 2D buildings 1, 3, 4, 6 Unsteady Yes 

Fujino et al. (1999) [58] Mesoscale (3D) No buildings 1, 2, 5, 6 Unsteady Yes 
Takahashi el al. (2004) [59] Microscale (3D) 3D applied urban 1, 2, 3, 6, 7 Unsteady Yes 

Chen et al. (2004) [60] Microscale (3D) 3D applied urban 1, 3, 4, 6, 7 Unsteady Yes 
Li et al. (2005) [61] Microscale (3D) Single building 1, 2, 3, 5 Quasi-steady Yes 

Murakami (2006) [62] Microscale (3D) 3D generic urban 1, 3, 4, 6, 7 Unsteady No 
Priyadarsini et al. (2008) [63] Microscale (3D) 3D applied urban 1, 4, 5, 7 Unsteady Yes 

Chen et al. (2008) [64] Microscale (3D) 3D generic urban 1, 3, 7 Unsteady No 
Lin et al. (2008) [65] Microscale (3D) 3D generic urban 1, 2, 5, 6, 7 Unsteady No 

Dimitrova et al. (2009) [66] Microscale (3D) 3D generic urban 1, 2, 7 Steady Yes 
Chen et al. (2009) [67] Microscale (3D) 3D applied urban 1, 3, 4, 5, 6, 7 Unsteady No 
Hsieh et al. (2010) [68] Microscale (3D) 3D applied urban 1, 2, 5, 6, 7 Unsteady No 

Memon et al. (2010) [69] Microscale (2D) 2D street canyon 1, 7 Steady Yes 
Memon and Leung (2010) [70] Microscale (2D) 2D street canyon 7 Steady Yes 

Kaoru et al. (2011) [71] Microscale (3D) 3D applied urban 1, 2, 3, 5, 7 Unsteady No 
Berkovic et al. (2012) [72] Microscale (3D) 3D generic courtyard 1, 2, 3, 5, 6, 7 Unsteady Yes 

Ma et al. (2012) [73] Microscale (3D) 3D applied urban 1, 2, 5, 6, 7 Unsteady Yes 
Bo-ot et al. (2012) [74] Microscale (3D) 3D generic urban 3, 4, 7 Unsteady No 

Qu et al. (2012) [75] Microscale (3D) 3D generic urban 1, 2, 3, 5, 7 Unsteady No 
Yang et al. (2013) [76] Microscale (3D) 3D applied urban 1, 2, 3, 5, 6, 7 Unsteady Yes 

Allegrini et al. (2014) [77] Microscale (2D) 2D street canyon 7 Steady Yes 
Present study [-] Microscale (3D) 3D applied urban 1, 2, 3, 5, 6, 7 Unsteady Yes 
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All these UHI causes negatively affect the urban thermal environment. Amplified short-
wave radiation gain refers to the fact that more solar radiation is absorbed due to multiple 
reflections in the urban environment. Amplified long-wave radiation gain from the sky 
originates from the air pollution over urban areas, which causes an additional radiation load. 
Decreased long-wave radiation loss is caused by buildings acting as obstructions and keeping 
part of the long-wave emission within street canyons. Anthropogenic heat sources are those 
resulting from human activity (cars, industry etc.). Increased heat storage in the urban 
environment, caused by the use of construction materials (pavement, asphalt, some building 
materials, etc.), is another important factor affecting the urban thermal environment. Less 
evapotranspiration is associated with the lack of moisture availability inside urban areas (less 
vegetation, less water sources etc.). Decreased turbulent heat transport refers to lower wind 
velocity in courtyards and street canyons and to the resulting decreased convective heat transfer 
and urban ventilation. 

Table 3.1 also indicates the scales of the studies, which type of buildings or urban 
configurations were considered, whether the simulations were steady or unsteady and whether 
a validation study was conducted. CFD can potentially provide accurate information on urban 
wind flow and heat transfer. If it would be shown that accurate results can be obtained for 
complex case studies, such simulations could be used to analyze urban thermal environment 
and to evaluate the effectiveness of adaptation measures in real urban areas. To judge whether 
a proposed CFD approach is capable of performing a complex analysis of urban microclimate, 
the study should be conducted at the microscale with a real (applied) urban case with buildings. 
To model the urban thermal environment correctly, the simulations should consider most of 

 

 
Figure 3.1: Representation of the possible causes of the UHI effect.  
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the “possible causes” and should follow an unsteady approach. Finally, to increase the reliability 
of a CFD approach, validation of the simulation results is required.   

According to Table 3.1, the number of publications about the CFD analysis of urban 
thermal environment has increased over the years. Considering the scales investigated, only a 
few of the mentioned studies are conducted at the mesoscale [54,58]. Studies at the microscale 
with 2D computational domains [56,57,69,70] are common but mostly conducted to investigate 
several fundamental parameters about the flow field or the temperature field. Among the 
remaining studies (microscale 3D), only a few of them have considered an applied urban case 
and supported the results with a validation study [59,60,63,73,76]. The study by Yang et al. [76] 
contains the most complex simulation setup when the number of physical models is considered. 
Although that study has been performed at a real urban area (Guangzhou), the main 
investigation was the thermal behavior of different ground surfaces. In the computational 
domain of Yang et al. [76], only a few buildings were present and the area of interest was not a 
dense urban environment. Therefore, it is necessary to conduct a study which is as 
comprehensive as the one by Yang et al. [76], but focused on a real and complex urban setting. 
This is the focus of the present research. 

This study is a 3D microscale study in which the buildings are modeled explicitly and based 
on a real urban area (3D applied urban configuration). Among the possible UHI causes 
suggested by Oke [19,28], only the effect of anthropogenic heat sources is neglected. The 
simulations consider wind flow and heat transfer (conduction, convection, radiation). They are 
conducted using the 3D unsteady Reynolds Averaged Navier-Stokes (URANS) equations with 
the realizable k-ε turbulence model [78] on a high-resolution and high-quality computational 
grid. Validation is conducted for the surface temperatures during the 2006 heat wave, which 
were measured using satellite imagery and reported by Klok et al. [79]. After the validation 
study, the urban microclimate of Bergpolder Zuid is analyzed and the effect of wind velocity on 
the temperature field is shown.  

In Section 3.2, the problem statement and the urban area are briefly described. In Section 
3.3, the urban geometry, the computational domain, the grid and other computational settings 
and parameters are outlined. Section 3.4 presents the CFD validation for the surface 
temperatures. In Section 3.5, air temperatures inside the urban area are evaluated for an entire 
day. Finally, the paper concludes with Section 3.6 (discussion) and Section 3.7 (conclusion).   

3.2 Problem statement and urban area 

3.2.1 Problem statement 

Several research organizations and consortia have initiated programs and projects on 
climate change adaptation in cities as the Intergovernmental Panel on Climate Change (IPCC) 
has continued to express the importance of adaptation measures [80]. Climate Proof Cities 
(CPC) is a consortium of universities, research institutes, policy makers and city officials that 
aims at performing basic and applied research on climate adaptation of urban areas [81]. It 
includes case studies for several locations in the Netherlands. One of these locations is the 
Bergpolder Zuid region in Rotterdam, located in the Noord district of the city (Figure 3.2). The 
region is planned to be renovated and the CPC consortium evaluates several climate change 
adaptation measures for potential implementation in this region. Because of the densely built 
environment of Rotterdam, basic symptoms of the UHI effect are present, as demonstrated in 



 
 

 

90 Chapter 3 

earlier studies [79,82]. According to Klok et al. [79], average surface temperatures inside 
Rotterdam can reach up to 45°C during heat waves, which is clearly undesirable. Moreover, 
according to the same study, the maximum average surface temperature differences between 
the warmest and the coolest districts of Rotterdam were 12°C during day and 9°C during 
nighttime.  

As mentioned earlier, the numerical analysis of urban microclimate is important during the 
design stages of an urban redevelopment project. The aim of the present study is to analyze the 
accuracy and suitability of CFD for this type of application and to gain more insight in the 
temperature distribution inside the Bergpolder Zuid region under the meteorological 
conditions of a heat wave. 

3.2.2 Urban area and surroundings 

The Bergpolder Zuid region is composed of both residential and office buildings with 
several narrow streets and surrounded by large avenues (Figure 3.2). Here, the classification of 
streets is made with respect to the aspect ratio between the street width and the adjacent building 
height. In general, most of the streets are narrow with an aspect ratio between 1:1 and 2:1. 

 
 

 
Figure 3.2: (a) Location of Bergpolder inside the city of Rotterdam (modified from Wikipedia). (b) Top view 
with the borders of Bergpolder and Bergpolder Zuid (modified from Google Maps). (c) Aerial view of 
Bergpolder Zuid (view from south) (source: Bing Maps). 
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The main color of the building walls is red and the rooftops are commonly grey or dark 
grey. Street materials generally have lighter colors (light grey) compared to the building 
materials. The vegetation levels of the region are fairly low as trees and green fields are mostly 
located in a few small courtyards. The only urban water source is the canal located in the north 
of the region and there are no additional water facilities within the neighborhood, meaning the 
region has low evapotranspiration levels, which is typical of dense metropolitan cities. 

In order to create an accurate geometrical model of the region, official drawings and 
documents were acquired from the Municipality of Rotterdam and from the database of AHN11. 
According to the database, the average height of buildings is 12.6 m with the lowest building 
having a height of 2.8 m and the highest building of 51.0 m.   

Considering the surroundings of the Bergpolder Zuid region, to the south lays the central 
district of Rotterdam and to the north, mainly green fields are found until the city of Delft 
(located in the northwest). Based on the updated Davenport roughness classification [83], the 
aerodynamic roughness length (z0) of the surroundings, which is necessary as input for the CFD 
simulations, is determined as shown in Figure 3.3.  

 

 
Figure 3.3: Terrain surrounding the modeled urban area with a radius of 10 km. The estimated aerodynamic 
roughness length (z0) is shown for different angles. The computational domain used in this study is 
represented by the black hexagon in the middle. 

                                                                    
11 AHN: Actueel Hoogtebestand Nederland (Updated Height data of the Netherlands) http://www.ahn.nl/ 
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The z0 value is determined as a spatial average of the z0 values of the different patches of 
roughness (land use) of the terrain within a 10 km radius upstream of the urban area. A similar 
methodology was followed in previous CFD studies investigating urban wind flow [36, 42]. 

3.3 CFD simulations: computational settings and parameters 

3.3.1 Computational domain and grid 

The computational domain used in this study is hexagonal and contains a circular 
subdomain that includes the buildings (Figure 3.3 and Figure 3.4). The edges of the hexagon are 
1200 m, yielding an area with a maximum distance of 2400 m. The hexagonal domain surrounds 
the circular subdomain, which has a diameter of 1200 m (Figure 3.4). The buildings inside the 
circular subdomain are modeled explicitly (i.e. with their main shape and dimensions) and 
divided into three categories: (1) buildings in Bergpolder Zuid; (2) buildings in the rest of the 
Bergpolder region; and (3) the surrounding buildings. The buildings inside Bergpolder Zuid are 
modeled with high resolution, down to details of 0.5 m. Buildings in the rest of the Bergpolder 
region are modeled more coarsely with details of 1.0 m. As suggested by the CFD best practice 
guidelines [33,35], at least one additional street block around the area of interest (in this case, 
Bergpolder Zuid) should also be modeled. These surrounding buildings should be placed only 
to act as obstacles for the approaching wind flow. They are modeled coarsely with details of 4.0 
m to 8.0 m. Remaining elements like trees, street poles, cars are not modeled, and this issue is 
referred to in the discussion section.   

Outside the circular subdomain, buildings and other urban forms (such as streets, parks, 
roads) are not modeled explicitly but rather they are represented by using appropriate 
roughness parameters in the wall functions. The equivalent sand-grain roughness height (kS) 
and roughness constant (CS) are determined considering their relationship with the 
aerodynamic roughness length [34] at the bottom of the domain. The height of the domain is 
400 m (see Figure 3.4). The maximum blockage ratio is 1.8%, which is less than the 
recommended value of 3% [33,35].  

 

 
Figure 3.4: A representation of the computational domain. 
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Generation of the computational grid is based on the same methodology as introduced by 
van Hooff & Blocken [36], which starts by meshing the ground plane followed by the extrusion 
of the ground surface grid along a third axis for obtaining the three-dimensional grid. The grid 
is finer in the area of interest (Bergpolder Zuid) but as the distance from the target area 
increases, the grid becomes coarser. Special attention is given to the guidelines of Franke et al. 
[33] and Tominaga et al. [35] by using at least ten cells on the building edges and by keeping the 
grid stretching ratio below 1.3. This results in a grid with 6,610,456 hexahedral cells (see Figure 
3.5). 

3.3.2 Boundary conditions 

A flow boundary condition either as velocity inlet or pressure outlet is imposed on each 
outer face of the hexagonal domain, depending on the wind direction simulated. In every 
simulation, three of these boundaries are specified as velocity inlets and the remaining three as 
outlets. Meteorological data used in this study are obtained from the Royal Dutch 
Meteorological Institute (KNMI) by the Rotterdam weather station, which is located near 
Rotterdam airport approximately 4 km northwest of Bergpolder Zuid (Figure 3.3). 

 
 

 
Figure 3.5: a) Aerial view of the Bergpolder region from south (source: Bing Maps); b) Corresponding 
computational geometry; c) Computational grid on the building surfaces and on part of the ground surface. 
The intensity of black lines indicates areas with a higher mesh resolution (6,610,456 cells). 
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At the inlets, a logarithmic mean wind speed profile (U) (m/s) (Eq. 3.1) is imposed with z0 
= 0.5 m or z0 = 1.0 m, depending on the wind direction (Figure 3.3). The reference wind speed 
depends on the meteorological data and varies between 1 m/s and 6 m/s at 10 m height (U10). 

𝑈(𝑧) =	 #	
∗

P
 ln (QRQM

QM
) Eq. 3.1 

Turbulent kinetic energy (k) (m2/s2) and turbulence dissipation rate (ε) (m2/s3) are given by [84]: 

𝑘 = 	
𝑢∗T

U𝐶W
 Eq. 3.2 

𝜀(𝑧) = 	
𝑢∗Y

𝜅(𝑧 + 𝑧[)
 Eq. 3.3 

In these equations, κ is the von Karman constant (= 0.41), u* (m/s) is the atmospheric 
boundary layer friction velocity, Cμ is a constant (= 0.09), z0 (m) is the aerodynamic roughness 
length and z (m) is the height coordinate. At the inlet, a spatially constant air temperature is 
imposed and its value and time dependency is given by the hourly weather data. 

At the walls, the Standard Wall Functions (SWF) [85] are used in combination with the 
sand-grain based roughness modification [86] and the parameters kS (roughness height) and CS 

(roughness constant) are determined from their appropriate relationship with z0. The 
relationship between these parameters depends on the CFD software used. In this study, the 
commercial CFD software ANSYS Fluent 12 is used and for this software, the relationship is 
given as [34]: 

𝑘\ = 	
9.793𝑧[
𝐶\

 Eq. 3.4 

Appropriate and consistent roughness parameters should be specified to obtain a 
horizontally homogeneous ABL in the upstream part of the computational domain [34,84]. 
Horizontal homogeneity implies the absence of stream-wise gradients in the vertical profiles of 
the mean wind velocity and turbulence quantities. The ANSYS Fluent software does not allow 
any kS value higher than zp, which is the distance between the center point of the wall-adjacent 
cell to the wall. Therefore, Cs values are increased instead.  In combination with Eq. 3.4, this 
yields: for the hexagonal domain, kS = 1.39 m and CS = 3.5 (for z0 = 0.5 m) and kS = 1.39 m and 
CS = 7 (for z0 = 1.0 m). Inside the circular domain, the ground plane is modeled as z0 = 0 m.  

Apart from the SWF, the near-wall region could be resolved with low-Re number modeling, 
which would mean placing control volumes in every part of the often very thin boundary layer 
near the wall surface (namely thin viscous sub-layer, the buffer layer and the logarithmic layer). 
However, this modeling approach would require an excessively high grid resolution, which 
would strongly increase the computational load [87]. Although it is stated in various studies that 
the wall functions might not perform well for the calculation of convective heat transfer [88], 
this method is still widely used to calculate convective heat transfer implicitly at the surface [87]. 

The ground plane of the computational domain is modeled implicitly as a 10 m thick earth 
layer with a constant temperature of 10°C at 10 m below ground. The internal air inside the 
buildings is assumed to be at 24°C and building walls are composed of brick materials with 0.4 
m thickness. Material specifications of earth and brick (for building walls and roofs) as used in 
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this study can be found in Table 3.2. The absorptivity and emissivity of the materials provided 
in Table 3.2 have the same values for both shortwave and longwave radiation. Considering the 
fact that the windows are not modelled in the simulations, no transmissivity is considered for 
the building surfaces. Therefore, the shortwave reflectivity or albedo value is (1 – absorptivity). 
Here, it should be noted that the material specifications of earth resemble a generic earth 
material for density, specific heat and thermal conductivity but for reflective properties like 
solar absorptivity and emissivity, specifications are based on light colored concrete. The reason 
for this choice is to resemble the top of the 10 m thick ground plane as light-colored concrete, 
which is the dominant road pavement material in Bergpolder Zuid. The top of the 
computational domain is modeled as a free-slip wall, which assumes zero normal gradients for 
all the variables. At the outlets, zero static pressure is imposed.  

 
Table 3.2: Specifications of the materials used in this study. 

Material Density (kg/m3) Specific heat (J/kgK) Thermal conductivity (W/mK) Absorptivity Emissivity 
Earth 1150 650 1.5 0.60 0.90 
Brick 1400 900 1.7 0.75 0.88 

 
Total solar radiation is also acquired from the hourly weather data (to be shown in Section 

3.4). In this study, the effect of anthropogenic heat sources is omitted. As for evapotranspiration 
in day time, during morning (6:00-11:00 h) and afternoon (15:00-18:00 h) a constant sink value 
of 80 W/m2 is implemented and during noon time, the sink value is 130 W/m2. The sink value 
of evapotranspiration is only applied for the ground plane and not on building surfaces. This 
assumption is in accordance with the observations from previous measurement studies 
[20,27,89] considering heat fluxes inside dense urban areas.  

3.3.3 Other computational parameters 

The 3D URANS equations are solved with the realizable k-ε turbulence model [78] for 
closure. For the radiation equations, the P-1 radiation model is used [90] and the Boussinesq 
approximation is used for buoyancy. For the ground and building walls, a one-directional 
conduction equation, which calculates heat transfer between two sides of the walls, is applied. 
Ideally, a three-dimensional approach can be followed to consider heat transfer within the 
planar directions of the walls, which is an issue that will be discussed later in this study. 
Parameters such as sun direction vector and the diffuse portion of the total radiation coming to 
the surface are calculated with the implemented solar calculator of ANSYS Fluent [90]. The solar 
calculator considers a beam using the position of the sun at any time during a year and applies 
radiative heat flux on all of the wall type boundaries. The absorption of the radiative heat by the 
surfaces depends on the absorptivity values shown in Table 3.2. Heat storage by the solid regions 
is calculated based on the thermal diffusivity (m2/s) of the respective materials. Pressure-velocity 
coupling is handled with the SIMPLE algorithm and pressure interpolation is second order. 
Second order discretization schemes are used for all the convection and viscous terms. Second 
order implicit time integration is used for temporal discretization. Unsteady simulations are 
performed with 15-minute (900 seconds) time steps, and each time step was calculated with 60 
iterations, based on a time-step sensitivity analysis. The scaled residuals at the end of each time 
step reached the following minimum values: 10-4 to 10-5 for x, y and z velocity, 10-4 for k and ε, 
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10-7 for energy and radiation, 10-3 to 10-4 for continuity. All simulations are performed 
considering five consecutive days (120 hours), which corresponds to a total of 480 time steps.  

3.4 CFD simulations: results and validation 

Klok et al. [79] investigated the UHI effect in Rotterdam based on surface temperatures 
obtained from the thermal images acquired during the July 2006 heat wave by the NOAA-
AVHHR12 satellite. AVHRR has a high temporal resolution (able to monitor diurnal behavior 
of surface temperatures) and medium spatial resolution of 1.1 km. The satellite imagery data 
reported by Klok et al. [79] are for 15, 16, 17,18 and 19 July, 2006. Meteorological data for these 
days are depicted in Figure 3.6. The wind direction on 15, 16, 17 and 19 July is mainly from 
north, northeast and east whereas on 18 July some southeast wind was also observed. 

 

 
Figure 3.6: Meteorological data of Rotterdam (based on KNMI-Rotterdam weather station) during 15, 16, 
17, 18 and 19 July 2006. Acquired from the hourly dataset of KNMI for: a) air temperature; b) solar radiation; 
c) wind velocity. 

                                                                    
12 NOAA – AVHRR: US National Oceanic and Atmospheric Administration – Advanced Very High 
Resolution Radiometer 
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The surface temperatures reported by Klok et al. [79] are averaged over each district and do 
not consider any maximum or minimum values. There is only a single value reported per 
district. The data of spatially averaged values do not have any additional information about 
standard deviation and therefore, minimum or maximum surface temperature values cannot be 
compared in this validation study. Therefore, the comparison between the satellite imagery data 
and CFD simulation results is only performed for the spatially averaged values. 

To extract spatially averaged values from the CFD simulations, several sampling points 
located on a grid were placed over Bergpolder Zuid. The number of sampling points was based 
on a sensitivity analysis for a given moment in time. The sensitivity analysis is based on the 
percentage deviation of average surface temperatures (CFD versus measurements) for 12:10 h 
on 15 July 2006, when the measured average surface temperature in the Noord district was 
around 30.5°C. The result of the sensitivity analysis is provided in Figure 3.7. Following the 
sensitivity analysis, 90 sampling points are placed on the building roofs and street surfaces of 
the computational domain of Bergpolder Zuid (see Figure 3.8). The simulation results of 
average surface temperatures are the averages over these 90 points. 

Although simulations are performed for five complete and consecutive days (120 hours), 
Klok et al. [79] have reported average surface temperatures for 42 specific times within these 
five days. At these specific times, the reported average surface temperatures are only 
momentary, which means meteorological conditions at that moment are likely to be different 
from hourly averaged meteorological data. Nevertheless, the CFD simulations have been 
performed with boundary conditions that are updated every hour based on the hourly averaged 
meteorological data. The CFD simulation results are compared with the experimental data in 
Figure 3.9.  

 
 

 
Figure 3.7: Results of the sensitivity analysis. Percentage deviation is calculated based on the satellite imagery 
data recorded at 12:10 h on July 15, 2006 and on CFD simulations for the same moment in time. 

 



 
 

 

98 Chapter 3 

 
Figure 3.8: Location of data points on the building and street surfaces of Bergpolder Zuid. In total 90 (10 x 
9) data points are placed equidistantly. 

In general, a fair to good agreement is observed, especially in terms of diurnal variation. 
The minimum, average and maximum deviations of surface temperature are 0.27% (19th of July, 
18:38 h), 7.9% and 24.2% (16th of July, 8:13 h), respectively. The surface temperature amplitude 
is smaller in satellite imagery data than in the simulations. Deviations are especially present 
during the noontime of 18th of July. 

Different reasons can be held responsible for the deviations between the CFD simulations 
and the reported data from the satellite images:  

1. The one-directional wall conduction approach used at the wall boundaries. In reality, 
some of the heat is transferred in the planar directions of the ground, building walls 
and roofs (for instance in between warm regions and shaded areas), which increases 
the thermal inertia of the respective solid zone. However, with the imposed one-
directional wall conduction, the effect of planar conduction is omitted and thus, the 
ground level is more prone to sudden changes in temperature, which might explain the 
difference in daily surface temperature variance.  

2. The effect of relative humidity. In these five days, relative humidity is very unstable. 
Average daily relative humidity among these five days changes from 49% to 64% and 
within a single day, e.g. on 18 July, it can decrease from 96% to 32% within only 7 hours. 
These sudden changes in relative humidity can influence the results as the humidity is 
not directly considered in the simulations but only indirectly as an 
evapotranspirational sink.  
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Figure 3.9: Comparison of CFD simulation results (CFD) and data from satellite images (EXP) of average 
surface temperatures for five consecutive days. 

3. The comparison of momentary experimental data with CFD simulations based on 
hourly averaged meteorological data. Especially within the days where the hourly 
variation of wind speed and solar radiation is high, hourly data could not be sufficient 
to produce accurate results.  

4. Uncertainties in the reported satellite imagery data. The satellite imagery data reported 
by Klok et al. [79] presents a single value for a specific moment and for an entire district. 
The modeled Bergpolder Zuid region in Rotterdam constitutes only 20% of the 
complete Noord district. Therefore, local conditions in the complete district of Noord 
might not resemble the conditions inside Bergpolder Zuid region at all times. 

5. The thermal stratification of the atmospheric boundary layer (ABL). Considering the 
wind flow, a neutral ABL is assumed to be present in the surface layer with constant 
uniform temperature. Especially during times with low wind speed, the actual flow field 
in the urban environment might deviate from the simulated one because of this 
assumption. 

3.5 Evaluation of the simulation results 

One of the reasons for the UHI effect is the additional heat storage of building materials 
inside urban areas and its release – mainly during nighttime. In Figure 3.10, this mechanism is 
depicted using the CFD simulation results of surface temperature for 16 July 2006. Although at 
23:00 (Figure 3.10d) incoming solar radiation is zero, there is still heat accumulated within the 
urban environment: According to the meteorological data, air temperature at that time is 
around 17.0°C but average surface temperatures are much higher (21.8°C). The heat, which is 
accumulated within the construction materials, is released during the night time, which is 
apparent in Figure 3.9. The average surface temperatures continue to decrease, as long as the air 
temperature is higher. The decrease continues in average surface temperatures continue until 
the sunrise of the next day. 
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Figure 3.10: Contours of simulated temperatures for the Bergpolder region during 16 July 2006 at: a) 5:00 h; 
b) 11:00 h; c) 17:00 h; d) 23:00 h (view from south). 

 
Another important factor contributing to the UHI effect is the decreased turbulent heat 

transport inside urban regions. As the wind velocity might drop significantly in the courtyards 
or in the streets, which are positioned perpendicular to the prevailing wind direction, the 
ventilative cooling effect of the wind is proportionally reduced. Moreover, in these locations, 
convected air close to the hot surface cannot leave the local environment, which decreases heat 
release from surfaces. These effects can be observed by the simulations performed in this study. 
In Figure 3.11, contours of wind velocity at 1 meter height and surface temperatures at 10:00 h 
on 15 July are provided. In the regions with low wind velocity, surface temperatures are 
noticeably higher. Therefore, the methodology used in this study can be considered as a reliable 
source to pinpoint critical locations with possibly higher temperatures during warm and sunny 
days. Further CFD research about urban microclimate can focus on topics to mitigate this 
negative effect, for instance by better ventilation of the streets or by creating airflow through 
courtyards. 
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Figure 3.11: Simulation results for: a) wind velocity (m/s) at 1-meter height; and b) surface temperature (°C) 
for July 15 2006, 10:00 h. Both views are from south. 

3.6 Discussion 

The created urban geometry in this research is based on the drawings and data from the 
municipality of Rotterdam. However, there are elements in reality that are not taken into 
account in the model. Trees, street poles, cars, balconies, canopies and similar details that might 
affect the incoming solar radiation are neglected.  

Due to the scale of this study and the lack of detailed information, the construction 
materials of the buildings and at the ground surfaces are considered to have the same properties 
throughout the domain. In a real urban environment, material use can be different for each 
building and street and this can locally influence the temperature field. 

 The vertical inlet profiles of mean velocity (U), turbulent kinetic energy (k) and turbulence 
dissipation rate (ε) are taken from Richards & Hoxey [84]. These profiles were derived as 
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analytical solutions of the standard k-ε turbulence model. However, they are also commonly 
used as inlet profiles with other turbulence models (e.g. [33, 34, 35, 87, 91]). 

The inlet profiles for U, k and ε used for the simulations in the present study are those for 
neutral stratification of the atmospheric boundary layer [34, 84]. For the fairly low wind speed 
conditions in the present study, using profiles for unstable stratification could have been better. 
However, these profiles might suffer from horizontal inhomogeneity (e.g. [34]), and further 
work on consistent CFD simulation of stable and unstable atmospheric boundary layers is 
required. In addition, it should be noted that the area with explicitly modelled buildings (i.e. 
with their main shapes and dimensions) in the present study is larger than the area of interest 
(Bergpolder Zuid). This way, the incident profiles (i.e. those to which the area of interest is 
subjected) are partly developed by these surroundings buildings and the surrounding ground 
roughness. 

Concerning the validation methodology, space-averaged values for temperature were used 
to show that CFD can be an effective tool for the reproduction of the daily temperature 
variations in an urban area. However, if the focus would be on a smaller scale (i.e. building or 
road surface, a small street), then other, more detailed validation data with a higher spatial 
resolution would have been needed. With the current settings of the simulations for wind flow 
and heat transfer, the present study has demonstrated the capability and potential of CFD for 
predicting urban surface temperatures.  

Water vapor transfer inside urban regions can also affect the temperature field. Especially 
localized sources of evapotranspiration (vegetation or water facilities) can significantly affect 
temperature distribution around the regions where they are located. Note however that in 
Bergpolder, vegetation is very limited and water facilities are absent. In addition, the relative 
humidity in the air might be important for the latent heat transfer in an urban area. In this 
study, water vapor transfer is considered as a sink term of evapotranspiration, which is effective 
only during daytime (between 6:00 h and 18:00 h), and the value for the term is based on 
previous theoretical and observational studies. The evapotranspiration sink term can be based 
upon one of the models developed for energy balance models [20,22] or can be solved coupled 
to the flow and temperature equations, which would require additional computational cost. 

3.7 Conclusion 

Studies on urban microclimate are gaining importance given the possible negative effects 
of high temperatures in urban areas on human mortality and morbidity and building energy 
demand. So far, these studies have been based on observational approaches (e.g. field 
measurements) and simulation approaches about urban microclimate have used mostly energy 
balance models. For the analysis of urban microclimate, the main weakness of energy balance 
models is that the velocity field is not directly modeled. On the other hand, in CFD, velocity 
field can be coupled with temperature field. Therefore, CFD has the potential to be an important 
tool for the deterministic analysis of urban microclimate and consequently for the analysis of 
adaptation measures in building and urban scale. 

This study has presented unsteady CFD simulations considering wind flow and heat 
transfer (conduction, convection and radiation), investigating the Bergpolder Zuid region in 
Rotterdam, the Netherlands. The simulations were performed using the 3D URANS approach 
with the realizable k-ε turbulence model on a high-resolution grid. Most of the factors affecting 
the urban microclimate (shortwave, longwave radiation, wind velocity, evapotranspiration, and 



 
 

 

103 CFD simulation and validation of urban microclimate 

heat storage) were considered within the simulations whereas only the effect of anthropogenic 
heat sources was omitted. 

In order to validate the simulation results of surface temperatures inside the urban area, 
data obtained from satellite images is used. The images were collected during the July 2006 heat 
wave and the results were reported by Klok et al. [79]. Meteorological conditions of the days 
corresponding to the data from satellite images were acquired from the KNMI database. Hourly 
data obtained from the KNMI included wind speed, wind direction, air temperature and solar 
radiation. Simulations are performed with respect to the meteorological data of 15 until 19 July 
2006. Simulation results and reported data were compared and showed fairly good accuracy 
with the simulation results having only an average 7.9% difference with the experimental data 
(minimum deviation is 0.3% and the maximum deviation is 24.2%). The presented CFD 
approach allows analyzing the effect of the heat storage mechanism and the wind-velocity 
pattern on the temperature field. 

It is concluded that CFD has the potential of accurately predicting urban microclimate. 
Results from CFD simulations can therefore be used to identify problem areas and to evaluate 
the effect of adaptation measures such as urban greening and evaporative cooling. Further work 
will therefore focus on the application of the CFD URANS approach for the evaluation of 
climate change adaptation measures. 
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The effect of an urban park on the microclimate 

in its vicinity 

This chapter has been published as: 

The effect of an urban park on the microclimate in its vicinity: A case study for Antwerp, 
Belgium 

Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. International Journal of Climatology 
(online issue) (2018) 

Abstract: An urban park can exhibit a cooling effect not only in the park itself, but also in its 
wake with respect to the prevailing wind. This study investigates the cooling potential of an 
urban park in Antwerp, Belgium focusing on two parameters: (1) intensity of the cooling effect, 
indicating the maximum reduction in air temperature and (2) range of the cooling effect, 
indicating the maximum horizontal distance where a minimum of 0.1°C cooling effect is 
present. Computational Fluid Dynamics (CFD) simulations are performed using the 3D 
Unsteady Reynolds-Averaged Navier-Stokes equations. Coupled simulations of wind flow and 
heat transfer consider all the conductive, convective and radiative heat transfer processes but 
not the longwave radiation heat exchange between buildings, trees and ground. The vegetation 
model used in this study is evaluated with experimental data from an earlier study. Moreover, 
the simulated air temperatures inside the Antwerp city center are compared with available 
measurement data. Following the fairly-good predictions from CFD simulations, results from 
the following cases are compared: (1) base case with the park; (2) a case with an open square 
instead of the park; and (3) a case with representative buildings instead of the park. The results 
indicate a maximum daytime intensity and range of the cooling effect of 3.4°C and 498 m at 
1500 LST (UTC +2, Central European Summer Time). Further analysis shows that the cooling 
effect is more profound closer to the ground. Apart from the day-time cooling effect, the park 
investigated has the potential to lower wind velocities, resulting in increased air temperatures 
during the night time (at 0000 LST) by 0.9°C, although this number might be slightly different 
given the neglect of longwave radiation heat exchange between buildings, trees and ground. 
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4.1 Introduction 

The rapid urbanization of the world population, which is expected to intensify within the 
21st century [1], can result in both beneficial and detrimental consequences for people and 
environment [2,3]. As urban areas replace natural environments with construction materials 
and anthropogenic activities, they form their own, unique microclimates [4]. Research on urban 
microclimate started in the 19th century [5] with the pioneering work by Luke Howard [6,7]. 
Since then, various studies have demonstrated the effect of urban microclimate on building 
energy demand [8,9], human thermal comfort [10–12] and urban infrastructure [13].  

In the past, several adaptation measures have been investigated for their potential to 
influence urban microclimate, mostly to reduce elevated temperatures [9,14–17]. These 
measures can be classified as: using vegetation (e.g. trees) [18–20]; using water bodies [21–23]; 
modifying urban form (e.g. street orientation) [12,24,25]; using alternative materials (e.g. high 
albedo materials) [26–28] and lowering anthropogenic heat (e.g. lowering the number of cars) 
[15,29,30]. 

Vegetation in urban areas is one of the most investigated adaptation measures [14,18,20]. 
Some typical examples of vegetation in urban areas are green roofs, green walls, street trees and 
urban parks. Among these measures, green roofs and green walls have the smallest effect on the 
microclimate [31] whereas street trees have a larger area of influence, depending on the tree 
type, tree density and street canyon geometry [32]. Urban parks stand out among these 
vegetative measures as being spatially the largest. 

Several measurement studies investigated the air temperature differences occurring inside 
urban parks and at nearby urban locations [33–43], which can be as high as 7.0°C [44]. The term 
“park cool islands” is commonly used to denote the localized cool areas parks create [45]. 
However, parks can decrease air temperatures also in their wake regions with respect to the 
prevailing wind. Therefore, the park cooling effect is not necessarily confined to the park area, 
as the effect can be convected further downstream, cooling the park surroundings. Honjo and 
Takakura [46] conceptualized this effect by focusing on two parameters: (1) intensity of the 
cooling effect, referring to the maximum decrease in air temperature and (2) range of the 
cooling effect, referring to the horizontal distance where the park cooling effect is present. In 
Figure 4.1, a schematic representation demonstrating the park cooling effect is provided.  

In the past, several measurement studies were conducted on the park cooling effect focusing 
not only on the area inside the parks but also on their wakes. Saito et al. [47] investigated the 
24,000 m2 Izumigaoka Park in Kumamoto City, Japan. The measured temperature difference 
between inside and outside of the park was DTin-out = 3°C and the cooling effect was reported to 
be noticeable about 20 m further downstream. Ca et al. [48] investigated the cooling effect of a 
100,000 m2 large park in Tokyo, Japan, measuring DTin-out = 2°C and the cooling effect was 
noticeable over an area of 500,000 m2. Upmanis et al. ([49] focused on three parks in 
Gothenburg, Sweden: a small park “Gubberoparken” (24,000 m2); a middle-sized park 
“Vasaparken” (36,000 m2); and a large park “Slottsskogen” (1,560,000 m2) and ΔTin-out were 
measured as 1.7°C, 2.6°C and 5.9°C, whereas the ranges of the cooling effect were measured as: 
negligible, 40 m and 1175 m, respectively. Hamada and Ohta [50] investigated the cooling effect 
of the 1,470,000 km2 Heiwa Park in Nagoya, Japan. The measured cooling effect intensity was 
about 1.9°C and its range was around 500 m. 
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Figure 4.1: Schematic representation of the cooling effect of a park demonstrating two parameters: range of 
the cooling effect and the intensity of the cooling effect. (Modified from Honjo and Takakura [46]) 

Investigating the park cooling effect with measurements poses several challenges. One of 
them is the lack of experimental control inherent in meteorological field measurements [51]. To 
calculate the intensity of the cooling effect, the resulting air temperatures in the wake of the park 
have to be compared with temperatures from another location where the influence of the park 
is negligible. However, the temperature differences in these two points can be the result of 
another factor, which is not controlled in the measurement setup. Another limitation is the 
amount of measurement points. Due to the limited availability of the measurement equipment, 
measurement setups are located at a few specific points in space. The measured range and 
intensity of the cooling effect may be different if the measurement locations were to be switched. 

The park cooling effect can also be assessed with Computational Fluid Dynamics (CFD) 
simulations. CFD is increasingly employed in meteorological microscale studies as it allows 
coupled simulations of wind flow, heat and moisture transfer [52–54]. CFD can be used to 
perform simulations of real situations with full control over the relevant boundary conditions 
and results can be obtained in every point of the domain. To improve the reliability of CFD 
simulations and to quantify uncertainties, the results from CFD simulations should be evaluated 
with measurement data [55–57]. 

In the past, several CFD studies have been performed to assess the park cooling effect 
[46,58–65]. In Table 4.1, an overview of these studies is provided. All these studies reported the 
intensity of the cooling effect caused by the park. However, apart from the study by Honjo and 
Takakura [46], the studies did not specifically mention the range of cooling observed. For the 
study by Duarte et al. [65], the range of the cooling was calculated by the authors of the present 
research as 90 m using the contour plots provided. For the other studies, the extents of the 
domains were not large enough to capture the full range of the cooling effect. Therefore Table 
4.1, the ranges of the cooling from some studies [58,60,62–64] should be considered as 
minimum values. Bowler et al. [20] mention in their review paper that in the literature, a 
systematic analysis on the park cooling effect is lacking and a similar conclusion can be made 
among the studies mentioned in Table 4.1 A systematic analysis on the range of cooling can be 
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conducted by comparing different cases where the park geometry is replaced by other 
geometries.   

This study aims to evaluate the range and intensity of the cooling effect of an urban park in 
Antwerp, Belgium. CFD simulations are performed considering the central Antwerp region and 
the resulting air temperatures are compared with measurement data. The vegetation model used 
in the CFD simulations is evaluated with respect to another set of measurement data. For the 
systematic analysis of the park cooling effect, three cases are compared: (1) Base case with the 
park; (2) case with an urban square instead of the park; (3) case with buildings instead of the 
park. The cooling effect is investigated on the leeward side of the park and the intensity and 
range of the cooling are reported based on the differences among these cases. 

Section 4.2 describes the study area and the measurement campaign. Section 4.3 presents 
the computational settings used. Section 4.4 contains the evaluation of CFD simulation results 
with respect to measurement data and Section 4.5 contains the comparison between different 
cases simulated. Section 4.6 is for discussion and conclusions are given in Section 4.7. 

 
Table 4.1: Overview of CFD studies on the park cooling effect and the positioning of this study. Abbreviations: 
AT: Air temperature (°C); PET: Physiological Equivalent Temperature (K) [66]; SR: Solar radiation (W/m2); 
ST: Surface temperature (°C) 

Author(s) 
(year)  
[Ref] 

Domain Target 
parameter 

Evaluation  
with 

measurement? 
Comparison cases Size of the 

park(s) 
Wind  
speed 

Intensity 
of the 

cooling 

Range of 
the 

cooling 

Honjo and 
Takakura 

(1990) [46] 
2D AT No 

Base case: no park - 

4 m/s at 
200 m 

- - 
Case 1: With park – 1 100 m 1.4°C 290 m 
Case 2: With park – 2 200 m 1.9°C 350 m 
Case 3: With park – 3 300 m 2.0°C 370 m 
Case 4: With park – 4 400 m 2.1°C 375 m 

Dimoudi and 
Nikolopolou 
(2003) [58] 

3D AT No 

Base case: With building blocks - 
2.4 m/s at 

120 m 

- - 
Case 1: Park – 1, instead of a building 100 m2 6°C >30 m 
Case 2: Park – 2, instead of a building 196 m2 7°C >30 m 
Case 3: Park – 3, instead of a building 324 m2 9°C >30 m 

Yu and Hien 
(2006) [59] 3D AT No Base case: With park 120000 m2 1.6 m/s at 

10 m 
- - 

Case 1: Buildings, instead of park - 1.3°C 330 m 
Chow et al.  
(2011) [60] 3D AT Yes Base measurements: Nearby urban 30000 m2 0.8 m/s at 

10 m 
- - 

Case 1: Measurements in the wake of the park 2.9°C >120 m 

Vidrih and 
Medved 

(2013) [61] 
3D AT Yes 

Base case: No park - 
Varies: 

0.1 to 4.5 
m/s  

at 6.9 m 

- - 
Case 1: 6 years old trees, 21 trees per 10000 m2 

19600 m2 

1.6°C 

not 
specified 

Case 2: 20 years old trees, 21 trees per 10000 
m2 3.0°C 

Case 3: 50 years old trees, 21 trees per 10000 
m2 3.7°C 

Goldberg et al. 
(2013) [62] 3D AT, SR Yes 

Base case: With buildings - 
3 m/s at 10 

m 

- - 
Case 1: A park added near the existing 

buildings 9600 m2 0.5°C >150 m 

Declet-Barreto 
et al. (2013) 

[63] 
3D AT, ST No 

Base case: Low vegetation 3000 m2 3.6 m/s at 
10 m 

- - 

Case 1: Increased vegetation 7100 m2 3.0°C >80 m 

Muller et al. 
(2014) [64] 3D PET Yes 

Base case: With buildings - 

3 m/s at 10 
m 

- - 

Case 1: Park – 1 instead of buildings 4000 m2 2.75°C 
(PET) >100 m 

Case 2: Park – 2 instead of buildings 10000 m2 12°C 
(PET) >100 m 

Duarte et al. 
(2015) [65] 3D AT Yes 

Base case: With buildings - 0.5 m/s at 
10 m 

- - 

Case 1: Park, instead of buildings 10000 m2 1.5°C 90 m 

Present study 
(-) 3D AT Yes 

Base case: With park 122000 m2 2.9 m/s 
(average)  
at 10 m 

See section 4.5 Case 1: Urban square, instead of the park  
Case 2: Buildings, instead of the park  
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4.2 Description of the study area and the measurement campaign 

The studied urban area is the center of Antwerp, a city located in the North of Belgium 
(Figure 4.2a). Antwerp has been the subject of urban heat island studies in the past [67]. The 
urban park of interest in this study is Stadspark, located in the city center (Figure 4.2b). The 
triangular park has a southern edge of 500 m long whereas the other two edges are 
approximately 550 m long. The park is mainly composed of trees, grass fields, walking paths 
and a pond. To document the urban heat island effect in Antwerp, the Flemish Institute for 
Technological Research (VITO) operates two measurement stations. The first station is located 
on top of a high school building, namely Koninklijk Lyceum inside the city center (Figure 4.2c) 

 
 

 
Figure 4.2: a) Location of Antwerp in Belgium (red); b) location of the measurement sites and the urban park 
under study (Stadspark); c) location of the urban measurement station and aerial view of the surroundings; 
d) location of the rural measurement station. 
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The measurement equipment is positioned at 7 m height from ground level, 2 m above the 
rooftop. The second station is located inside a bio-farm, approximately 8 km southeast of the 
city center. The measurement equipment is located at 2 m above the ground in an open field 
where the nearest obstacles are over 70 m away. From both of these stations, 15-minute averaged 
data for air temperature, relative humidity, solar radiation, wind speed and wind direction are 
collected from June 2012 until September 2013. The air temperatures were recorded using a 
resistance temperature detector type sensor, which has a maximum error of 0.2°C under a 
maximum solar radiation of 1000 W/m2 [68]. 

To model the region accurately, drawings, geographic information system data and 
documents are acquired from the Antwerp Municipality. The drawings documented all the 
buildings inside the city center and the location of trees taller than 2 m. Building height ranges 
from 3 m to 60 m and average building height is 13.4 m.  

4.3 CFD simulations: computational settings 

4.3.1 Computational domain and grid 

The area of interest in this study, where the buildings and streets are modeled with their 
physical characteristics (explicitly), is specified as the Stadspark and its surroundings up to a 
distance of 850 m away from the park (Figure 4.3). The level of detail of buildings ranges from 
1-2 m for the ones close to the Stadspark to 6-8 m for the ones in the outer parts. The highest 
building inside the domain is 60 m high and this height is denoted as H for the remainder of 
this study. The region outside the area of interest is modeled implicitly where geometrical 
obstacles are represented with an aerodynamic roughness length (z0) (m), specified based on the 
Updated Davenport Roughness Classification [69] for different wind directions. 

A 3D computational domain with a square base is used for this study. According to the best 
practice guidelines, inlet, lateral and top boundaries of the domain should be positioned at least 
5 H away from the explicitly modeled area whereas the outflow boundary should be positioned 
at least 10 H [57] or 15 H [56] away. Recent guidelines [56,57,70] suggest a blockage ratio in the 
streamwise direction of less than 3%. The guidelines by Blocken [70] introduced a new term 
called the directional blockage ratio and suggested the lateral horizontal and vertical directional 
blockage to be less than 17%. Although these limitations of directional blockages lead to a more 
conservative domain dimensioning than the ones by Franke et al. [56] and Tominaga et al. [57], 
they may be more suitable for studies on flow in extensive urban areas. The computational 
domain used in this study follows the more conservative recommendations by Blocken [70] and 
its size is determined as 6500x6500x420 m3 (LxWxHdomain). The dimensioning considers the 
maximum blockage ratio, which is different for every wind direction. For the domain used in 
this study, the maximum blockage ratio is 0.85%, maximum lateral horizontal directional 
blockage is 16.8% and maximum vertical blockage is 14.3%, all of which are within the 
recommended limits.  

The grid (Figure 4.3) is generated following the aforementioned guidelines and accordingly, 
at least 10 cells on the building and tree edges are used while keeping the grid-stretching ratio 
below 1.3. The grid is first generated on the ground plane and later extruded along the height 
axis, based on the methodology introduced by van Hooff and Blocken [71]. The resulting grid 
is composed of 9,078,916 hexahedral cells.  
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Figure 4.3: Computational domain. a) View of the complete domain; b) View of the explicitly modeled part 
of the domain with buildings, trees and streets. c) Aerial view of the area of interest from south (source: Google 
Maps) d) Corresponding computational grid on buildings, street and tree surfaces (total cell count: 9,078,916 
cells). 

4.3.2 Boundary conditions 

Two of the flow boundaries on the outer faces of the domain (Figure 4.3) are specified as 
velocity inlets and the other two as outlets with zero static gauge pressure. The choice of inlet or 
outlet for a flow boundary depends on the wind direction in the meteorological data. The top 
part of the domain is specified as a free-slip wall with zero normal gradients for all the variables. 
The ground and the building surfaces are modeled as wall type boundaries. 

At the inlets, profiles for the mean wind speed U(z)(m/s), turbulent kinetic energy 
k(z)(m2/s2) and turbulence dissipation rate ε(z)(m2/s3) are specified based on the profiles by 
Richards and Hoxey [72]: 

𝑈(𝑦) = 	
𝑢∗

𝜅 ln(
𝑦 + 𝑦[
𝑦[

) (Eq. 4.1) 
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𝑘(𝑦) = 	
𝑢∗_

U𝐶`
 (Eq. 4.2) 

𝜀(𝑦) = 	
𝑢∗a

𝜅(𝑦 + 𝑦[)
 (Eq. 4.3) 

In these equations, 𝜅 (-) (=0.41) is the von Karman constant, u* (m/s) is the atmospheric 
boundary layer friction velocity, z (m) is the height coordinate, z0 (m) is the aerodynamic 
roughness length and Cµ (-) (=0.09) is a model constant. The inlet air temperature is considered 
uniform over the height. 

At the walls, the standard wall functions [73] are used with the sand-grain based roughness 
modification [74]. The z0 of the implicitly modeled region is 0.25 m for East and Southeast wind 
and 0.5 m for the remaining wind directions. The z0 of the ground surface inside the explicitly 
modeled urban area is 0.03 m. Imposing appropriate and consistent roughness parameters is 
necessary to obtain a horizontally homogeneous boundary layer flow, with the absence of 
streamwise gradients in the vertical flow profiles. To achieve this, the parameters kS (roughness 
height) and CS (roughness constant) are specified based on their appropriate relationship with 
z0. This relationship for the commercial CFD software ANSYS Fluent 15 [75] is given by Blocken 
et al. [76]: 

𝑘\ =	
9.793	𝑧[
𝐶\

 (Eq. 4.4) 

Apart from satisfying Eq. 4.4, another limitation is the requirement of ANSYS Fluent 
software that the kS value cannot be larger than zp (m), which is the height of the center of the 
wall adjacent cell. Based on the generated grid, zp is 0.71 m in the implicitly modeled area and 
0.11 m in the explicitly modeled area. Consequently, for the cases when the z0 is 0.5 m, 0.25 m 
and 0.03 m, kS is specified as 0.7 m, 0.7 m and 0.1 m, and the CS is specified as 7, 3.5 and 2.9 
respectively. The ground plane of the domain is modeled implicitly as a 10 m thick earth layer 
with zero heat flux at 10 m depth (material and component properties are given in Table 4.2).  

 
Table 4.2: The specifications of materials and components used in this study. The letter (s) denotes the surface 
material. The asterisk mark (*) denotes that the value is based on the shading of the trees. Details of the 
shading are described in Section 0: Vegetation model 

Material Density (kg/m3) Specific heat (J/kgK) Thermal conductivity (W/mK) 

Earth 1400 1000 1.3 
Concrete 2300 800 0.8 

Brick 2165 900 0.9 
Insulation 50 1200 0.03 
Limestone 1090 908 1.3 

Component Materials Thickness (m) Short-wave 
absorptivity (-) 

Long-wave 
emissivity (-) 

Ground (below trees) Earth (s) 10 0.15* 0.93 
Ground (below streets) Concrete (s) / Earth 0.5 / 9.5 0.75 0.85 

Building walls Limestone (s) / Insulation / Brick 0.15 / 0.05 / 0.15 0.80 0.91 
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The materials used in the ground layers below the streets without trees and below the streets 
with trees are different. Below the streets without trees, a concrete layer of 0.5 m is defined and 
further below, an earth layer of 9.5 m is specified. Below the streets with trees, the ground layer 
is composed entirely of earth material with 10 m thickness. Building walls are composed of 
limestone, insulation material and brick with 0.15, 0.05 and 0.15 m thicknesses respectively. The 
internal air inside the buildings is assumed to be at constant 24°C to resemble air-conditioned 
spaces during summer. All wall type boundaries are modeled with 3D conduction equations.   

4.3.3 Vegetation model 

The tree crowns are modeled as volumetric porous zones from 3 m to 9 m high and 
vertically below the crowns, the ground plane is modeled as shaded zones. For the 
computational cells of these volumetric zones, source terms are added to the transport equations 
of momentum (Eq. 4.5) (from Green [77]), turbulent kinetic energy (Eq. 4.6) (from Liu et al. 
[78]) and turbulence dissipation rate (Eq. 4.7) (from Sanz [79]) as: 

𝑆cd = −𝜌𝐶f𝐿𝐴𝐷𝑈j	 𝑈 (Eq. 4.5) 

𝑆k = 𝜌𝐶f𝐿𝐴𝐷(βm𝑈Y − βf𝑈𝑘) (Eq. 4.6) 

𝑆n = 𝜌𝐶f𝐿𝐴𝐷
𝜀
𝑘 (Cnpβm𝑈

Y − Cnq𝛽f𝑈𝑘) (Eq. 4.7) 

In these equations, 𝜌 (kg/m3) is the density of air, Cd (-) is the leaf drag coefficient, LAD is 
the leaf area density (m2/m3), Ui (m/s) is the velocity component in direction i, βp (-) (=1.0) is 
the fraction of kinetic energy that is converted into wake turbulence kinetic energy, βd (-) (=5.1) 
is the coefficient responsible for the short-circuiting of the eddy cascade and Cε4 and Cε5 (-) 
(=0.9) are empirical constants. The same source terms (Eq.4.5-4.7) were used in previous studies 
to model the effect of vegetation on flow (e.g. [31,80–82]. In the study by Gromke et al. [31], the 
vegetation model using these terms for the flow properties was validated with the measurement 
data from Amiro [83]. The cooling effect of the vegetation was validated with another set of 
measurement data from an earlier study [84] considering steady-state simulations. In the 
present study, the unsteady behavior of vegetative cooling has to be considered. For this 
purpose, a time-dependent volumetric cooling power (Pc) (W/m3) is assigned to the 
computational cells belonging to the tree crowns using the following expressions [85–88]: 

𝐸𝑇tu,w =
𝑅w
𝜆	𝜌 (Eq. 4.8) 

𝐸𝑇𝑃 = (0.0252	𝑇{ − 0.078)𝐸𝑇tu,w  (Eq. 4.9) 

𝑃} = 𝐸𝑇𝑃	𝜌	𝜆(~w)𝐿𝐴𝐷 (Eq. 4.10) 

where ETeq,h (m/h) is the equivalent hourly evapotranspiration, Rh (MJ/m2h) is the incoming 
hourly solar radiation per unit area, λ (MJ/kg) is the latent heat of vaporization, ρ (kg/m3) is the 
density of water, ETP (m/h) is potential evapotranspiration, Tt (°C) air temperature at hour t, 
λ(Wh) (Wh/kg) is the latent heat of vaporization in Wh terms and LAD is leaf area density 
(m2/m3).  
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The shading caused by the trees is modeled with the following relationship: 

𝛼�w&ftf = 	𝛼�mt'	(1 − 𝑆𝐹) (Eq. 4.11) 

In this expression, αshaded (-) is the solar absorptivity of the ground surface below trees, αopen 
(-) is the solar absorptivity of the same surface if it is not under tree shade and SF (-) is the 
shading factor of the trees. The SF determines the portion of solar radiation absorbed or 
reflected by the trees and thus, (1-SF) denotes the amount of solar radiation transmitted through 
the tree foliage. To decrease the amount of solar radiation falling onto the shaded ground 
boundaries, the absorptivity of these surfaces is reduced in line with Eq. 4.11. The average 
shading factors of trees are obtained from McPherson [89] and Nowak [90]. For this study, a 
typical tree (Fagus sylvatica) for Antwerp with a shading factor of 0.88 is considered.  

4.3.4 Other computational settings 

The CFD simulations are performed by solving the 3D Unsteady Reynolds-Averaged 
Navier-Stokes (URANS) equations with the realizable k-ε turbulence model [91] for closure. 
The Boussinesq approximation is employed for modeling buoyancy. 

The P-1 radiation model [75] is used for radiation modeling and the Solar Calculator of 
ANSYS Fluent is used for the time-dependent sun direction vector. The incident solar radiation 
falling onto a surface has three components: the direct solar radiation, which depends on the 
position of the sun and surfaces, the diffuse sky radiation and the ground-reflected radiation. 
The ground-reflected radiation is not calculated by considering the direction of the reflections. 
Rather, it is modeled with a ground-reflectivity constant (𝑟�) of 0.2 [75,92,93] and is imposed 
on the vertical surfaces with the following expression provided by the 2001 ASHRAE Handbook 
of Fundamentals: 

𝐸$ = 	𝐸fj$t}{	(𝐶 + sin𝛽)𝑟�
(1 − cos 𝜖)

2  (Eq. 4.12) 

where 𝐸$ is the additional radiation imposed to represent the reflected portion of the solar 
radiation, 𝐸fj$t}{ is the direct normal irradiation, C is a dimensionless ratio from ASHRAE 
(2001) which is 0.136 for the month of July, 𝛽 is the solar altitude (in degrees), and 𝜖 is the tilt 
angle with respect to the ground boundary, which is 90˚ for the vertical surfaces. 

The total incident solar radiation including the ground-reflected portion is absorbed by the 
wall type boundaries based on the short-wave absorptivity of the surface materials (Table 4.2). 
The radiation model calculates the emitted longwave radiation based on the surface emissivity 
and incident wall temperature. The longwave radiation emitted from the wall type boundaries 
is emitted only to the sky and not to other walls or tree foliage, which is the biggest limitation 
of this radiation model. 

Data from the rural measurement station are used for the inlet boundary conditions of air 
temperature, wind speed and wind direction, while data from the urban measurement station 
is used for determining the solar radiation. Pressure-velocity coupling is handled with the 
SIMPLEC algorithm. Second order discretization schemes are used for all the convection, 
viscous and temporal terms. Simulations are performed with 15-minute time steps, similar to 
the measurement-recording period. The time steps are calculated with 600 iterations and the 
choice of iteration/time-step is based on a sensitivity analysis. The scaled residuals at the end of 
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each time step reached the following minimum values: 10-5 for velocity components, 10-4 for k, 
ε and continuity and 10-7 for energy and radiation. 

4.4 Evaluation of CFD simulation results with measurement data 

4.4.1 Evaluation of the vegetation model 

The effect of vegetation on flow properties is modeled based on the source and sink terms 
validated by Gromke et al. [31]. For the cooling effect, a methodology for calculating the hourly 
volumetric cooling power is presented in Section 0. The suitability of this methodology is 
evaluated using the measurement data from a field study, which was conducted by Shashua-Bar 
et al. [84] for several courtyard configurations located in the Sde-Boqer campus of Ben Gurion 
University in Israel. Shashua-Bar et al. [84] studied the effect of different landscape strategies 
on air temperature measured inside the courtyards. The measurement data were provided by 
the authors of the two aforementioned papers, Shashua-Bar et al. [84] and Gromke et al. [31]. 
The data provided contains information regarding the measurement setup, meteorological 
conditions during the measurement days and measurement data obtained inside the courtyard 
of interest (Figure 4.4). The target parameter for the evaluation is specified as the air 
temperature inside the courtyard.  

 

 
Figure 4.4: a) A schematic representation of the study area and the measurement location; b) The 
computational domain generated for the study focusing on the same area; c) Picture from the measurement 
campaign (courtesy of Shashua-Bar [84]); d) Computational grid for the courtyard, buildings and tree crown 
surfaces. 
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3D URANS CFD simulations are performed and the air temperature results are obtained at 
the same points as the measurements are recorded (Figure 4.4a). The computational domain 
used for this study has a square base with 200 m edge length and a height of 30 m (Figure 4.4b). 
The grid is generated based on the CFD best practice guidelines and it is composed of 1,733,836 
cells (Figure 4.4d). 

An aerodynamic roughness length of z0 = 0.03 m is set for the ground wall surrounding the 
courtyard with kS = 0.1 m and CS = 3. 70% of the courtyard corresponds to the surfaces below 
the trees and the remaining 30% has pavement material applied. The paving material is 0.05 m 
thick with a density of 2000 kg/m3 and thermal conductivity of 2 W/mK. Below the paving 
materials, a 9.95 m thick earth layer is modeled. For the surface covered by trees, no paving 
material is applied and the ground is modeled entirely as a 10 m thick earth layer. The 
absorptivity of the courtyard surfaces is reported by Shashua-Bar et al. [84] as a combination of 
soil and pavement absorptivity, which is 0.65 (-). Building walls are reported as 0.12 m thick, 
single layer of lightweight concrete with 700 kg/m3 density, 0.2 W/mK thermal conductivity, 
and 0.4 (-) absorptivity. In the study, there are two types of trees (Figure 4.4a), namely Prosopis 
juliflora and Tipuana typu with LAD values of 1.5 m2/m3 and 2.0 m2/m3, respectively. All other 
numerical settings regarding flow and heat transfer are the same as described in Section 4.3.2, 
unless stated otherwise. 

Meteorological conditions of wind speed, wind direction, air temperature and solar 
radiation are specified based on the 10-minute averaged data recorded at a meteorological 
station approximately 400 m away from the measurement courtyard. The measurements were 
conducted during 9 July 2007 with the same period of data recording. Simulations are 
performed for two days, both of them with the same meteorological conditions of 9 July. The 
first day of simulations is performed to initiate the cyclic behavior of the ground thermal storage 
and the results are compared only for the second day. Similar to the measurement data set, the 
time step size of the simulations is 600 seconds, the number of iterations per time step is 600 
and the total number of time steps is 288. To evaluate the cooling effect, two sets of CFD 
simulations are performed, one with the trees in the courtyard and the other, without the trees. 

Simulation results are compared with the measurement data in Figure 4.5. Figure 4.5a 
shows that CFD simulations can repeat the diurnal trend of air temperatures with some 
underestimation during the morning hours. Compared to the reference meteorological 
conditions (inlet), the average temperature in the courtyard for the whole day was measured 
0.11°C less (with trees). The average temperature in the courtyard for the same case with trees 
is calculated with CFD as 0.25°C less than the inlet values.  

The CFD simulations without the trees results in air temperatures that are 0.58°C higher 
than the inlet values. Figure 4.5b shows the diurnal trend in temperature differences between 
measured data and CFD simulation results: the maximum overestimation by CFD is +1.3°C (at 
0320 LST), the maximum underestimation is -1.2°C (at 0710 LST), the average absolute 
temperature difference is 0.45°C and the standard deviation is 0.33°C. The difference may be 
because the modeled cooling power of the trees in the morning hours is too high or because the 
walls inside the courtyard are warming slower than in reality, which may indicate differences 
between the actual material properties and those specified for the CFD simulations. Although 
it is difficult to extract solid conclusions from the simulations of a single day, based on this 
evaluation, the vegetation model proposed can be considered reliable within the 
aforementioned levels of accuracy. 
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Figure 4.5: Comparison of CFD results of air temperature with the measurement data inside the courtyard 
of interest. a) Diurnal variation in air temperature for 9 July 2007 by measurements and CFD results; b) 
Diurnal variation in air temperature differences between measurements and CFD results. 

4.4.2 Evaluation of resulting air temperatures in Antwerp 

With the computational settings explained in Section 4.3, unsteady simulations are 
performed for 29-30 June 2013 in the Antwerp central area. The first day of the simulations is 
considered to initiate the cyclic behavior of the ground thermal storage. The simulation results 
are compared with the measurement data only for the second day (30 June), focusing on air 
temperatures (°C). Both the measurement data and simulation results are collected with 15-
minutes time steps. Figure 4.6a demonstrates the diurnal variation of air temperature for the 
urban and rural measurements and for the CFD simulation results at the same location of urban 
measurements. Even though CFD simulations underpredict the measured air temperatures 
during some hours, simulations seem to be able to repeat the diurnal trend. Figure 4.6b displays 
the diurnal variation in air temperature differences between measurements and CFD results. 
The maximum difference between the measurements and CFD results is 1.6°C (at 1845 LST), 
the average absolute difference is 0.9°C and the standard deviation is 0.38°C. Results show that 
CFD simulations can be used for assessing urban thermal microclimate in Antwerp with the 
presented computational settings and parameters.  
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Figure 4.6: Comparison of CFD results of air temperature with the data from measurement station in 
Antwerp. a) Diurnal variation in air temperature for 30 June 2013 for meteorological data, urban 
measurements and CFD results; b) Diurnal variation in air temperature differences between the 
measurements and CFD results. 

4.5 Assessment of park cooling effect 

The park cooling effect is investigated with simulations using the same boundary conditions 
as in Section 4.4.2. Three different cases with different geometry and grids are used (Figure 4.7). 
The case-0 (base case) is with the original Stadspark present. Case-1 contains an open space 
instead of the park, similar to a public square and without the trees of the Stadspark. The 
material properties of the case-1 surfaces are modeled the same as the street surfaces. Case-2 
contains buildings instead of the Stadspark. The added buildings are all 13 m high, which is the 
average building height in the area of interest, and they are placed at the locations where the 
trees of the Stadspark are originally positioned. The park cooling effect is evaluated as follows: 
horizontal distribution of the cooling effect; vertical distribution of the cooling effect and day 
and night time distribution of the cooling effect. 
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Figure 4.7: Representation of the comparison cases. a) Base case with the park; b) case-1 with the square 
instead of the park and c) case-2 with the buildings instead of the park. 

4.5.1 Horizontal distribution of the park cooling effect 

The horizontal distribution of the park cooling effect is reported for 30 June 2013, 15:00 in 
the afternoon. The meteorological conditions in the rural area during this time were: air 
temperature= 23.9°C; friction velocity (u*) =0.35 m/s; U(H)=5.4 m/s, where H is the height of 
the highest building. The cooling effect is analyzed for z = 1.5 m (pedestrian height) and z = 6.0 
m (middle of the tree crowns) and it is demonstrated in Figure 4.8 and Figure 4.9, respectively.  

Both figures clearly demonstrate the cooling effect in the wake region. It is more profound 
in the regions close to the Stadspark and in the regions enclosed by buildings, where the local 
wind velocities are low. The park cooling is noticeable over a larger area when buildings are 
replaced by the urban park compared to the case where the urban square is replaced by the park. 
In the case with the urban square, there is still some level of cooling effect compared to the case 
with the buildings. This is because in the case with the square, the average wind velocities are 
higher and thus, the surface temperatures are lowered at a faster rate due to higher vertical heat 
exchange. In addition, the surfaces of the open square have a lower absorptivity than the 
building surfaces, leading to less absorbed solar radiation on the wall type boundaries. It should 
be noted that the shading effect of the buildings on the streets in their vicinities is quite low 
during noontime (1100–1500 LST) when the solar zenith angle is higher than the other times of 
the day.  

Based on the contour plots, the intensity and the range of the cooling is calculated both for 
z = 1.5 m and for z = 6.0 m. The intensity of the cooling is based on the highest air temperature 
difference present outside of the park area. The range of the cooling is calculated based on the 
maximum distance away from the park along the wind direction vector, where a cooling of 0.1°C 
is still present. For the horizontal cross-sectional planes at z = 1.5 m and z = 6.0 m, the park 
cooling effect can be expressed as: 

• Urban park replacing the square (for z=1.5 m / z=6.0 m respectively) 
o Intensity of the cooling: 2.7°C / 2.4°C 
o Range of the cooling: 407 m / 384 m 

• Urban park replacing the buildings (for z=1.5 m / z=6.0 m respectively) 
o Intensity of the cooling: 3.4°C / 3.0°C 
o Range of the cooling: 498 m / 482 m 
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Figure 4.8: Horizontal distribution of the cooling effect for 30 June 2013 at 15:00, focusing at z=1.5 m. a) 
Representation of the horizontal cross-sectional plane and the wind direction at 1500 LST; b) Contours of air 
temperature for the base case with the urban park; c) Contours of air temperature difference between the 
base case and the case with square; d) Contours of air temperature difference between the base case and the 
case with buildings. 
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Figure 4.9: Horizontal distribution of the cooling effect for 30 June 2013 at 15:00, focusing at z=6.0 m. a) 
Representation of the horizontal cross-sectional plane and the wind direction at 1500 LST; b) Contours of air 
temperature for the base case with the urban park; c) Contours of air temperature difference between the 
base case and the case with square; d) Contours of air temperature difference between the base case and the 
case with buildings. 
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4.5.2 Vertical distribution of the cooling effect 

Similar to the horizontal distribution, the vertical distribution of the cooling effect is also 
investigated for 1500 LST and by focusing on air temperature differences between different 
cases. The investigation is carried out in two planes: 1) a 300x50 m2 (length x height) plane 
located in an avenue named Quellinstraat (Figure 4.10) and 2) a 500x50 m2 (length x height) 
plane in line with the prevailing wind direction (Figure 4.11). 

Figure 4.10 confirms the finding from the horizontal distribution as the cooling effect is 
more profound in terms of spatial distribution when the base case is compared with the case 
with the buildings. Vertically, the cooling effect is more profound at lower heights. This can be 
attributed to two reasons: 1) due to the convection, the cooler, denser air is located at lower 
heights, close to the ground and 2) as the wind velocities close to the ground are smaller, the 
cooled air stays more concentrated. The cooling effect in the avenue investigated has a range of 
cooling less than 300 m, which is less than the maximum reported in the horizontal distribution 
part. This is because the avenue is not perfectly in line with the wind direction and therefore 
cannot be considered as fully in the wake of the park investigated. Because of this misalignment, 
the range of the cooling effect is limited. In Figure 4.11, an extended range of the cooling effect 
is demonstrated as the investigation plane in this figure is positioned parallel to the prevailing 
wind direction. 

 

 
Figure 4.10: Vertical distribution of the cooling effect, focusing on a 300x50 m2 plane, located in an avenue 
in the wake of the park. a) Representation of the vertical cross-sectional plane and the wind direction at 30 
June 2013, 1500 LST; b) Contours of air temperature for the base case with the urban park; c) Contours of 
air temperature difference between the base case and the case with square; d) Contours of air temperature 
difference between the base case and the case with buildings. 
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Figure 4.11: Vertical distribution of the cooling effect, focusing on a 500x50 m2 plane, positioned in line with 
the prevailing wind direction. a) Representation of the vertical cross-sectional plane and the wind direction 
at 30 June 2013, 1500 LST; b) Contours of air temperature for the base case with the urban park; c) Contours 
of air temperature difference between the base case and the case with square; d) Contours of air temperature 
difference between the base case and the case with buildings. 

4.5.3 Distribution of the cooling effect during the day and night 

The distribution of the cooling effect during the day and night is analyzed by investigating 
the results from different cases at z = 1.5 m height and along the same avenue as in the 
investigation of the vertical distribution. Air temperature data are monitored along the avenue 
for 1500 LST at daytime and for 0000 LST at nighttime. The meteorological conditions in the 
rural area at 0000 LST were: air temperature=19.0°C; friction velocity (u*) =0.25 m/s; U(H)=3.9 
m/s, where H is the height of the highest building. 

Similar to the prior sections, the results are subtracted from the base case results. Figure 
4.12a and Figure 4.12b show the results of temperature differences between the base case and 
the case with square and between the base case and the case with buildings.  

Concerning the base case comparison with the case with square, the cooling effect at 
daytime (1500 LST) is noticeable close to the park and it diminishes within 200 m. During 
nighttime however, the cooling effect is replaced by a park warming effect. This effect is not 
observed when the base case is compared with the case with the buildings.  
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Figure 4.12: Day and night distribution of the cooling effect, focusing on a 300 m long line, located in the 
avenue in the wake of the park (z = 1.5 m) a) Air temperature differences between the base case and the case 
with square for 1500 and 0000 LST; b) Air temperature differences between the base case and the case with 
buildings for 1500 and 0000 LST. Both of the investigated times are within 30 June 2013. 

During nighttime, the volumetric cooling power of the trees is zero. In all three cases 
investigated, the avenue of interest receives the exact same solar radiation. Therefore, this 
warming effect can be explained only by the effect of the park trees and the buildings on the 
wind flow. When the approach flow in the avenue of interest is obstructed by the park trees and 
the buildings, the flow characteristics (i.e. mean wind speed and turbulent kinetic energy) are 
affected. Mean wind speed and turbulent kinetic energy affect the average surface heat transfer 
coefficient of the avenue [94], which in turn influences the vertical heat exchange mechanism. 
CFD simulation results of the nighttime (0000 LST) air temperature, wind speed, turbulent 
kinetic energy and Convective Heat Transfer Coefficient (CHTC) in the avenue in the wake of 
the park are summarized in Table 4.3 for different cases. The results indicate that the 
unobstructed approach flow in the case with the square, results in a higher heat transfer 
coefficient on the street surfaces and thus, in a higher vertical heat transfer rate (convective 
cooling), leading to a lower nighttime air temperature compared to other cases. Therefore 
compared to the case with the urban square, park trees can increase air temperatures in their 
wake during nighttime. This effect caused by the park might be beneficial for buildings in its 
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wake if these buildings require heating during the nighttime. The reduced nighttime air 
temperatures in the case with the urban square compared to other cases might be even more 
distinct if the longwave radiative heat exchange between building and tree surfaces were also 
considered. 

It should be noted that one major physical process which is omitted in the simulations is 
the longwave radiation heat exchange between opaque surfaces. In reality, building walls, tree 
foliage and the ground surfaces in the park region would be involved in the longwave radiation 
exchange, which would have amplified the air temperature in the park region by trapping 
additional heat below the tree canopies, especially during the nighttime. 
 
Table 4.3: CFD simulation results of the night-time (0000 LST) air temperature (°C), wind speed (m/s), 
turbulent kinetic energy (m2/s2) and convective heat transfer coefficient (W/m2K) as recorded in the avenue 
in the wake of the park, for different cases. 

Case 
Air temperature 

(averaged at z = 1.5 
m) (°C) 

Wind speed 
(averaged at z = 1.5 

m) (m/s) 

Turbulent kinetic 
energy (averaged at z 
= 0.11 m/s) (m2/s2) 

Convective heat transfer 
coefficient (averaged over the 

avenue surface) (W/m2K) 
Case 0 (with the park) 19.5 1.49 0.095 10.4 

Case 1 (with the square) 19.1 2.34 0.109 11.9 
Case 2 (with the buildings) 19.7 1.76 0.084 9.8 

4.6 Discussion 

4.6.1 Comparison with prior research 

Based on the overview of previous studies provided in Table 4.1, we compiled Figure 4.13, 
which compares the results from previous studies with those from the present study. In Figure 
4.13 the park sizes are demonstrated by the size of the corresponding circle and horizontal and 
vertical axes indicate the reported range and intensity of the cooling effect, respectively. Studies 
with several park configurations are depicted separately where every sub-configuration is 
denoted with a superscript (e.g. HT1 denotes the 1st configuration by Honjo and Takakura [46]). 
Among the studies reported in Table 4.1 the study by Dimoudi and Nikolopoulou [58] is not 
shown in Figure 4.13 as the parks considered were much smaller than the other studies and the 
study by Muller et al. [64] is not shown as the results were reported based only on the 
Physiologically Equivalent Temperature (PET). Among the studies shown in Figure 4.13, the 
study by Honjo and Takakura [46] is conducted on a 2D domain and the range of the cooling is 
reported in unit of meter. The study by Ca et al. [48] reports the range of cooling in km2 units 
and the range (m) reported in Figure 4.13 is based on the square root of the areal range of the 
cooling reported. For the present study (PS), PS1 denotes the results from the comparison of the 
base case to the case with the square whereas PS2 denotes the results from the comparison of the 
base case to the case with buildings. 

The ranges (L) (m) and the intensities (ΔT) (°C) of the cooling reported by the present study 
and those by Honjo and Takakura [46] (HT), Yu and Hien [59] (YH) and Goldberg et al. [62] 
(G) are fitted with a polynomial of the form ΔT = aL + bL2. The constants a (°C/m) and b (°C/m2) 
are determined by RMS fitting. This fitting yields to the following tentative relationship: -ΔT = 
- (192L+L2)10-5.  
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Figure 4.13: Overview of studies investigating the park cooling effect. Black circles are for measurement 
studies, grey circles are for CFD studies and the orange circle is for the present study. The circles are positioned 
based on the range (L) (m) and the intensity (ΔT (°C) of the cooling reported. The circles are sized based on 
the areas of the parks investigated. A tentative relationship ΔT = - (192L+L2)10-5 is established, which can be 
used to determine the relationship between the range and intensity of the park cooling effect. The numeric 
superscripts (1,2,3,4) stand for the sub-configurations tested in the studies. Other superscripts denote: a: 
Studies performed on 2D domains; b: Studies where the range of the cooling is reported in m2; c: Studies 
where the range of the cooling is not specifically evaluated and thus the value reported can be higher than 
indicated. The abbreviated studies are for: HT: Honjo and Takakura [46], S: Saito et al., [47], Ca: Ca et al. 
[48] , U: Upmanis et al. [49], YH: Yu and Hien [59], HO: Hamada and Ohta [50], C: Chow et al. [60], G: 
Goldberg et al. [62], DB: Declet-Barreto et al. [63], D: Duarte et al., [65] and PS is for the present study. 

Some studies expressed in Figure 4.13 do not fit the tentative curve. Two of these studies, 
namely Upmanis et al. [49] and Saito et al. [47], are measurement studies where the ranges of 
the park cooling effect are not calculated exactly and the actual ranges can be higher than the 
reported ones if the measurement stations were to be located at different sites in the wake of the 
park. Three other studies, namely Chow et al. [60], Declet-Barreto et al. [63] and Duarte et al. 
[65] are CFD studies with computational domains, which were not large enough to capture the 
full range of the park cooling effect. If the measurement and CFD studies were aimed at 
capturing the full range of the park cooling effect, their outcomes might have been closer to the 
tentative curve proposed.  

Compared with prior CFD studies on the topic, the findings of this study demonstrate a 
higher cooling potential of the park considering both the range and the intensity of the cooling. 
This may be because of different park sizes, limited size of the computational domains used in 
the previous studies and/or because of differences in flow conditions. Future CFD studies on 
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the topic should ensure that the explicitly modeled areas in their domains are large enough to 
capture the full range of the cooling effect. 

The cooling effect from an urban park with the same size can vary if located in an urban 
area in a different climate (e.g. as categorized according to the Köppen Climate Classification 
System [95]). A similar concern can be mentioned for the atmospheric stability conditions. All 
the CFD studies in Figure 4.13 including the present study considered neutral atmospheric 
conditions. The majority of the measurement studies did not disclose the relevant atmospheric 
stability conditions. Future studies can propose different curves to the one provided in Figure 
4.13 based on different climate classifications and/or different atmospheric stability conditions. 

The tentative relationship established in this study should not be used as a tool for 
calculating the potential cooling effect of other urban parks in different parts of the world. 
Rather, this relationship should be used as a comparison for the outcomes from new studies 
focusing on different urban parks. With more data to fit into this curve, future studies can 
improve the tentative relationship proposed. 

4.6.2 Study limitations and future perspectives 

The urban measurement station used in this study is located on top of a building roof and 
this may have limitations in capturing the heat transfer mechanism occurring close to the 
ground level. However, the readings from this station are compared to the readings from a 
nearby site with minimal differences. Therefore, the readings from the urban measurement 
station are considered as capable of representing urban meteorological conditions.  

In both of the evaluations for the performance of the vegetation model and for the resulting 
air temperatures in Antwerp, the focus is on a single point on specific days of interest. This 
evaluation can be strengthened by increasing the number of measurement stations and 
measurement days for comparison.  

The profiles related to flow parameters (U, k and ε) are valid for a neutrally stratified 
atmospheric boundary layer. To take into account different atmospheric stability conditions, 
profiles for stable or unstable conditions can be used [96,97]. On the other hand, Blocken et al. 
[76] mentioned that such profiles for different stability conditions might lead to flow 
inhomogeneity. A similar concern regarding the inlet conditions is for the lack of a dedicated 
temperature profile. Due to the constant uniform temperatures imposed at the inlets, the actual 
flow field in the urban area of interest might be different in reality.  

One major limitation of the performed CFD simulations is regarding the radiation 
modeling. The longwave radiation heat exchange between opaque surfaces is not considered in 
the simulations, which may have led to temperature discrepancies especially in the nighttime 
results. Although it is hard to quantify the precise effect of this limitation on the nighttime 
temperature results, an estimate can be made for the discrepancy in the outgoing longwave 
radiative heat flux (qL,O). Under the nighttime conditions imposed in the CFD simulations, in 
the middle of the park (away from the surrounding buildings), the surface temperature is 
20.1°C. Since the simulations consider park surfaces to emit radiation to the sky (i.e. with a Sky 
View Factor (SVF) of 1), with a surface emissivity of 0.93 and a sky temperature of 0°C, this 
would lead to a qL,O of 96 W/m2. Since the air temperature at the tree canopy bottom (at z=3 m) 
is 19.3°C, with a realistic SVF of 0.7 and assuming bottom tree canopy temperature equal to 
local air temperature, the actual qL,O is 68 W/m2. Future studies can consider implementing 
more advanced radiation models, possibly with view factors, to avoid such discrepancies. 
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Neglecting humidity (mass transfer) is another limitation as this would require proven 
boundary conditions for urban microclimate simulations at the expense of additional 
computational cost. Future studies on the topic can develop approaches where mass transfer is 
resolved inside the computational domain and trees are represented in the mass transfer 
analysis with dedicated source terms. 

For a more advanced evaluation of the vegetation model, further experimental data 
focusing on the cooling potential of trees is required. Currently, one major limitation of the 
vegetation model is that the tree leaves are considered to have constant access to a water source. 
In reality, this would be valid only if the trees were irrigated regularly.  

4.7 Summary and conclusions 

This study investigates the cooling potential of an urban park in the central region of 
Antwerp, Belgium based on two parameters: (1) intensity of the cooling effect, designating the 
maximum reduction in air temperature caused by the urban park and (2) range of the cooling 
effect, designating the maximum horizontal distance where the cooling effect is present. 

CFD simulations in this study are performed using the 3D URANS equations and by 
coupling wind flow with heat transfer. All conductive, convective and radiative heat transfer 
processes are considered with the exception of the longwave radiation heat exchange between 
opaque surfaces. Separate simulations are performed to evaluate the vegetation model used in 
this study, to evaluate the simulated air temperatures in central Antwerp with measurement 
data and to investigate the park cooling effect. 

The evaluation of the vegetation model is conducted by numerically reproducing an earlier 
experimental study investigating the cooling potential of trees. The CFD simulations are found 
to be able to predict measured air temperatures with fairly good accuracy, with an average 
absolute temperature difference between the measurements and the CFD results of 0.45°C. 

The CFD simulations considering the Antwerp central area are first performed to predict 
air temperatures in the same area. The resulting air temperatures are compared with the 
measurement data for 30 June 2013. According to the results, the maximum difference between 
the measurements and CFD results is found to be 1.6°C and the average absolute difference is 
0.9°C. 

Later, CFD simulations considering the central Antwerp area are performed for three cases: 
(1) the base case with the park; (2) the case with an open square instead of the park and (3) the 
case with representative buildings instead of the park. Based on the comparison of different 
cases, the following conclusions can be made: 

• The urban park investigated can decrease air temperature in its wake region with 
respect to the prevailing wind compared with the cases where the park is replaced by 
an urban square or by building blocks;  

• The cooling effect of the park can be expressed as (at z=1.5 m): 
o When the urban park replaces the urban square at the same location 

§ Intensity of the cooling: 2.7°C 
§ Range of the cooling: 407 m; 

o When the urban park replaces the building blocks at the same location 
§ Intensity of the cooling: 3.4°C 
§ Range of the cooling: 498 m; 
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• The cooling effect of the park in its wake is found to be more profound in regions close 
to the ground; 

• Different than the daytime cooling effect, the park investigated has the potential to 
increase air temperatures by 0.9°C at the night time (00:00 hours).  

 
Future studies can evaluate the park cooling effect by focusing on cities with different 

climatic conditions. In addition, future CFD studies on the topic can focus on incorporating 
mass transfer in addition to wind flow and heat transfer for a more realistic and thorough 
representation of urban microclimate. 
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5 
The impact of urban microclimate on 

summertime building cooling demand 

This chapter has been submitted as: 

Impact of urban microclimate on summertime building cooling demand: A parametric analysis 
for Antwerp, Belgium 

Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. Applied Energy (under review) (2018) 

Abstract: Meteorological measurements are conducted in Antwerp, Belgium in July 2013, 
followed by CFD urban microclimate simulations considering the same city and time period. 
The simulations are found to be able to reproduce measured air temperatures inside central 
Antwerp with an average absolute difference of 0.88°C. The simulation results supplemented 
with measurements are used to generate location-specific Microclimatic Conditions (MCs) in 
three locations: (1) a rural location outside Antwerp; (2) an urban location inside Antwerp, away 
from an urban park; (3) another urban location, close to the same park. Building Energy 
Simulations (BES) are performed for 36 cases based on three different MCs, two building use 
types and six sets of construction characteristics, ranging from pre-1946 buildings to new, low-
energy buildings. Monthly Cooling Demands (CDs) are extracted for each case and compared 
with each other. The results demonstrate that compared to the air temperatures in the rural 
area, on average, air temperatures at the urban sites away and close to the park are 3.3°C and 
2.4°C higher, respectively. This leads to an additional monthly CD of up to 90%. CDs of 
buildings with better thermal insulation and lower infiltration rates can increase by 48% once 
moved from the rural location to an urban location, which may lead to the reconsideration of 
design guidelines of low-energy buildings exposed to an urban MC. Although the proximity of 
an urban park cannot fully compensate the increased CD by an urban MC, residential buildings 
close to the urban park are found to have on average 13.9% less CD during July 2013, compared 
with buildings away from the same park. The influence of the urban park on the CDs of 
buildings in its vicinity is strongly linked to the meteorological wind direction, as revealed by a 
statistical analysis. Professionals focusing on energy-efficient buildings in cities are advised to 
conduct energy predictions with location-specific MC data, instead of only using city-averaged 
meteorological data. 
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5.1 Introduction 

According to the European Commission and the United States (US) Energy Information 
Administration, buildings are responsible for approximately 40% of the total energy demand in 
the European Union (EU) and the US [1,2]. Among the energy used in buildings within the EU, 
space heating has the largest share, but with the new building regulations that demand well-
insulated building envelopes, the share of space heating is expected to decrease in the future 
[3,4]. In contrast, space cooling has a lower share among the total building energy demand but 
due to climate change [5–7], heat waves [8–11] and rapid urbanization [12,13], the share of 
space cooling is expected to rise [4,14]. Building energy demand can be affected by different 
aspects on different scales, such as occupant behavior [15,16], building installations [17,18], 
building envelopes [19–21] and urban microclimate [22,23].   

Urban microclimate can be defined as the local climate observed in urban areas, which can 
be significantly different from the climate of surrounding rural areas [24]. With the rapid 
urbanization of the world population [25,26], research on urban microclimate has gained 
popularity in the past years [22,27,28]. From the building energy perspective, urban 
microclimate can be considered as the set of meteorological conditions to which buildings in 
cities are subjected. The effect of urban microclimate on building energy demand is mostly 
researched within the theme “Urban Heat Island (UHI) effect” [29–32]. Studies on the topic 
typically follow two steps: (1) Analysis of urban microclimate with specific target microclimate 
parameter(s) (mostly air temperature); (2) and then calculating building energy demand, mostly 
with Building Energy Simulations (BES) [33,34] while using target microclimatic parameter(s) 
as an input. 

For the urban microclimate part, the majority of the studies in the literature collected 
measurement data from different parts of the same urban area [12,29,30,32–40]. The collected 
data were subsequently used to define a series of location-specific Microclimatic Conditions 
(MCs). Measurement studies typically focus only on air temperature as the target microclimate 
parameter, which can be considered reasonable as several statistical studies, such as Sailor and 
Munoz [41] and Fung et al. [42], demonstrated that deviations in air temperature are 
responsible for almost all the deviations in building energy demand. Urban microclimate can 
be investigated also with computational approaches. The main advantage of computational 
approaches over measurements is the ability to generate spatially explicit information for the 
target microclimatic parameters [43,44]. In addition, a proven and appropriate computational 
methodology for urban microclimate analysis can be used to investigate different urban design 
scenarios, which would be very challenging to investigate with measurement campaigns [45–
47]. In Table 5.1, an overview of studies investigating the effect of urban microclimate on 
building energy demand with a computational approach on urban microclimate analysis is 
provided. The following entries are used: authors and publication year; computational 
methodology; microclimate cases; target parameter(s); building types investigated.  

Some studies in Table 5.1 used data morphing techniques, which refers to the addition of 
pre-measured UHI intensities (°C) (UHI scenarios) to the measured rural air temperatures 
[48,49]. Several studies used UHI predictor tools such as the Urban Weather Generator [50], 
which predicts the UHI intensity (°C) based on location-specific morphological parameters (i.e. 
canyon aspect ratio) [51–55]. Kolokotroni et al. [56] used an artificial neural network model to 
predict urban microclimatic parameters. Another methodology for urban microclimate analysis 
is Energy Balance Models (EBM) [57], which are employed in several studies [58–62]. Some 



 
 

 

143 The impact of urban microclimate on building cooling demand 

studies performed Computational Fluid Dynamics (CFD) simulations to analyze urban 
microclimate [63–65] whereas others employed a coupled CFD-EBM approach [66–69]. CFD 
analysis of urban microclimate is a developing research field [28,44,47] and the coupling of 
velocity and temperature fields with a high spatial resolution is an advantage over other 
computational approaches [43]. However, CFD simulations can be computationally demanding 
[43,44,66]. In Table 5.1, the table entry “(micro)climate cases” lists the different (micro)climatic 
conditions each study has evaluated, such as urban vs. rural climates. The entry “target 
parameters” lists the calculated microclimatic parameters that are used as input for calculating 
building energy demand. The entry “Building types” denotes whether different building types 
were considered within the same study. Compared with previous studies, the present study 
provides two clear distinctions. 

The first distinction concerns the compared microclimate cases. To the best of our 
knowledge, no prior study on the topic considered the impact of meteorological wind direction 
on the energy demand of different buildings in the same urban area, which can be influential 
[33,70]. The measurement study by Ca et al. [33] demonstrated that in the presence of a local 
cooling source (e.g. an urban park), buildings in the same urban area can have varying energy 
demands, depending on their locations with respect to the prevailing wind direction. To 
investigate this, in addition to a typical rural vs urban microclimate comparison, the present 
study considers an urban-urban comparison where one of the target buildings is chosen close 
to an urban park and the other is chosen away from the same urban park.  

The second distinction concerns the uncertainties related to the building under study. The 
hypothesis of this study is that the effect of urban microclimate on building energy demand can 
vary significantly for buildings with different construction characteristics (e.g. U-values of the 
construction components) and with different use types (e.g. residential vs office buildings). 
Even though some previous studies focused on similar considerations [34,52,53,65,69,71,72], 
the aim of this study is to demonstrate this complexity by focusing on a wider group of buildings 
ranging from pre-1946 buildings to modern low-energy buildings and to challenge the common 
considerations on energy efficient building design. 

In this study, CFD urban microclimate simulations are performed for the Antwerp central 
region and the resulting air temperatures are compared with measurement data obtained during 
July 2013. Measurement data and CFD simulation results for air temperature (°C), wind speed 
(m/s) and wind direction (°) are extracted at three locations: (1) a rural area outside of Antwerp; 
(2) an urban area inside central Antwerp, away from an urban park and (3) another urban area 
inside central Antwerp, close to the same urban park. Based on the CFD simulation results, 
three location-specific MCs are defined. The resulting MCs are used as input for the building 
energy simulations (BES) of a building with the same form and orientation but with different 
use types and with different construction characteristics. The resulting building cooling 
demands are reported for every individual case and compared with each other. 
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Table 5.1: An overview of studies investigating the effect of simulated urban microclimate on building energy 
demand and the positioning of the present study. 

# Authors 
(year) [Ref.] 

Methodology  
(microclimate)  (micro)climate cases Target 

parameter(s) Building types 

1 
de la Flor and 
Dominguez 
(2004) [58] 

EBM Different cities in Spain AT, SR, ST Same for all the 
cases 

2 Kikegawa et al.  
(2006) [59] EBM Different urban morphologies with changing SVFs; different 

albedo values on outdoor surfaces AT 3 construction 
characteristics 

3 He et al. 
(2009) [60] EBM Different urban design cases with changing building coverage 

ratio SR, ST Same for all the 
cases 

4 
Kolokotroni et 

al. 
(2010) [56] 

ANN Urban vs. rural; different regions in the same urban area AT Same for all the 
cases 

5 Bouyer et al.  
(2011) [66] CFD - EBM Simulations only with EBM vs. with coupled CFD-EBM 

approach 
AT, CHTC, 
MRM, ST 

Same for all the 
cases 

6 Wong et al. 
(2011) [51] UHI predictor Different urban morphologies with changing green area ratio, 

building height variation and building density AT Same for all the 
cases 

7 Yang et al. 
(2012) [63] CFD 

Different vegetation scenarios; 
different building positioning (stand-alone vs. in a generic 

urban setting) 

AT, MRM, 
ST, WS 

Same for all the 
cases 

8 
Yaghoobian and 

Kleissl 
(2012) [61] 

EBM Different outdoor surface materials in a generic urban setting AT, DPT, SR, 
WS 

Same for all the 
cases 

9 
Radhi and 
Sharples 

(2013) [49] 
UHI scenarios Urban vs. rural; different regions in the same urban area AT Same for all the 

cases 

10 Gros et al. 
(2014) [62] EBM Base case vs case with different surface reflectivity (short-

wave) for one building  
AT, CHTC, 
MRM, ST 

Same for all the 
cases 

11 Rode et al. 
(2014) [53] UHI predictor Different urban morphology types of different cities; different 

building forms and façade insulation SR 
5 building forms; 2 

construction 
characteristics 

12 
Sun and 

Augenbroe 
(2014) [52] 

UHI predictor Different cities in USA; Representative climates from rural 
areas, suburban areas and city centers AT 3 construction 

characteristics 

13 Liu et al. 
(2015) [64] CFD 

Different climates with increase in AT by 1%, 5% and 10%; 
different building positioning (stand-alone vs. in a generic 

urban setting) 
AT, WS Same for all the 

cases 

14 Liao et al. 
(2015) [48] UHI scenarios Different regions in the same urban area AT, RH Same for all the 

cases 

15 Skelhorn et al.  
(2016) [65] CFD 

Stand-alone building and varying conditions (base, base with 
shading, base an urban setting, base in an urban setting with 

surrounding trees)  
AT, SR, WS 3 building forms 

16 Morille et al.  
(2016) [69] CFD - EBM Base case (a building in a street canyon); 

Different vegetation cases (green wall / roof, street trees) 
AT, CHTC, 

ST, WS 
2 construction 
characteristics 

17 Present study  
(-) CFD Urban vs. rural; different regions in the same urban area (close 

to an urban park and away from the same park) AT, WD, WS 
6 construction 

characteristics; 2 
building use types 

Abbreviations: ANN: Artificial neural network; AT: Air temperature (°C); CFD: Computational fluid dynamics; CHTC: Convective heat 
transfer coefficient (W/m2K); DPT: Dew-point temperature (°C); EBM: Energy balance model; HFB: Heat flux balance; MRM: Mass rate of 
moisture (m3/s) RH: Relative humidity (%); SR: Solar radiation (W/m2); ST: Surface temperature (°C); SVF: Sky view factor; UHI: Urban 
heat island; WD: Wind direction (°); WS: Wind speed (m/s) 

 
 



 
 

 

145 The impact of urban microclimate on building cooling demand 

5.2 Description of the study area, buildings and measurement campaign 

This study focuses on Antwerp, a city located in the North of Belgium (Figure 5.1a). The 
area of interest in this study is the central Antwerp area (Figure 5.1b), specifically the area 
surrounding the urban park named “Stadspark” (Figure 5.1c). Municipal drawings and the GIS 
database corresponding to the area of interest are acquired from the Flemish Institute for 
Technological Research (VITO). The data contains the locations of all the buildings and the 
trees taller than 2 m. 365 buildings are specified in the area of interest and in Figure 5.2a, the 
height distribution of these buildings is provided. The highest building is 60 m and the buildings 
within the 9-11 m height interval are the most common (75/365, or 21%). The average building 
height in the area of interest is 13 m. The Entranze database [73] reports the distribution of the 
buildings in Belgium with respect to their construction dates. This distribution is demonstrated 
in Figure 5.2b, which shows that the majority of the buildings in Belgium are constructed prior 
to 1970 (62% of all buildings). Note that the data on Figure 5.2b do not pertain to the study area 
itself but to all the buildings in Belgium. 

Meteorological measurement data used in this study is collected by the Flemish Institute for 
Technological Research (VITO) [74]. The measurements were conducted by stations at two 
locations: (1) On the rooftop of a high-school building in central Antwerp (Figure 5.1c); and (2) 
in a rural area located 8 km away from the central Antwerp area (Figure 5.1b). The urban 
measurement station was positioned 2 m above the approximately 5 m high building rooftop 
(approximately at 7 m height from the ground level) and the rural measurement station was 
positioned at 2 m above ground level. 15-minute averaged meteorological data for air 
temperature (°C), relative humidity (%), solar radiation (W/m2), wind speed (m/s) and wind 
direction (°) were collected from June 2012 until September 2013. In this study, the 
measurement data used is from the month of July 2013 as the data for this month is acquired 
without any intermittencies and can be considered as representative of summertime conditions 
in Antwerp. 

5.3 CFD simulations: settings and parameters 

To study the urban microclimate of the area of interest in Antwerp, CFD simulations are 
performed with the commercial CFD software ANSYS Fluent 15.1 [75]. Computational settings 
and parameters used in the simulations are described briefly as most of the settings are the same 
as reported in Toparlar et al. [76]. 

5.3.1 Computational domain and grid 

The computational domain is divided into 2 areas: (1) the area where buildings and trees 
are modeled explicitly, i.e. with their actual shape and size, and (2) the area surrounding the 
explicitly modeled objects where the objects are modeled implicitly, i.e. by imposing the 
equivalent sand-grain roughness height associated with the proper aerodynamic roughness 
length (z0) to the ground surface, in accordance with the guidelines by Blocken [44].  
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Figure 5.1: a) Location of Belgium in Europe and the location of Antwerp and Brussels (capital region) in 
Belgium (map source: freevectormaps.com); b) Location of the central Antwerp area and the rural 
measurement station; c) View of the central Antwerp area with the Stadspark, the urban measurement 
station and the two urban locations under study; d) View from the Breughelstraat where urban point #1 is 
located (source: Google Maps); e) View from the Quellinstraat where urban point #2 is located (source: 
Google Maps). 
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Figure 5.2: a) Distribution of the building heights in the area of interest; b) Distribution of the buildings in 
Belgium with respect to construction date (source: http://www.entranze.enerdata.eu/) 

 
The explicitly modeled area includes the Stadspark and its surroundings, covering an area 

of 2027 x 1972 m2 (Figure 5.3a). The z0 value is estimated based on the updated Davenport 
roughness classification [77] by investigating the roughness characteristics of the terrain 
surrounding the explicitly modeled area [76]. The estimated z0 is 0.25 m for East and Southeast 
directions and 0.5 m for the other directions.   

The dimensions of the computational domain are determined following the CFD best 
practice guidelines by Franke et al. [78], Tominaga et al. [79] and Blocken [44]. The guidelines 
recommend domain dimensions to be imposed based on the height of the highest building (H) 
(m) in the area of interest, which is 60 m for this study (Figure 5.3c). The 3D computational 
domain generated has the dimensions of 6500 x 6500 x 420 m3, which satisfies the guidelines by 
Franke et al. [78] and Tominaga et al. [79]. The domain dimensioning satisfies also the 
conservative recommendations by Blocken [44] on the so-called directional blockage ratio, i.e. 
the vertical blockage ratio and the lateral horizontal blockage ratio. The grid is generated by 
following the surface grid extrusion technique introduced by van Hooff and Blocken [80]. The 
horizontal grid resolution is decreased from the Stadspark towards the regions further away 
from the park (Figure 5.3b and Figure 5.3d). The height of the center of the ground wall adjacent 
cell (zp) (m) is 0.11 m and 0.71 m for the explicitly and implicitly modeled areas, respectively. 
The resulting computational grid contains 9,078,916 hexahedral cells. 

5.3.2 Boundary conditions 

The four vertical outer faces of the domain are specified as flow boundaries (Figure 5.3c) 
and depending on the hourly wind direction measured at the rural measurement station, two of 
them are modeled as inlets and the other two as outlets. The top boundary is modeled as a free-
slip wall with zero normal gradients for all the variables. Street surfaces (streets below trees and 
open streets), building roofs and walls and the ground boundary are specified as wall type 
boundaries. 
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Figure 5.3: a) Top view of the computational domain; b) Top-view of the grid near the Stadspark (number of 
cells: 9,078,916) and top view of the corresponding region (source: bing.com/maps); c) Section view (A-A) of 
the computational domain denoting the height of the domain; d) Isometric view of the grid on the surfaces of 
the buildings, trees and streets in the explicitly modeled area (view from South). 

At the inlets, the profiles of mean wind speed U(z) (m/s), turbulent kinetic energy k(z) 
(m2/s2) and turbulence dissipation rate ε(z) (m2/s3) are imposed [81]: 

𝑈(𝑦) = 	
𝑢∗

𝜅 ln(
𝑦 + 𝑦[
𝑦[

) (Eq. 5.1) 
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𝑘(𝑦) = 	
𝑢∗_

U𝐶`
 (Eq. 5.2) 

𝜀(𝑦) = 	
𝑢∗a

𝜅(𝑦 + 𝑦[)
 (Eq. 5.3) 

where u* (m/s) is the atmospheric boundary layer friction velocity, 𝜅 (-)(=0.41) is the von 
Karman constant, z (m) is the height coordinate, z0 (m) is the aerodynamic roughness length 
and Cµ (-)(=0.09) is a model constant. Reference wind speed, wind direction and air temperature 
at the inlets are imposed based on the data from the rural measurement station. The air 
temperature data is imposed at the inlets with a uniform profile. The outlets of the domain have 
zero static gauge pressure. 

To resolve the fluid-wall interaction at the wall type boundaries, the Standard Wall 
Functions [82] are employed with the sand-grain based roughness modification [83]. The z0 
value of the street surfaces is 0.03 m [84] whereas the z0 value of the ground wall of the implicitly 
modeled area can be either 0.25 m or 0.5 m, depending on the wind direction. To ensure a 
horizontally homogeneous approach flow, roughness parameters are specified by satisfying the 
following relationship between the roughness height (kS) (m), roughness constant (CS) (-) and 
z0 [85]: kS = 9.793 z0 / CS. Based on this equation, for the z0 values of 0.5 m, 0.25 m and 0.03 m, 
the values of kS are 0.7 m, 0.7 m and 0.1 m, respectively, whereas the values of CS are 7, 3.5 and 
2.9, respectively.   

The wall type boundaries can be categorized in four groups: (1) ground boundary for streets 
without trees; (2) ground boundary for streets with trees; (3) ground boundary in the implicitly 
modeled region and (4) building roofs and walls. The entire ground boundary is modeled as a 
layer with 10 m thickness and with zero heat flux at 10 m depth. The buildings are modeled as 
air-conditioned spaces during summertime with a constant 24°C interior temperature. The 
materials and components used for the wall type boundaries are specified in Table 5.2. Building 
walls and roofs have the construction characteristics of a 1971-1990 building as defined in the 
“Typology Approach for Building Stock Energy Assessment” (TABULA) report [86], which 
documents the construction characteristics of the Belgian building stock. The value of the short-
wave absorptivity of the street surfaces below the trees is reduced to represent shaded areas as 
described in the vegetation model presented by Toparlar et al. [76]. 

5.3.3 Other computational settings 

The 3D Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are solved in 
combination with the realizable k-ε turbulence model [87] for closure. The time dependent sun 
direction vector and the diffuse fraction of the global horizontal radiation is calculated with the 
Solar Calculator of ANSYS Fluent [75], which uses the Solar Position and Intensity Code 
(Solpos) of the National Renewable Energy Laboratory (NREL) [88]. Radiation is handled with 
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Table 5.2: The specifications of materials and components used for the CFD simulations in this study. 

Materials Thermal conductivity 
(W/m.K) 

Density 
(kg/m3) 

Specific heat 
(J/kg.K) 

Absorptivity (-) 
(short-wave) 

Emissivity (-) 
(long-wave) 

Earth (non-shaded areas) 1.3 1400 1000 0.75 0.93 
Earth (shaded areas) 1.3 1400 1000 0.15 0.93 

Brick 0.8 2050 900 0.78 0.91 
Insulation 0.047 50 840 (not a surface material) 
Concrete 0.6 2300 880 0.73 0.88 

Components Layer 1 Layer 2 Layer 3 
Material d (m) Material d m) Material d (m) 

Ground (for streets without trees) Concrete 0.5 Earth 9.5 - - 
Ground (for streets with trees) Earth 10 - - - - 

Ground (implicitly modeled area) Concrete 0.5 Earth 9.5 - - 
Building roofs and walls (1971-1990 building)  Brick 0.18 Insulation 0.02 Brick 0.18 

 
the P-1 radiation model [75] and natural convection is modeled with the Boussinesq 
approximation. Vegetation effects on flow and heat transfer are modeled as described in the 
study by Toparlar et al. [76]. The modeling approach assumes that the cooling power of trees 
depend on instantaneous air temperature and solar radiation along with the Leaf Area Density 
(LAD) of the trees. 

Hourly data for air temperature, wind speed and wind direction imposed at the inlets are 
obtained from the rural measurement station whereas the data for solar radiation area taken 
from the urban measurement station. The hourly rural measurement data also reported the 
hourly standard deviations in the wind direction readings for each respective hour. The average 
standard deviation of all the individual hourly wind direction readings is 32° and it can be as 
high as 105°. This indicates that on average, the hourly meteorological wind direction can 
fluctuate within a 32° interval. To take into account this uncertainty, the hourly wind direction 
imposed at the inlets is averaged over 30° intervals, ranging from 0° (North) to 330° 
(Northnorthwest).  

The SIMPLEC algorithm [89] is employed for pressure-velocity coupling and second-order 
discretization schemes are used for the convective, viscous and temporal terms. The simulations 
are performed with hourly time steps and for each time step, 600 iterations are performed, based 
on a sensitivity analysis. The conditions during 30 June 2013 are imposed as the first day and 
then simulations are performed for the entire month of July 2013. This includes 768 time steps, 
solved with 460800 iterations. At the end of each time step, the minimum values for the scaled 
residuals are 10-5 for velocity components, 10-4 for k, ε and continuity and 10-7 for energy and 
radiation. 

The hourly simulation results for air temperature (°C) are extracted in the point that 
corresponds to the position of the urban measurement station. In addition, the hourly 
simulation results for air temperature (°C), wind speed (m/s) and wind direction (°) are 
extracted in two urban points (Figure 5.1c): (1) in the street named Breughelstraat (urban point 
#1), located 400 m south of the Stadspark and (2) in the street named Quellinstraat (urban point 
#2), located 80 m north of the Stadspark. Both points are located at 2 m above the ground level, 
which is the recommended height by the World Meteorological Organization (WMO) to 
acquire microclimatic data in urban areas [90]. Post-processing of the location-specific 
microclimatic data is explained in Section 5.4.3. 
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5.4 Building energy simulations: settings and parameters 

BES are performed using the EnergyPlus 8.6 software [91] developed by the US Department 
of Energy. Simulations with this software were validated extensively in the past [92] and the 
software has been used in various studies [11,93]. In total, 36 BES cases are generated based on 
six building construction characteristics, three MCs and two building use types. 

5.4.1 Building form and orientation 

The simulation cases consider the same building form and orientation to remove these 
parameters from the comparative analysis. The building height interval of 9-11 m, which is the 
most common among the buildings in Belgium, corresponds to a typical terraced house [86] 
(Figure 5.4a and Figure 5.4b). The terraced building modeled in BES is shown in Figure 4c.  

 

 
Figure 5.4: (a) A terraced building in the Breughelstraat, where the urban point #1 is located; (b) a terraced 
building in the Quellinstraat, where the urban point #2 is located; (c) The front façade of the terraced building 
modeled in BES and its dimensions; (d) An isometric view of the modeled building; (e) Top view of the 
modeled building with the orientation indicator. 
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The front façade of the building is parallel to the two streets of interest (Figure 5.1c), i.e. 
285° clockwise from north (Figure 5.4e). The modeled terraced building is composed of three 
floors, each with a floor area of 66 m2 (198 m2 in total). Front and rear facades of the building 
are identical. Both of the facades and the roof are exposed to the ambient conditions whereas 
the two lateral sides of the building are considered to be adiabatic.   

5.4.2 Construction characteristics 

The Belgian building stock is categorized in the TABULA report [86] based on individual 
construction characteristics as follows [86]: (1) pre-1946, (2) 1946-1970, (3) 1971-1990, (4) 
1991-2005, (5) post-2005 and (6) Low Energy (LE) buildings. Typical thermal transmittance 
values or U-values (W/m2K) for the walls, roofs, floors, windows and doors and typical 
ex/infiltration rates (m3/h.m2) are specified for every group as shown in Table 5.3. The table 
demonstrates that newer constructions have lower U-values, indicative of higher thermal 
insulation levels compared to older constructions. In addition, newer constructions are more 
airtight as shown by the lower ex/infiltration rates. The BES simulations consider buildings with 
different construction characteristics by imposing the specific U-values and ex/infiltration rates 
mentioned in Table 5.3. 

Note that the TABULA report specifies only the U-values and insulation thicknesses of 
components. Therefore, in the present study, the thicknesses of other materials are determined 
based on the material specifications to match the corresponding U-values. To compare the heat 
transfer characteristics of components among different construction groups, the thermal time 
constants (τ) (hour) are calculated (Table 5.3) using the following equations: 

𝑅}�4m�'t'{ = 	�
𝑑4&{t$j&)
𝜆4&{t$j&)

 (Eq. 5.4) 

𝐶}�4m�'t'{ = 	�𝑑4&{t$j&) 	𝑐4&{t$j&) 	𝜌4&{t$j&) (Eq. 5.5) 

𝜏}�4m�'t'{ = 	
𝑅}�4m�'t'{	𝐶}�4m�'t'{

3600  (Eq. 5.6) 

where 𝑅}�4m�'t'{  (m2K/W) is the thermal resistance of individual components and 𝐶}�4m�'t'{ 
(J/m2K) is the heat capacity per unit area of individual components [94]. In Eq. 5.4-5.6, 𝑑4&{t$j&)  
(m), 𝜆4&{t$j&)  (W/mK), 𝜌4&{t$j&) (kg/m3) denote the thickness, thermal conductivity and 
density of every individual material in a respective component. Since the material specifications 
of the building windows are not known, they are modeled as so-called “no mass” components 
and only their thermal resistance values are specified in the BES (as shown in Table 5.3). 
Therefore, the thermal time constants of building windows are not calculated.   
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Table 5.3: Material and component specifications in the BES simulations and construction characteristics of 
buildings in Belgium. Information on construction characteristics is obtained from Ref. [86]. 

Materials Thermal conductivity 
(W/m.K) 

Density 
(kg/m3) 

Specific heat 
(J/kg.K) 

Absorptivity (-) (short-
wave) 

Emissivity (-) 
(long-wave) 

Brick 0.8 2050 900 0.78 0.91 
Insulation 0.047 50 840 (not a surface material) 

Wood 0.14 800 1300 0.82 0.94 
Concrete 0.6 2300 880 0.73 0.88 

Material (no mass) Thermal resistance (R-value) (m2K/W) 
Finishing 0.03 
Air cavity 0.15 

Component Construction group Details 
(from exterior to interior) 

U-value 
(W/m2.K) 

Thermal time 
constant (τ) (hour) 

Building walls 

pre-1946 Brick 2.2 83.0 
1946 – 1970 Brick / air cavity / brick 1.7 83.0 
1971 – 1990 Brick / air cavity / insulation (2cm) / brick 1.0 161.7 
1991 – 2005 Brick / air cavity / insulation (6 cm) / brick 0.6 234.6 
post-2005 Brick / air cavity / insulation (8 cm) / brick 0.4 399.0 

Low energy Brick / air cavity / insulation (15 cm) / brick 0.25 678.2 

Building roof 

pre-1946 Wood / finishing 1.7 13 
1946 – 1970 Wood / finishing 1.9 10 
1971 – 1990 Wood / insulation (4 cm) / finishing 0.85 12.7 
1991 – 2005 Wood / insulation (8 cm) / finishing 0.5 24.8 
post-2005 Wood / insulation (15 cm) / finishing 0.3 35.5 

Low energy Wood / insulation (30 cm) / finishing 0.15 80.3 

Building floor 

pre-1946 Concrete 0.85 459.1 
1946 – 1970 Concrete 0.85 459.1 
1971 – 1990 Concrete 0.85 459.1 
1991 – 2005 Concrete / insulation (4 cm) 0.7 341.9 
post-2005 Concrete / insulation (5 cm) 0.4 879.1 

Low energy Concrete / insulation (10 cm) 0.25 2137.7 

Building windows 

pre-1946 Single glazing 5.0 - 
1946 – 1970 Single glazing 5.0 - 
1971 – 1990 Double glazing 3.5 - 
1991 – 2005 Double glazing 3.5 - 
post-2005 High performance glazing 2.0 - 

Low energy High performance profiles and glazing 1.6 - 

Building doors 

pre-1946 Wood 4.0 2.6 
1946 – 1970 Wood 4.0 2.6 
1971 – 1990 Wood 4.0 2.6 
1991 – 2005 Wood (thicker) 3.5 3.3 
post-2005 Wood / Insulation 2.8 2.1 

Low energy Wood / Insulation 1.5 4.0 

 Construction group Ex/infiltration rates (for the whole building) 

Ex/infiltration rates 
(m3/h.m2) 

pre-1946 14.9 m3/h.m2 
1946 – 1970 14.9 m3/h.m2 
1971 – 1990 14.1 m3/h.m2 
1991 – 2005 10.0 m3/h.m2 
post-2005 6.0 m3/h.m2 

Low energy 2.5 m3/h.m2 
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5.4.3 Microclimatic conditions 

One set of rural microclimatic data and two sets of urban microclimatic data are generated 
by editing the EnergyPlus weather files (.epw). An annual climate file for Belgium is updated 
based on the geographical conditions of Antwerp (e.g. latitude, longitude, elevation) and then 
the climate file is edited for air temperature, wind speed, wind direction and solar radiation 
based on the input sources specified in Table 5.4. The editing is conducted only for the month 
of July 2013, which is the month considered in the CFD simulations. 

The solar radiation input for the urban and rural cases is directly imposed as the measured 
values from urban and rural measurement stations, respectively. However, shading on building 
facades can be significantly different for buildings in urban and rural areas. Therefore, using the 
shading algorithm of EnergyPlus [95], additional building blocks are placed 15 m away from 
the front and rear facades, only for the buildings subjected to an urban MC. The imposed street 
width of 15 m is typical for the streets in Antwerp, even though in reality the Quellinstraat (17 
m wide) is slightly wider than the Breughelstraat (13 m wide). The building blocks placed for 
the shading algorithm are 13 m high, which is the average building height in the area of interest. 

 
Table 5.4: Description of how different MCs are specified based on microclimate parameters and description 
of the shading imposed on BES cases in rural and urban areas. 

Microclimatic 
condition 

Microclimate parameters and input sources Description Air temperature (°C) Wind speed (m/s) Wind direction (°) Solar radiation (W/m2) 

Rural Rural measurements Rural 
measurements 

Rural 
measurements Rural measurements Rural location 

Urban #1 
(Breughelstraat) 

CFD results 
(urban point #1) 

CFD results 
(urban point #1) 

CFD results 
(urban point #1) Urban measurements 

Urban point of 
interest #1 (away 
from the park) 

Urban #2 
(Quellinstraat) 

CFD results 
(urban point #2) 

CFD results 
(urban point #2) 

CFD results 
(urban point #2) Urban measurements 

Urban point of 
interest #2 (close 

to the park) 
Microclimatic 

condition Shading from surrounding buildings Description 

Rural Shading from other buildings is 
considered negligible - 

Urban #1 
(Breughelstraat) 

Shading from other buildings is 
considered for front and rear facades 

Shading on both facades is modeled by positioning 13 m high 
buildings 15 m away from both facades. 

Urban #2 
(Quellinstraat) 

Shading from other buildings is 
considered for front and rear facades 

Shading from both facades is modeled by positioning 13 m high 
buildings 15 m away from both facades. 

5.4.4 Building use types 

This study evaluates two building use types: (1) residential and (2) office buildings. 
Typically, on working days, residential buildings are occupied during early mornings and 
evenings whereas office buildings are occupied during the daytime. The difference in daily 
occupancy schedule is reflected in the internal gains by lighting and electric equipment. 
Occupancy/operation schedules and internal heat gains modeled in BES for both building types 
are summarized in Table 5.5. BES are performed by considering the workday/weekend 
schedules during the month of July 2013. For the residential building, a family of four people is 
considered and for the office building, three offices on separate floors are considered. The 
occupancy of the offices is specified with an occupancy ratio of 0.1 person/m2 [96] (net area) 
and in the case of the modeled building, this yields 6 people on every floor (Table 5.5).  
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Table 5.5: Occupancy/operation schedules and internal gains modeled in BES for residential and office 
buildings. Values are obtained from Ref. [95,97–99]. 

Building type 

Occupancy/operation schedules 
Cooling system People Lighting equipment Equipment 

Time interval 
(hour) Setpoint Time interval 

(hour) 
Presence of 

people 
Time interval 

(hour) 
Lights 

(on/off) 
Time interval 

(hour) 
Equipment 

(ON or standby) 

Residential 
00:00 – 08:00 24°C 00:00 – 08:00 Present 00:00 – 18:00 OFF 00:00 – 18:00 Standby 
08:00 – 18:00 27°C 08:00 – 18:00 Not present 18:00 – 23:00 ON 18:00 – 23:00 ON 
18:00 – 24:00 24°C 18:00 – 24:00 Present 23:00 – 24:00 OFF 23:00 – 24:00 Standby 

Office 
00:00 – 08:00 27°C 00:00 – 08:00 Not present 00:00 – 08:00 OFF 00:00 – 08:00 Standby 
08:00 – 18:00 24°C 08:00 – 18:00 Present 08:00 – 18:00 ON 08:00 – 18:00 ON 
18:00 – 24:00 27°C 18:00 – 24:00 Not present 18:00 – 24:00 OFF 18:00 – 24:00 Standby 

Building type 
Heat gains 

Floor 
People Lighting C 

(W/m2) 
Equipment D 

(W/m2) Number of people A Heat gain per person (W) B 

Residential 

Floor 1 2 80 (from 23:00 till 07:00) 

120 (from 07:00 till 23:00) 10 10 (ON) 
4 (Standby) 

Floor 2 1 80 (from 23:00 till 07:00) 
120 (from 07:00 till 23:00) 6 5 (ON) 

2 (Standby) 

Floor 3 1 80 (from 23:00 till 07:00) 
120 (from 07:00 till 23:00) 6 5 (ON) 

2 (Standby) 

Office 

Floor 1 6 120 12 16 (ON) 
6.4 (Standby) 

Floor 2 6 120 12 16 (ON) 
6.4 (Standby) 

Floor 3 6 120 12 16 (ON) 
6.4 (Standby) 

A: For the residential building, a family of 4 people is considered. For the office building, an occupancy ratio of 0.1 person/m2 (net area) 
is considered. B: Heat gain per person is less for sleeping hours. C: Heat gains from lighting are less for the upper floors of the residential 
building due to lower occupancy. D: Heat gains from equipment are less for the upper floors of the residential building due to lower 
occupancy. 

5.4.5 Other computational settings 

Based on the recommendations of the EnergyPlus reference book [100], simulations are 
performed with 10 time steps per hour and ground temperature just below the building floor is 
specified as 18°C, which is 2°C less than the average indoor temperature. The surface convection 
for the interior and exterior surfaces is handled with the TARP and DOE-2 algorithms, 
respectively [101]. The aim of this study is to calculate the cooling demand under ideal 
conditions, where thermal set points are met at every hour independent of the system capability. 
Therefore the air-conditioning system is specified as the ideal loads air system [95], which 
calculates the cooling demand under idealized system conditions. The system provides 
sufficient cooling to each zone, and this approach is commonly used for demand calculations 
[100].   

Simulations are performed for the entire year of 2013, starting from 1 January 00:00 hours. 
However, only the simulation results from July 2013 are evaluated. From each BES case, the 
resulting data for the monthly and daily cooling demand (kWh) are extracted. Results are 
reported in terms of the cooling demand per unit area (kWh/m2) and in terms of percentage 
differences in cooling demand among different cases.  
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5.5 Results 

5.5.1 CFD simulations: Comparison with the measurement data 

In Figure 5.5a, the resulting air temperatures from the CFD simulations and the 
measurements from July 2013 are compared. Even though the diurnal trend is well reproduced, 
this repetition is largely governed by the imposed measured air temperatures, which already 
have a similar diurnal trend. Figure 5.5b demonstrates the hourly urban-rural air temperature 
differences based on the CFD simulation results and measurements. The figure shows that the 
CFD simulations generally underpredict the urban heat island intensity, which may be 
attributed to neglecting anthropogenic heat sources and simplifying surface characteristics (e.g. 
same albedo of all building surfaces). 

Figure 5.5 displays the hourly air temperature differences between the CFD simulations and 
the measurements at the urban measurement station. The CFD simulations are able to 
reproduce the measured air temperatures with an average absolute temperature difference of 
0.88°C and a standard deviation of 0.61°C. The maximum underprediction by CFD is at 10 July, 
12:00 hours with -3.2°C, and maximum overprediction by CFD is at 7 July, 22:00 hours with 
+2.4°C. Given the fairly good agreement with the measurement data, the CFD output is 
considered suitable for generating the location-specific microclimatic data for different parts in 
the central Antwerp area. 

5.5.2 Location-specific microclimatic conditions 

Location-specific Microclimatic Conditions (MC) are generated for three locations: (1) the 
rural area, (2) the urban point of interest #1 (Breughelstraat) (urban#1) and (3) the urban point 
of interest #2 (Quellinstraat) (urban#2). These conditions are generated based on the CFD 
simulation results supplemented with the meteorological measurements, as shown in Table 5.4. 
Figure 5.6 shows the location-specific MC with respect to air temperature (Figure 5.6a), wind 
speed (Figure 5.6b), wind direction (Figure 5.6c) and solar radiation (Figure 5.6d). Note that the 
urban MC also take into account the effect of the park.  

The air temperature data show that the warmest point of interest is urban#1 and the coolest 
point of interest is the rural location. Compared to the measurement data from the rural station, 
on average, urban#1 is 3.3°C warmer whereas urban#2 is 2.4°C warmer. The difference in air 
temperature between urban#1 and urban#2 is mostly due to the close proximity of urban#2 to 
the Stadspark. Especially on days when the wind direction is from Southeast (between 180° - 
270° in Figure 5.6c), the air temperature difference between the two urban points of interest 
increases up to a maximum of 5.3°C. The maximum difference occurs on 22 July, where low 
wind speed leads to a concentrated cooling effect from the park [76]. In addition, since the 
modeling approach used for the evapotranspirative cooling of the trees is dependent on air 
temperature and solar radiation, high air temperatures (>30°C) occurring on this particular day 
lead to an increased volumetric cooling power from the trees. 

Figure 5.6b compares the CFD simulation results (urban #1 and urban #2) and the 
measurement data (rural) for wind speed. When normalized with respect to hourly averaged 
wind speeds at the rural area, the normalized wind speed is 0.77 for the urban#1 and is 0.71 for 
the urban#2. This averaging indicates that urban#2 has relatively lower wind speeds compared 
to urban#1. This might be because of the effect of tree foliage in the nearby park on wind speeds. 
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Figure 5.6c compares the CFD simulation results (urban #1 and urban #2) and 
measurement data (rural) for wind direction. Most of the time, the urban wind direction is 
either southeast (180° - 270° interval) or northwest (0° - 90° interval). Typically, the wind 
direction at the urban points is dominated by the orientation of their respective street canyons. 

Solar radiation data are based on the rural and urban measurement stations. In comparison, 
no significant difference is observed as the average differences in solar radiation measurements 
during whole July are around 11 W/m2 (higher for the rural area).  

 

 
Figure 5.5: a) Comparison of hourly air temperatures from CFD simulations and measurement data 
obtained at the urban measurement station in July 2013; b) hourly urban-rural air temperature differences 
based on the CFD simulation results and measurement; c) differences in hourly air temperatures between 
CFD simulations and measurements obtained at the urban measurement station. 
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Figure 5.6: Location-specific microclimatic data obtained at the rural point (black), urban #1 (orange) and 
urban #2 (green) for a) air temperature; b) wind speed; c) wind direction (0 and 360 indicate north wind); 
d) global horizontal solar radiation. Note that the results for global horizontal solar radiation at both urban 
and rural locations are obtained directly from the measurements. 
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5.5.3 BES: Basic sensitivity analysis 

To understand the individual impact of each BES parameter on the July Cooling Demand 
(CD), first, a basic sensitivity analysis is conducted that does not yet focus on the differences 
induced by different MCs. The base case selected for the sensitivity analysis is the building with 
pre-1946 construction characteristics, subjected to the rural MC and with residential use. The 
CD is calculated for different cases where BES parameters are changed one at a time as 
demonstrated in Table 5.6. 

The impact of different U-values and different ex/infiltration rates on the CD is 
demonstrated in Figure5.7a and Figure5.7b, respectively. Figure5.7a shows that compared to 
the base case, the added air cavity layer in 1946-1970 constructions and the added thin 
insulation layer in 1971-1990 constructions decrease the CD. However, the decrease in CD with 
decreasing U-value is reversed once the building insulation is further improved, as seen in the 
case of 1991-2005 constructions and onwards. Compared with the base case building, low-
energy buildings can have 15.1% more CD due to high insulation. This non-linear impact can 
be associated with the changing transient heat transfer characteristics of building components, 
such as the thermal time constant. A similar non-linear relationship is observed in several prior 
studies [102,103], indicating that there might be a potential optimum for building CD 
considering the component U-values and thicknesses. 

 
Table 5.6: An overview of the BES cases for the sensitivity analysis. The impact of simulation parameters is 
evaluated by changing the parameters one at a time compared to the base case scenario. 

Case 
Construction characteristics Microclimatic condition Building  

use type U-value Ex/infiltration 
rate 

Air 
temperature 

Wind 
speed 

Wind 
direction 

Solar 
radiation 

Shading 
algorithm 

Base case Pre-1946 Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 
Impact of changing U-values 

Case – 1 1946-1970 Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 
Case – 2 1971-1990 Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 
Case – 3 1991-2005 Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 
Case – 4 Post-2005 Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 
Case – 5 Low energy Pre-1946 Rural  Rural  Rural  Rural  Rural Residential 

Impact of changing ex/infiltration rates 
Case – 6 Pre-1946 1946-1970 Rural  Rural  Rural  Rural  Rural Residential 
Case – 7 Pre-1946 1971-1990 Rural  Rural  Rural  Rural  Rural Residential 
Case – 8  Pre-1946 1991-2005 Rural  Rural  Rural  Rural  Rural Residential 
Case – 9 Pre-1946 Post-2005 Rural  Rural  Rural  Rural  Rural Residential 

Case – 10 Pre-1946 Low energy Rural  Rural  Rural  Rural  Rural Residential 
Impact of changing microclimatic parameters 

Case – 11 Pre-1946 Pre-1946 Urban #1  Rural  Rural  Rural  Rural Residential 
Case – 12 Pre-1946 Pre-1946 Urban #2  Rural  Rural  Rural  Rural Residential 
Case – 13 Pre-1946 Pre-1946 Rural Urban #1  Rural  Rural  Rural Residential 
Case – 14 Pre-1946 Pre-1946 Rural Urban #2  Rural  Rural  Rural Residential 
Case – 15 Pre-1946 Pre-1946 Rural  Rural  Urban #1  Rural  Rural Residential 
Case – 16 Pre-1946 Pre-1946 Rural  Rural  Urban #2 Rural  Rural Residential 
Case - 17 Pre-1946 Pre-1946 Rural  Rural  Rural Urban  Rural Residential 
Case - 18 Pre-1946 Pre-1946 Rural  Rural  Rural Rural  Urban Residential 

Impact of building use type 
Case - 19 Pre-1946 Pre-1946 Rural  Rural  Rural  Rural  Rural Office 
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The relationship between ex/infiltration rates and CD is monotonic. Figure 5.7b shows that 
the building CD increases with decreasing ex/infiltration rates. This is because decreasing 
ex/infiltration rates lead to decreased heat losses due to ventilation during the summer period. 
Compared with the base case building, low energy buildings can have 80.8% more CD due to 
lower ex/infiltration rates. 
 

 
Figure 5.7: Sensitivity analysis of the impact of construction characteristics on the July CD of the base case 
building: a) with different U-values and b) with different ex/infiltration rates. 

The results of the sensitivity analysis based on changing microclimatic parameters are 
demonstrated in Figure 5.8. The results show that the building CD is highly dependent on 
changing air temperatures. When exposed to the air temperatures from urban#1 and urban#2, 
the CD increases by 122.2% and 79%, respectively.   

The impact of wind speed on the building CD is much less than the impact of air 
temperatures. The maximum change in CD of 2.8% when the base case building is subjected to 
the wind speed conditions from urban#2. The comparison of wind speed conditions indicate 
that slower wind speeds would yield to a higher energy demand, which is related either to the 
changing outer convective heat transfer coefficient or to the impact of wind speed on the air 
infiltration. 
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Figure 5.8: Sensitivity analysis of the impact of microclimatic parameters from urban#1 and urban#2 on the 
CD of the base case building for July 2013. 

Imposing the wind direction data obtained from the urban #1 and urban #2 MC dataset 
yields to a 0.2% increase in the CDs of buildings compared with the base case where the wind 
direction data obtained from the rural MC is imposed. The similarity of the findings for urban#1 
and urban#2 is expected, as the hourly averaged wind direction vectors, which are mostly 
dictated by the street canyon orientation, are similar for both of the urban points of interest. It 
should be noted that the exposure to outer environment is somewhat limited in the terraced 
buildings as the two sides of the base case building are modeled as adiabatic and only the two 
short sides of the building are exposed to ambient conditions. Therefore, the impact of varying 
wind speed and wind direction on the results of BES can be different for buildings with different 
form and orientation. 

Solar radiation level, as measured in the urban measurement station, was found to be on 
average 11 W/m2

 less than the levels measured in the rural station. Once imposed, the rural-
urban differences in the solar radiation levels yield to a 6% reduction in the July CD of buildings 
subjected to an urban MC. Lower solar radiation measured in the urban measurement station 
leads to less solar heat gains from the façade, which is the reason for the decrease in the CD of 
the base case building. 

Another sensitivity analysis is conducted for the impact of the urban shading algorithm and 
for the impact of the office type building occupancy/operation schedule, which are 
demonstrated in Figure 5.9a and Figure 5.9b. The urban shading algorithm reduces the building 
CD by 2.8%, compared to the base case scenario. Switching from a residential type building use 
to an office type building increases the building CD significantly, by 200.8%. This increase is 
due to the additional internal heat gains inside the offices and due to the fact that the offices are 
modeled as occupied during the times of the day when air temperatures and solar radiation 
levels are higher (daytime) than the times when residential buildings are occupied (nighttime).  
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Figure 5.9: Sensitivity analysis of the impact of a) the shading algorithm imposed on buildings subjected to 
an urban MC and b) office type occupancy and operation schedule, on the July CD of the base case building. 

5.5.4 BES: Impact of Antwerp microclimate on building cooling demand 

The impact of the local Antwerp microclimate on building energy demand is investigated 
for 36 simulation cases based on three location-specific MCs, six construction characteristics 
and two building use types as explained in Section 5.4. CDs for the 36 simulation cases are 
calculated and compared with each other in Figure 5.10a and Figure 5.10b. In both figures, base 
case residential and office buildings are considered as those with the pre-1946 construction 
characteristics and subjected to the rural MC. The figure shows that buildings subjected to the 
rural MC have lower cooling demands than their counterparts located in urban#1 and urban#2. 
The CDs of the buildings in urban#1 and urban#2 show the following percentage differences 
compared to the rural MC (these findings are for the cases where buildings with the same 
construction characteristics are compared): 

 
• For residential buildings 

o Urban#1 MC compared to the rural MC: +90.0% (average) and 108.2% 
(maximum) 

o Urban#2 MC compared to the rural MC: +60.8% (average) and 75.9% 
(maximum) 

• For office buildings 
o Urban#1 MC compared to the rural MC: +30.6% (average) and 44.3% 

(maximum) 
o Urban#2 MC compared to the rural MC: +17.3% (average) and 22.6% 

(maximum) 
 

Larger impacts can be observed if buildings with different construction characteristics are 
compared. The results clearly demonstrate that the CD of residential buildings is more sensitive 
to changes in the MC than for residential buildings. 

 



 
 

 

163 The impact of urban microclimate on building cooling demand 

 
Figure 5.10: BES results for CD for (a) residential and (b) office buildings with different construction 
characteristics and MCs. Urban#1 is away from the urban park of interest whereas urban#2 is closer to the 
urban park of interest 

Considering all the construction characteristics and building use types, being in the vicinity 
of an urban park cannot fully alleviate the extra CD caused from a warmer urban MC. Still, the 
average monthly CD of buildings in urban #2 is noticeably less compared to the CD of buildings 
in urban #1, which is shown in Figure 5.11. The maximum reduction in CD caused only because 
of the urban location difference is 20.3% (residential, 1946-1970 building). Averaged over the 
same construction characteristics, residential buildings and office buildings close to the urban 
park can have 13.9% and 11.4% less cooling demand compared with the buildings away from 
the urban park. The maximum absolute change in the monthly CD caused by the urban park is  
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Figure 5.11: Comparison of the CD for different building types and with different proximities to the urban 
park of interest. Urban#1 is away from the urban park of interest whereas urban#2 is closer to the urban 
park of interest 

1.9 kWh/m2 for office buildings with pre-1946 construction characteristics. Figure 5.11 also 
demonstrates that older buildings can benefit more from the cooling benefit caused by the urban 
park. 

The differences in the CDs of buildings exposed to the urban#1 and urban#2 MCs are in 
close relationship with the wind direction measured at the rural measurement station. To 
illustrate this, the daily dominant wind direction measured at the rural station is summarized 
based on one of the four possible directions in an X-Y coordinate system where +X denotes east 
and +Y denotes north direction. Wind flow approaching from +X and +Y direction is denoted 
as from quadrant I, wind flow from +X and –Y is denoted as from quadrant II, wind flow from 
–X and –Y direction is denoted as from quadrant III and wind flow from –X and +Y is denoted 
as from quadrant IV. For an office building with the construction characteristics from 1946-
1970, the daily CD is compared when this building is subjected to the urban #1 MC and to the 
urban#2 MC. In Figure 5.12, the ratio of the daily CD of this building under these two MCs is 
plotted. The daily dominant wind direction is represented with different colors. Figure 5.12 
shows that higher differences in the daily CD occur when the wind is from the southwest 
direction (quadrant III). This is a consequence of the positioning of urban#2 with respect to the 
urban park of interest. When the wind is approaching from the southwest direction (quadrant 
III), the urban#2 falls within the wake of the urban park and the cooling impact caused from the 
park reduces air temperatures, and thus, the building CD. Compared to the daily CD of 
buildings in urban #1, the daily CD of buildings in urban #2 is reduced by a maximum of 43% 
(occurring on 2 July). In terms of absolute values, the daily maximum reduction occurs during 
25 July where the representative office building subjected to the MC of urban#2 has 0.181 
kWh/m2 less daily CD than the same building subjected to the MC of urban#1. 

To elaborate further on the impact of the meteorological wind direction on the CD of 
buildings in the urban area, a regression analysis is conducted. The analysis considers the daily 
CD (Wh/m2) of an office building with the 1946-1970 construction characteristics. The 
independent variables are specified as the daily averaged meteorological measurements (rural) 
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of air temperature (°C), wind speed (m/s) and wind direction (°). The aim of this regression 
analysis is to produce a parametric relationship in the following form: 

𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛	𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑑𝑎𝑖𝑙𝑦	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	𝑑𝑒𝑚𝑎𝑛𝑑	(~w
4_) = a[ + a�	𝐴𝑇 − aT	𝑊𝑆− aY	𝑊𝐷  

where AT, WS and WD refer to values obtained from the meteorological measurements of air 
temperature (°C), wind speed (m/s) and wind direction (°) and a[ (~w

4_), a� ( ~w
4_℃

), aT �~w.�
4a �	and 

aY (~w
4_°
) are the coefficients of these independent variables. The following parametric equations 

are determined for predicting the daily CD: 

𝑅u𝑟𝑎𝑙	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	𝑑𝑒𝑚𝑎𝑛𝑑	(~w
4_) = −664.67+ 51.54	𝐴𝑇 − 32.89	𝑊𝑆 − 0.13	𝑊𝐷     (R2 = 0.92) 

𝑈𝑟𝑏𝑎𝑛	#1	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	𝑑𝑒𝑚𝑎𝑛𝑑	(~w
4_) =	−437.53+ 46.45	𝐴𝑇 − 55.51	𝑊𝑆 − 0.05	𝑊𝐷    (R2 = 0.80) 

𝑈𝑟𝑏𝑎𝑛	#2	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	d𝑒𝑚𝑎𝑛𝑑	(~w
4_) =	−399.49− 44.50	𝐴𝑇 − 56.58	𝑊𝑆 − 0.51	𝑊𝐷     (R2 = 0.81) 

The analysis provided statistically meaningful predictions, with all R2 values higher than 
0.8. According to the coefficients of the independent variables, the WD has the highest impact 
on the CDs of buildings subjected to the urban #2 MC. On the contrary, the WD has less impact 
on the CDs of buildings subjected to the urban#1 MC. It should be noted these relationships are 
not established to estimate the daily CD in the area of interest but rather to demonstrate the 
relative importance of the meteorological WD on the CD of buildings subject to the MC of 
urban#2.  
 

 
Figure 5.12: The ratio of daily CD during July 2013 for a representative building in urban#2 (close to the 
urban park) and urban#1 (away from the same urban park) and its relationship with the daily wind direction 
measured in the rural measurement station.  
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5.6 Discussion 

5.6.1 Evaluation of the results 

Although CFD for urban microclimate analysis is a computationally expensive approach 
[58], the capability of CFD for providing results with a high spatial resolution (i.e. around 
individual buildings) offers opportunities. As shown in this study, studies measuring location-
specific meteorological data can be used for validating CFD simulations. The CFD simulations 
performed in this study predict measured air temperatures with fairly good accuracy. This 
comparison can be strengthened further by using more measurement data obtained at different 
locations in the central Antwerp area considered here. 

The results in this study show that the CD in office buildings can be three times the CD in 
residential buildings. This absolute difference in the CD would mean that a unit change in the 
CD of offices and residential buildings would yield different percentage changes. This can be 
interpreted as residential buildings being more sensitive to changing MCs. A similar conclusion 
was found in the study by Hirano and Fujita [72] which reported that the UHI effect has a larger 
impact on the CD of residential buildings in Tokyo in terms of percentage values but not 
necessarily in terms of absolute values.   

The sensitivity analysis demonstrated in Section 5.5.3 shows that the CD of buildings 
investigated in this study are mostly sensitive on location-specific air temperature whereas 
location-specific wind speed and wind direction have a lesser influence. Similar conclusions 
were reported in the studies by Sailor and Munoz [41] and Fung et al. [42]. 

Some prior studies focusing not only on the summertime CD but on the total energy 
demand of buildings for a whole year found that decreasing U-values can lead to savings in the 
annual building energy demand [53,69]. A similar whole-year analysis may produce similar 
findings in the present research as well. Several prior studies documented that decreasing U-
values can lead to higher building CD when the buildings are exposed to high air temperatures 
caused by the UHI effect [34] or by climate change [11]. Therefore, the design of low energy 
buildings with low U-values and low ex/infiltration rates should be carefully evaluated with 
respect to CD especially if the building will be exposed to an urban MC. According to Isaac and 
van Vuuren [4], the global annual energy demand for space cooling may become more than the 
demand for space heating within the mid-21st century. With such rapid changes within a 
century, a building considered as low energy in today’s conditions, might not be so throughout 
its lifetime. With the rapid increase in air-conditioning devices also in the developing World 
[104], the CD of buildings in dense urban areas should be investigated more carefully and design 
regulations should focus on parameters such as thermal mass and thermal time constant rather 
than only on U-values.   

In this study, the average differences in the CD of buildings subjected to the rural and urban 
MCs are in the range of 60.8%-90.0% for residential buildings and 17.3%-30.6% for office 
buildings. Prior studies comparing the CDs of buildings in rural and urban areas reported 
similar findings. In the study by Kolokotroni et al. [56], buildings in urban areas were found to 
have 32-42% more cooling demand than the buildings in rural areas. Vardoulakis et al. [36] 
reported the maximum difference in the CD of urban buildings compared to rural buildings as 
36.3% whereas Sun and Augenbroe [52] reported CD differences of rural vs urban buildings 
averaged over 15 cities in the USA as 17.25%. According to Hassid et al. [29] urban/rural 
differences can lead to more than 70% differences in the CD whereas Santamouris et al. [12] 
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reported that the CD of buildings in urban areas can be doubled compared to the CD of 
buildings in rural areas. 

Even though the impact of an urban park on the microclimate in its vicinity has been 
investigated in various studies in the past [76], to the best of our knowledge, only the study by 
Ca et al. [33] investigated the impact of an urban park on the building CD. Based on measured 
air temperature differences in the wake of an urban park and in nearby locations, Ca et al. [33] 
calculated that 15% of energy savings can be achieved during noon time for buildings located in 
the wake of the park investigated. In the present study, the average decrease in the CDs of 
buildings close to the park compared to buildings far from the park is found as 13.9% and 11.4% 
for residential and office buildings, respectively. 

The present study demonstrates that the analysis of location-specific MCs at various 
locations in the same urban area should be conducted with caution when localized cooling 
sources such as urban parks are present. Several studies in the past produced air temperature 
data at various locations in specific cities by using pre-measured UHI intensities or by using 
UHI predictor models which are based on morphological inputs. However, the present study 
demonstrates that location-specific air temperature data can be highly dependent on the wind 
direction for the urban area of interest. Even though the focus buildings in this study are at 
locations with similar morphological characteristics and positioned only 800 m apart, 
differences in air temperature up to 5.3°C caused by an urban park are reported. Considering 
two buildings with the same form, orientation, construction characteristics and use types, the 
differences in MCs can lead to daily CD differences of up to 43% (Figure 5.12). It is 
recommended for the UHI predictor models to consider the impact of localized cooling sources 
as another input parameter while specifying location-specific MCs. 

5.6.2 Limitations 

The CFD simulations performed in this study are subjected to several limitations. All 
building and street surfaces are assumed to have identical conditions with each other. Although 
CFD simulations can be performed by imposing individual surface characteristics (i.e. albedo) 
for each part of the domain, such data is hard to acquire and would increase the pre-processing 
of the simulations significantly.  

Another limitation is neglecting humidity. While specifying location-specific MCs, 
differences in relative humidity between urban and rural areas could have been taken into 
account. However, to consider mass transfer in CFD simulations appropriately, relevant 
boundary conditions and source/sink terms for humidity sources, such as water bodies and 
gardens, should be developed. BES performed in the present study considers only the changes 
in temperature, wind speed, wind direction and solar radiation while assuming the same relative 
humidity conditions as measured in the rural measurement station.  

The current approach for coupling urban microclimate with BES is based on gathering 
location-specific microclimatological data at specific points. The capability of these points in 
representing the climatological conditions around the buildings of interest can be questioned. 
The approach followed in this study offers the ease of adapting CFD simulation results directly 
on the weather files commonly used in BES. More advanced approaches where the whole flow 
field data around individual buildings are linked to BES can be adopted in the future.  

To investigate the impact of the local Antwerp urban microclimate and the urban park on 
the net building energy demand, a full year study should be conducted where the heating 
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demand is also evaluated [105]. However, CFD simulations of urban microclimate focusing on 
an entire year would be computationally very expensive. An idea to incorporate a full year 
investigation can be to focus only on representative days from each month and to combine 
results accordingly. 

5.6.3 Future perspectives 

In this study, the impact of an urban park on the CD of buildings in its wake is documented 
as a case study for an existing situation. Future studies can be conducted on how to spread this 
benefit to a larger area. Morphological conditions of an urban area can be influential in building 
energy demand as argued by Golany et al. [106] and Ratti et al. [107]. Therefore, future studies 
can focus on morphological changes aimed at carrying the cooled air in the wake of an urban 
park to a larger area of influence.  

Applying better thermal insulation to buildings in cities is considered as a good approach 
in decreasing heating demands. However, as the future of built environments is expected to be 
more cooling demand dominated, the design considerations for low energy buildings might 
need some rethinking. Neglecting the potential rise in the CD of buildings might lead to 
problems in the future and the share of buildings in the total global energy consumption may 
not decrease significantly, or not at all, if the CD continue to rise. It should be noted that more 
cooling demand in cities can lead to an increase in anthropogenic heat release due to air-
conditioning devices and this may increase urban air temperatures to an even higher level 
[108,109] – a vicious circle. Future regulations on low energy building design should give more 
attention to the cooling demand of buildings. 

5.7 Summary and conclusions 

The cooling demand of buildings is strongly linked to occupant behavior, building 
installations, building envelope and urban microclimate. Buildings in urban areas are generally 
subjected to higher air temperatures than the buildings in the surrounding rural areas, and thus, 
they can exhibit higher cooling demands.  

In this study, CFD simulations are performed to investigate the urban microclimate of 
central Antwerp area and to provide location-specific Microclimatic Conditions (MCs) to be 
used in Building Energy Simulation (BES). The CFD simulations use meteorological 
measurements conducted at a rural area outside of Antwerp and at an urban area within the city 
center. The 3D unsteady Reynolds-averaged Navier-Stokes equations are solved considering the 
climatic conditions of July 2013. The simulated air temperatures are compared with the 
measured values at the location of the urban measurement station and the CFD simulations are 
found to reproduce the air temperatures with an average absolute difference of 0.88°C. Given 
the fairly good agreement, the CFD simulations are used to provide climatic conditions for the 
BES. The CFD simulation results and measurements for air temperature (°C), wind speed (m/s) 
and wind direction (°) are extracted at three locations: (1) a rural location outside of Antwerp; 
(2) an urban location inside central Antwerp, away from an urban park and (urban#1) (3) 
another urban location inside central Antwerp, close to the same urban park (urban#2). Three 
location-specific MCs are defined based on the conditions at these locations. These MCs are 
used as inputs for the BES of a building with the same form and orientation but with two 
different building use types (residential and office) and with six different sets of construction 
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characteristics, ranging from pre-1946 buildings to modern low energy buildings. The resulting 
Cooling Demands (CD) (kWh/m2) from the 36 simulation cases are reported and compared 
with each other. The following conclusions can be made: 

• On average, air temperatures recorded at urban#1 and urban#2 are 3.3°C and 2.4°C 
higher than the air temperatures recorded at the rural area considering the entire 
month of July 2013. The cooling effect from the urban park of interest leads to a 
temperature difference between urban#2 and urban#1 by 0.9°C on average and up to a 
maximum of 5.3°C throughout the month of July 2013.  

• The differences in the MCs between the rural location, urban#1 and urban#2 leads to 
significant changes in the CD of buildings. Compared with the residential buildings 
with the same construction characteristics in the rural area, buildings in urban#1 and 
urban#2 are found to have on average 90% and 60.8% more CD, respectively. 
Compared with the office buildings with the same construction characteristics in the 
rural area, buildings in urban#1 and urban#2 are found to have on average 30.6% and 
17.3% more CD, respectively. 

• Newer buildings with better thermal insulation and airtight enclosures are found to 
have much more CD during July 2013. The maximum difference in CD reported in this 
study is 209.3%, which corresponds to the case when the CD of a rural residential 
building with the pre-1946 construction characteristics is compared with the CD of a 
residential building in the urban area with low energy construction characteristics.  

• Even though the vicinity of an urban park cannot completely alleviate the additional 
CD caused from an urban MC, the park investigated in this study can help in reducing 
building CD to some degree. Being subjected to the MC of urban#2 instead of urban#1 
can lead to average CD reductions of 13.9% for residential buildings and 11.9% for 
office buildings during July 2013. The maximum absolute change in the monthly CD 
caused by the urban park is 1.9 kWh/m2 for office buildings with pre-1946 
construction characteristics. 

• The maximum difference in the daily CDs between urban#2 and urban#1 is highly 
dependent on the wind direction approaching to the urban area of interest and can 
reach up to 43% when the wind flow is from the Southeast direction, which leaves the 
urban#2 in the wake of the urban park of interest.  

This study demonstrates that the impact of urban microclimate on building cooling 
demand is quite complex as it can vary within the same urban area depending on: the building 
location in the urban area of interest; building type; and the building’s construction period. 
Considering this complexity, a building constructed with “low-energy” construction guidelines 
in a rural setting, may not hold its promise if designed in the same way in city centers. For the 
future guidelines on the design of low energy buildings and for the regulations on building 
energy efficiency, we would recommend taking into account the impact of urban microclimates. 
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6 
A new temperature inlet profile consistent with 

wall functions  

This chapter is prepared as: 

An appropriate temperature boundary condition for the CFD simulations of ABL flow with wall 
functions 

Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F. (in preparation) (2018)  

 

Abstract: Accurate Computational Fluid Dynamics (CFD) simulations of Atmospheric 
Boundary Layer (ABL) flow are essential for a wide variety of studies including atmospheric 
heat transfer and pollutant dispersion. An important requirement is that the imposed inlet 
boundary conditions should yield vertical profiles that maintain horizontal homogeneity (i.e. 
no streamwise gradients) in the upstream part of the computational domain for all relevant 
parameters, including temperature. Many previous studies imposed a uniform temperature 
profile at the inlet, which has often led to horizontal inhomogeneity of the temperature profile. 
Therefore, this study presents a new temperature inlet profile that can yield horizontal 
homogeneity when used in combination with the Standard Gradient Diffusion Hypothesis 
(SGDH) and a temperature wall function. The horizontal homogeneity by this profile is verified 
by 2D Reynolds Averaged Navier-Stokes (RANS) CFD simulations performed with the standard 
k-ε turbulence model and SGDH. Next, evaluations with natural convection in cases with 
different Richardson numbers are performed. Finally, the realistic character of the new inlet 
profile is demonstrated by comparison with a range of on-site measured vertical temperature 
profiles reported in previous studies. The approach in this study can easily be extended to other 
types of wall functions and other RANS closure schemes for turbulent Reynolds stresses and 
heat fluxes.  
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6.1 Introduction 

Computational Fluid Dynamics (CFD) is increasingly used to analyze physical processes in 
the Atmospheric Boundary Layer (ABL). While CFD offers the capability of obtaining results 
under fully controlled conditions and for the entire computational domains, often substantial 
computational resources are required and the quality and reliability of the results is highly 
dependent on the appropriate selection of a wide range of settings and parameters including the 
computational geometry, the size of the computational domain, the computational grid, the 
boundary conditions, the turbulence model, the near-wall treatment, the discretization 
schemes, the convergence criteria, and so on. In this perspective, CFD simulations of 
atmospheric flow processes has greatly benefited from a wide range of generic best practice 
guidelines [1–5] but also applied best practice guidelines particularly tailored to CFD 
simulations of ABL flow [6–9]. Wind flow in ABL is of interest for studies on various topics, 
such as wind flow around buildings [10–13], pollutant dispersion [14–21], wind-driven rain 
[22–24], building/urban ventilation [25–27], wind energy [28–30] and urban microclimate [31–
38].  

Typically, studies investigating wind flow in ABL focus on an Area of Interest (AoI), which 
can consist of a single geometry (i.e. a stand-alone building) or a group of geometries (i.e. a 
portion of a city) (Figure 6.1). In CFD simulations of ABL flow, wind is introduced to the 
domain via an inlet boundary and it is extracted from an outlet boundary. An appropriate ABL 
flow should be absent from pressure gradients and horizontally homogenous (fully developed) 
[39,40]. The horizontal homogeneity refers to the absence of streamwise gradients in the vertical 
profiles of target parameters (e.g. mean wind velocity, temperature). To satisfy horizontal 
homogeneity, profiles of the approach flow, occurring in the region between the inlet and the 
AoI, should be the same as the profiles of the inlet flow (Figure 6.1). 

 

 
Figure 6.1: A representative computational domain with several building blocks for CFD simulation of ABL 
flow. The figure demonstrates inlet and outlet boundaries, an inlet and approach flow and the area of interest. 
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In the computational domains of CFD simulations, regions outside the AoI are typically 
modeled implicitly, where the obstacles such as buildings and trees are not physically present 
but represented with a roughness parameter imposed at the wall-type ground boundary. 
Roughness is specified also for the upstream fetch (upstream of the domain), which is used to 
determine the inlet profiles of relevant parameters (e.g. temperature). The effect of roughness is 
reflected on the flow typically with a set of wall functions. Wall functions are used in the 
calculation of flow parameters (e.g. temperature) at the wall surface and at the middle of the 
wall-adjacent cell (yP).  

The roughness at the wall-type ground boundaries can be imposed based on two types of 
roughness specifications: 1) with the aerodynamic roughness length (y0) (m); 2) with the 
equivalent sand-grain roughness height (kS) (m). The y0 is used to represent landscapes with 
different features and its appropriate values for the ground boundaries in the CFD simulations 
can be estimated using the Updated Davenport Roughness Classification [41] (Table 6.1). The 
kS is originally formulated to specify roughness occurring in roughened pipe flows [42] and 
compared to y0, kS refers to roughness at much smaller scales. Even though y0 represents 
roughness of features relevant for ABL flow, wall functions commonly used in the commercial 
CFD code ANSYS Fluent [43] and in the open-source CFD code OpenFOAM [44] include 
roughness specification based on kS. Both codes contain the Standard Wall Functions (SWF) by 
Launder and Spalding [45] and their roughness modification by Cebeci and Bradshaw [46], 
which is based on two parameters: 1) (kS) (m) and 2) the roughness constant (CS) (-). This 
coupled approach (SWF with roughness modification) will be denoted as the kS-type wall 
function for the remainder of this study.  

 
Table 6.1: Updated Davenport roughness classification [41] 

Aerodynamic roughness 
length (y0) (m) Landscape description 

0.0002 (sea) Open sea or lake (irrespective of the wave size), tidal flat, snow covered flat plain, featureless 
desert, tarmac and concrete, with a free fetch of several kilometers. 

0.005 (smooth) Featureless land surface without any noticeable obstacles and with negligible vegetation; e.g. 
beaches, pack ice without large ridges, morass, and snow-covered or fallow open country. 

0.03 (open) 
Level country with low vegetation (e.g. grass) and isolated obstacles with separations of at 
least 50 obstacle heights; e.g. grazing land without windbreaks, heather, moor and tundra, 

runway area of airports. 

0.1 (roughly open) 
Cultivated area with regular cover of low crops, or moderately open country with occasional 
obstacles (e.g. low hedges, single rows of trees, isolated farms) at relative horizontal distances 

of at least 20 obstacle heights. 

0.25 (rough) 
Recently-developed "young" landscape with high crops or crops of varying height, and 
scattered obstacles (e.g. dense shelterbelts, vineyards) at relative distances of about 15 

obstacle heights. 

0.5 (very rough) 
"Old" cultivated landscape with many rather large obstacle groups (large farms, clumps of 

forest) separated by open spaces of about 10 obstacle heights. Also, low large vegetation with 
small inter- spaces, such as bushland, orchards, young densely-planted forest, 

1.0 (closed) 
Landscape totally and quite regularly covered with similar-size large obstacles, with open 

spaces comparable to the obstacle heights; e.g. mature regular forests, homogeneous cities or 
villages. 

2.0 (chaotic) Centers of large towns with mixture of low-rise and high-rise buildings. Also, irregular large 
forests with many clearings. 
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In CFD simulations, a representative ABL flow can be generated with boundary conditions 
specified explicitly over the height of the inlet boundaries. A set of inlet profiles for ABL flow 
depending on the aerodynamic roughness length (y0) [41,47] were proposed by Richards and 
Hoxey [8] for the mean wind velocity (U(y)) (m/s), turbulent kinetic energy (k(y)) (m2/s2) and 
turbulence dissipation rate (ε(y)) (m2/s3). These profiles were proposed as an analytical solution 
to the standard k-ε turbulence model [48], though they are commonly used with other k-ε 
turbulence models, such as the realizable k-ε turbulence model [49] as well. 

Horizontal homogeneity of ABL flow occurs only when the roughness characteristics 
imposed at the ground boundary (with kS and CS) are in equilibrium with the roughness 
characteristics imposed at the inlet profiles (with y0). In the cases when this equilibrium is not 
satisfied, obtaining horizontal homogeneity becomes difficult [50,51]. The lack of horizontal 
homogeneity can affect the simulation accuracy as the results may become dependent on the 
positioning of the AoI within the computational domain.  

CFD studies following the approach by Richards & Hoxey [8] on ABL flow benefited from 
the study by Blocken et al. [52], where the appropriate roughness relationships between y0, kS 
and CS for various CFD codes were presented. Currently, the horizontal homogeneity in CFD 
simulations of ABL flow is satisfied for U(y), k(y) and ε(y), thanks to roughness dependent 
profiles (i.e. the ones by Richards & Hoxey [8]) and the appropriate roughness relationship [52]. 
However, more and more CFD studies focusing on ABL flows are considering heat transfer 
coupled with wind flow. In the regions where horizontal homogeneity is of concern, the 
temperature profile imposed at the inlets should also satisfy horizontal homogeneity. 

Concerning the temperature profiles to be used at the inlet(s) of CFD simulations, 
guidelines by Franke et al. [6] proposes to use measured temperature profiles. Indeed, various 
studies incorporated case specific measured temperature profiles [53–55]. However, 
measurement data for vertical temperature profiles are often not available. The common 
approach followed in the vast majority of CFD simulations on urban microclimate analysis had 
been imposing a uniform temperature profile at the inlets [56–77]. Dedicated temperature 
profiles are determined for different thermal stability conditions based on y0 and Monin-
Obukhov Length (L) (m) [78], which are also used in some later CFD studies [79,80]. The 
present study aims to present a new inlet temperature profile, which incorporates surface 
roughness characteristics, satisfies the horizontal homogeneity of temperature in combination 
with SWF and is a numerical solution to the standard k-ε turbulence model [48] and the 
Standard Gradient Diffusion Hypothesis (SGDH). As such, this study could be considered as 
the extension of appropriate set of boundary conditions by Richards & Hoxey [8] into the heat 
transfer arena. 

6.2 Horizontal homogeneity problems for temperature 

The problem with the horizontal homogeneity of temperature is similar to the problem with 
the horizontal homogeneity of other flow parameters (e.g. mean velocity, turbulence). The 
problem was discussed in detail by Blocken et al. [52], who had focused on an ABL flow in a 2D 
computational domain where the profiles proposed by Richards & Hoxey [8] were imposed at 
the inlet: 
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𝑈(𝑦) = 	
𝑢∗

𝜅 ln(
𝑦 + 𝑦[
𝑦[

) (6.1) 

𝑘(𝑦) = 	
𝑢∗_

U𝐶`
 (6.2) 

𝜀(𝑦) = 	
𝑢∗a

𝜅(𝑦 + 𝑦[)
 (6.3) 

where 𝑈(𝑦) (m/s) is the mean wind speed, y the height above ground (m), u* (m/s) is the ABL 
friction velocity, y0 (m) is the aerodynamic roughness length, 𝜅 (-) is the von Karman constant, 
𝑘(𝑦) (m2/s2) is the turbulent kinetic energy, Cµ (-) (=0.09) is a model constant and 𝜀(𝑦) (m2/s3) 
is the turbulence dissipation rate. At the outlet, zero static gauge pressure was imposed and at 
the top, a symmetry plane with zero normal velocity and zero normal gradients of all flow 
parameters was imposed.  

At the ground, a wall type boundary was specified and the fluid-wall interactions were 
resolved with the kS-type wall functions [45,46], which was implemented via the equivalent 
sand-grain roughness height (kS) and roughness constant CS (-). Blocken et al. [52] had 
determined that in the cases when the appropriate relationship between y0, kS and CS is not 
satisfied, this would lead to a mismatch between the roughness imposed at the ground boundary 
and the roughness used to determine the inlet profiles, which leads to flow inhomogeneity. 
Therefore Blocken et al. [52] proposed several appropriate roughness relationships for different 
CFD codes. The roughness relationship for the commercial CFD code ANSYS Fluent was 
determined as: 

𝑘\ = 	
9.793	𝑦[

𝐶\
 (6.4) 

where the value 9.793 is the empirical wall constant E (-). Blocken et al. [52] demonstrated that 
upon implementing the appropriate roughness relationship expressed in Eq. 6.4, the horizontal 
homogeneity of flow parameters 𝑈(𝑦), 𝑘(𝑦) and 𝜀(𝑦) can be satisfied. In that study however, 
heat transfer was not considered and hence neither was the horizontal homogeneity of 
temperature. In the present study, the main focus will be on the horizontal homogeneity of 
temperature. 

To illustrate the problem of horizontal inhomogeneity of temperature, CFD simulations of 
ABL flow are performed with the 2D Reynolds-Averaged Navier-Stokes (RANS) equations 
combined with the standard k-ε turbulence model [48] for Reynolds stress closure and the 
SGDH for turbulent heat flux closure. The computational domain has dimensions L x H = 5000 
x 500 m2 (Figure 6.2). The domain is discretized with 500 cells of equal length (10 m) and the y-
axis of the domain height with 46 cells of varying height. One of the important aspects of the 
grids in CFD simulations of ABL flow is the height of the middle of the first cell above the 
ground boundary (yp) (m), which is 0.287 m for the grid generated. The grid generated is 
composed of 46000 rectangular cells, identical to the one by Blocken et al. [52]. 
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Figure 6.2: 2D computational domain and grid (number of cells: 46000). 

At the inlet, the ABL profiles proposed by Richards & Hoxey [8] (Eq. 6.1-6.3) are imposed. 
The von Karman constant (𝜅) used in the profiles is determined according to the guideline by 
Richards & Hoxey [8]: 

𝜅 = 	£𝜎¥(𝐶T − 𝐶�)¦𝐶W (6.5) 

where 𝜎¥ (-), 𝐶� (-) and 𝐶T (-) are model constants used in the standard k-ε turbulence model 
[48]. In this study, the model constants are specified as 𝜎¥ = 1.22, 𝐶� = 1.44 and 𝐶T = 1.92, which 
leads to 𝜅 = 0.4187 (-). At the outlets, zero static gauge pressure is imposed. The top boundary 
of the domain is specified as symmetry, with zero normal velocity and zero normal gradients 
for all the variables. Imposing a symmetry condition at the top boundary can cause streamwise 
gradients on the vertical flow profiles especially near the top of the domain if this vertical 
coordinate is substantially below the ABL gradient height. To avoid this source of horizontal 
inhomogeneity, at the top of the domain, the corresponding values for U(y), k(y) and ε(y) are 
calculated based on Eq. 6.1, 6.2 and 6.3 as U=18.982 (m/s), k=2.933 m2/s2 and ε=0.004 m2/s3 and 
these values are imposed as fixed values for the cells only at the top layer (Figure 6.2). 

At the ground, a wall type boundary (no-slip) is specified. To resolve the fluid-wall 
interactions, the kS-type wall functions [45,46] are employed. Simulations are performed with 
the commercial CFD code ANSYS Fluent [43], which implicitly requires that the condition yP > 
kS is satisfied. Note that although physically, as stated by ANSYS [43], this condition makes 
sense because fluid flow cannot be solved below the roughness (i.e. in the solid), Blocken et al. 
[52] stated that mathematically this condition does not need to be satisfied, as the roughness kS 
is not modelled explicitly and the ground surface is often modelled as a flat surface. Regardless, 
the simulations performed in this study satisfy the requirement yP > kS as yP = 0.287 and kS = 
0.25 m. The appropriate roughness relationship (Eq. 6.4) is satisfied by imposing a CS of 3.9172 
and a y0 of 0.1 m.  

In line with the approach employed in the majority of previous CFD simulations of 
atmospheric heat transfer, temperature is introduced to the domain by a uniform profile, and 
in this case the temperature is imposed as T(y) = 300 K. At the ground boundary, a constant 
heat flux of qwall = 200 W/m2 is applied. Second order schemes are employed for energy. Material 
properties for air at 300 K are specified as: density (ρ) = 1.177 kg/m3, specific heat (CP) = 1004.9 
J/kg.K, thermal conductivity (λ) = 0.0262 W/m.K and dynamic viscosity (µ) = 1.846x10-5 kg/m.s. 

Second order schemes are employed for pressure interpolation and for all the convective 
and viscous terms. Simulations were considered as converged when all residuals showed no 



 
 

 

183 A new temperature inlet profile consistent with wall functions 

further decrease with increasing number of iterations. At the end of the simulations, scaled 
residuals recorded as 10-13 for continuity, 10-16 for x-velocity, 10-17 for y-velocity, 10-15 for k and 
ε and 10-16 for energy. This simulation with the uniform temperature profile at the inlet will be 
denoted as “case-T-uniform” for the remainder of this study. 

In Figure 6.3, the resulting vertical profiles in three parts of the domain are plotted together 
with the imposed profile at the inlet for U(y), k(y), ε(y) and T(y). Results are plotted separately 
for the entire domain height (500 m) and for the lowest 50 m and 5 m portions. Changes in the 
U(y), k(y) and ε(y) profiles with respect to the profiles imposed at the inlet are reported with the 
inhomogeneity error (errorU,k,ε) (%), which is calculated with the following: 

𝑒𝑟𝑟𝑜𝑟c,k,§ = 	100 ¨
(𝜑5 −	𝜑j')t{)

𝜑j')t{
 ̈ (6.6) 

where φ can be U, k or ε. As temperature is expressed in Kelvin units, which is an interval unit 
and not a ratio unit, the inhomogeneity of temperature is not calculated with percentage 
difference as in the expression in Eq. 6.6. Rather, the temperature inhomogeneity (errorT) (K) 
is expressed by calculating the deviation of T(y) from the values imposed at the inlet at the same 
height: 

𝑒𝑟𝑟𝑜𝑟ª = |𝑇(𝑦) − 𝑇(𝑦j')t{)| (6.7) 

Figure 6.3 demonstrates that the horizontal homogeneity of U(y), k(y) and ε(y) is satisfied 
without significant deviations from the imposed inlet profiles. The maximum inhomogeneity 
error is recorded as 3.0% for U (at y = 0.891 m), 4.2% for k (at y = 0.287 m (=yP)) and 3.3% for 
ε (at y = 19.9). The only noticeable deviation is observed for the shape of the profile of k(y). 
Several studies [79–82] reported a similar shift in the k(y) profile. Richards & Hoxey [8] 
proposed to implement a source term for turbulent kinetic energy production at the wall to 
overcome this small deviation in k(y) profile close to the ground wall. Hargreaves and Wright 
[81] and Pieterse and Harms [79] mention that the behavior of k(y) in this region may be 
resulting from the deficiency of the wall functions approach in grids with high y* (-) values. 
Nevertheless, CFD simulations performed with the boundary conditions specified by Richards 
& Hoxey [8] and the appropriate roughness relationship specified by Blocken et al. [52], can 
satisfy horizontal homogeneity of flow parameters, as the average inhomogeneity is less than 
5% along the computational domain. 

On the other hand, Figure 6.3 shows that the temperature profile imposed at the inlet 
cannot be sustained along the domain, leading to noticeable inhomogeneity. The maximum 
inhomogeneity error (errorT) is recorded as 11.4 K for Twall (at y = 0) and 2.2 K for TP 
(temperature at yP (=0.287)). The deviation in temperature is less distinct in the upper parts of 
the domain (e.g. 1.6 K at y = 1.5 m and 0.6 K at y = 25.5 m). The results indicate that imposing 
a uniform temperature profile, which is discussed in the Introduction as a common method in 
CFD studies on ABL flows, can lead to temperature inhomogeneity. Note that the calculated 
inhomogeneity can be even higher if the simulations were to be performed with a higher heat 
flux at the ground boundary.  

Inhomogeneity in the vertical profiles of temperature occurs because a mismatch exists 
between the uniform inlet temperature profile and the wall functions. The goal in the remainder 
of this study is to avoid this mismatch by defining a new temperature profile and to sustain the 
temperature homogeneity along the computational domain. 
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Figure 6.3: Vertical profiles of (a) U, (b) k, (c) ε and (d) T at inlet, x=500 m, x=2500 m and x=4500 m for the 
simulation with uniform temperature at inlet (case-T-uniform). 
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6.3 Derivation of an appropriate temperature inlet profile 

6.3.1 Energy equation and standard wall function 

In CFD simulations of ABL flow with heat transfer, at least two equations for heat transfer 
are employed. The first is the common convection-diffusion equation or energy equation: 

𝜕𝑇
𝜕𝑡 = 	∇	.

(𝛼∇𝑇) −	∇. (�⃗�𝑇) + 𝑅 (6.8) 

with T (K) the temperature, t (s) the time, 𝛼 (m2/s) the thermal diffusivity, which is the sum of 
laminar and turbulent thermal diffusivity, �⃗� the velocity vector and R a term representing 
sources/sinks. Eq. 6.8 is employed in all the computational cells within the domain.  

The second is the wall function (WF) that is used to calculate the ground wall temperature 
(Twall) and the temperature (TP) at the center of the wall-adjacent cell (yp). The WF expresses the 
relationship between (Twall) and (TP) as: 

𝑇∗ = 	
(𝑇°&)) −	𝑇±)𝜌	𝐶m	𝑢∗		

𝑞°&))
 (6.9) 

where 𝑇∗ is the dimensionless friction temperature. In the literature, the term u³´µµ	
¶·#∗¸

 is 

commonly referred as the scaling temperature (𝑇∗) (K) [78].  
For incompressible flows (∇ · 𝑢 = 0), 𝑇∗ is calculated based on the non-dimensional 

thermal sublayer thickness 𝑦ª∗ , which can be different from the non-dimensional momentum 
sublayer thickness 𝑦	∗. Near the wall, 𝑦	∗ is:  

𝑦∗ = 	
𝜌	𝑢∗𝑦			
𝜇  (6.10) 

𝑇∗ is given by (Figure 6.4): 

(𝑖𝑓	𝑦∗ < 𝑦ª∗)					𝑇∗ = Pr𝑦∗ (6.11) 

(𝑖𝑓	𝑦∗ > 𝑦ª∗)					𝑇∗ = 𝑃𝑟{ ¿
1
𝜅 𝑙𝑛

(𝐸𝑦∗) + 𝑃À (6.12) 

where Pr is the molecular Prandtl number (~0.707 for air at 300 K), 𝑃𝑟{  is the turbulent 
Prandtl number (=0.85 in this study [43,83]) and P is a term based on an experimental work by 
Jayatilleke [84]. The value of 𝑦ª∗  is the 𝑦	∗ value at which Eq. 6.11 and Eq. 6.12 intersect (Figure 
6.4). In Section 6.2, it was shown that the uniform temperature profile cannot satisfy the 
equilibrium between the energy equation (Eq. 6.8) and the SWF (Eq. 6.12). Figure 6.4 
demonstrates this mismatch by plotting a representative curve based on the energy equation 
and the governing equations of the SWF (Eq. 6.11 and Eq. 6.12). The focus of the following sub-
section will be on establishing the between the energy equations and the SWF with an 
appropriate temperature profile. 
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Figure 6.4: Representation of equations employed for the heat transfer calculations in and above the wall 
adjacent cell. The figure demonstrates how uniform temperature profile cannot satisfy the equilibrium of the 
of wall functions with the energy equations at the middle of the wall adjacent cell point P. 

6.3.2 The appropriate temperature inlet profile 

The appropriate inlet temperature profile can be obtained by matching the energy equation 
and the wall function equation while demanding a horizontally homogeneous flow. Given the 
focus on the steady RANS equations (Áª

Á{
= 0) and in absence of heat sources/sinks, (𝑅 = 0), 

Eq. 6.8 can be simplified to: 

∇ · (�⃗�𝑇) = 	∇ · (𝛼∇𝑇) (6.13) 

which can be written in open form as: 

Â𝑢Ã
𝜕𝑇Ã
𝜕𝑥 + �̅�

𝜕𝑇Ã
𝜕𝑦 +

𝜕𝑢Æ𝑇ÆÃÃÃÃÃÃ
𝜕𝑥 +

𝜕𝑣Æ𝑇ÆÃÃÃÃÃÃ
𝜕𝑦 	Ç = 	𝛼 Â

𝜕T𝑇Ã
𝜕T𝑥T +

𝜕T𝑇Ã
𝜕T𝑦TÇ (6.14) 

where 𝑢Ã  (m/s) and �̅� (m/s) denote the x-component and the y-component of mean velocity, 
respectively. In a horizontally homogenous flow 𝑣 = 0 , hence Eq. 6.14 becomes: 

Â𝑢Ã
𝜕𝑇Ã
𝜕𝑥 +

𝜕𝑢Æ𝑇ÆÃÃÃÃÃÃ
𝜕𝑥 +

𝜕𝑣Æ𝑇ÆÃÃÃÃÃÃ
𝜕𝑦 	Ç = 	𝛼 Â

𝜕T𝑇Ã
𝜕T𝑥T +

𝜕T𝑇Ã
𝜕T𝑦TÇ (6.15) 

Where 𝑢Æ𝑇ÆÃÃÃÃÃÃ and 𝑣Æ𝑇ÆÃÃÃÃÃÃ denote the turbulent heat fluxes. The SGDH assumes that these fluxes are 
proportional to the mean temperature gradient: 

𝑢Æ𝑇ÆÃÃÃÃÃÃ 	= −𝛼{
𝜕𝑇Ã
𝜕𝑥 	;	𝑣

Æ𝑇ÆÃÃÃÃÃÃ 	= −𝛼{
𝜕𝑇Ã
𝜕𝑦  (6.16) 

where 𝛼{is the turbulent thermal diffusivity (m2/s), which can be expressed as: 

𝛼{ = 	
𝜈{
𝑃𝑟{

 (6.17) 
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where 𝜈{  is the kinematic turbulent viscosity and 𝑃𝑟{  is the turbulent Prandtl number (=0.85 in 
this study). Combining Eq. 6.15 and Eq. 6.16 yields: 

𝑢Ã
𝜕𝑇Ã
𝜕𝑥 	= 	𝛼 Â

𝜕T𝑇Ã
𝜕T𝑥T +

𝜕T𝑇Ã
𝜕T𝑦TÇ+	

𝜕
𝜕𝑥 Â𝛼{

𝜕𝑇Ã
𝜕𝑥Ç +	

𝜕
𝜕𝑦 Â𝛼{

𝜕𝑇Ã
𝜕𝑦Ç (6.18) 

With the assumption of the horizontal homogeneity of mean temperature (Áª
Ã

Á5
= 0), Eq. 6.18 can 

be expressed as: 

	𝛼 Â
𝜕T𝑇Ã
𝜕T𝑦TÇ+	

𝜕
𝜕𝑦 Â𝛼{

𝜕𝑇Ã
𝜕𝑦Ç = 0    (6.19) 

𝜕
𝜕𝑦 Â𝛼

𝜕𝑇Ã
𝜕𝑦 +	𝛼{

𝜕𝑇Ã
𝜕𝑦Ç = 0 (6.20) 

 
The relationship between the vertical temperature gradient and the wall heat flux 𝑞°&)) (W/m2) 
is: 

𝑞°&)) = 	−𝜆{
𝜕𝑇Ã
𝜕𝑦 (6.21) 

Dividing both sides of Eq. 6.21 with (𝜌𝐶m): 

𝑞°&))
𝜌𝐶m

= 	−
𝜆{
𝜌𝐶m

𝜕𝑇Ã
𝜕𝑦 (6.22) 

𝑞°&))
𝜌𝐶m

=	−𝛼{
𝜕𝑇Ã
𝜕𝑦 (6.23) 

By implementing Eq. 6.17 in Eq. 6.23: 

𝑞°&))
𝜌𝐶m

= 	−
𝜈{
𝑃𝑟{

𝜕𝑇Ã
𝜕𝑦 (6.24) 

𝑞°&))	𝑃𝑟{
𝐶m

= 	−𝜇{
𝜕𝑇Ã
𝜕𝑦  (6.25) 

where 𝜇{ is the dynamic turbulence viscosity, which for the standard k-ε turbulence model can 
be expressed as: 

𝜇{ = 	𝜌𝐶W
𝑘T

𝜀  (6.26) 

Combining Eq. 6.25 and Eq. 6.26 yields: 

𝑞°&))	𝑃𝑟{
𝐶m

= 	−𝜌𝐶W
𝑘T

𝜀
𝜕𝑇Ã
𝜕𝑦 (6.27) 

Inserting the profiles of k and ε by Richards & Hoxey [8] (Eq. 6.2 and Eq. 6.3) in Eq. 6.27 gives: 
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𝑞°&))	𝑃𝑟{
𝐶m

= 	−𝜌𝐶W
𝑢∗Ë

𝐶W
𝜅(𝑦 + 𝑦[)

𝑢∗a
𝜕𝑇Ã
𝜕𝑦 (6.28) 

𝑞°&))	𝑃𝑟{
𝐶m

=	−𝜌𝑢∗𝜅(𝑦 + 𝑦[)
𝜕𝑇Ã
𝜕𝑦 (6.29) 

−
𝑞°&))	𝑃𝑟{
𝐶m𝑢∗𝜌	𝜅

1
(𝑦 + 𝑦[)

= 	
𝜕𝑇Ã
𝜕𝑦 (6.30) 

Eq. 6.30 can be integrated as: 

𝑇Ã = 	Ì−
𝑇∗	𝑃𝑟{
𝜅

1
(𝑦 + 𝑦[)

	𝑑𝑦 (6.31) 

𝑇Ã = 	−
𝑇∗	𝑃𝑟{
𝜅 ln(𝑦 + 𝑦[)+ 𝐶 (6.32) 

with C the constant of integration that can be obtained by the condition: at 𝑦 = 0	®		𝑇 = 	𝑇°&))  

𝑇°&)) = 	−
𝑇∗	𝑃𝑟{
𝜅 ln(𝑦[) + 𝐶 (6.33) 

𝐶 = 	𝑇°&)) +
𝑇∗	𝑃𝑟{
𝜅 ln(𝑦[) (6.34) 

which transforms Eq. 6.32 into: 

𝑇Ã = 	−
𝑇∗	𝑃𝑟{
𝜅 ln(𝑦 + 𝑦[)+ 𝑇°&)) +

𝑇∗	𝑃𝑟{
𝜅 ln(𝑦[) (6.35) 

𝑇Ã = 	𝑇°&)) −
𝑇∗	𝑃𝑟{
𝜅 ln Í

𝑦 + 𝑦[
𝑦[

Î (6.36) 

Eq. 6.36 displays dependency on y0 and when used as temperature inlet profile T(y), it should 
yield horizontal homogeneity of temperature.  

In the wall-adjacent cells, the temperature is calculated with a wall function. The P-term 
expressed in Eq. 6.12 can be obtained by equating Eq. 6.12 with Eq. 6.36 since both equations 
should match at the middle of the wall-adjacent cell (yP): 

𝑃𝑟{
𝜅 ln Í

𝑦± + 𝑦[
𝑦[

Î = 	𝑃𝑟{ Í
1
𝜅	ln

(𝐸𝑦∗) + 𝑃Î (6.37) 

1
𝜅 ln

Í
𝑦± + 𝑦[
𝑦[

Î = 	
1
𝜅	ln

Í
𝐸𝑢∗𝑦
𝜈

Î + 𝑃 (6.38) 

𝑃 =
1
𝜅 ln

¿Í
𝑦± + 𝑦[
𝑦[𝑦±

Î �
𝜈
𝐸𝑢∗�

À	 (6.39) 
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With the P-term expressed in the form as in Eq. 6.39, the temperature equation of the SWF (Eq. 
6.12) can be expressed based on 𝑦 and 𝑦[ as the following: 

𝑇°&)) −	𝑇Ã
𝑇∗

= 	
𝑃𝑟{
𝜅 	ln Í

𝐸𝑢∗𝑦
𝜈

Î +
𝑃𝑟{
𝜅 ln ¿Í

𝑦± + 𝑦[
𝑦[𝑦

Î�
𝜈
𝐸𝑢∗�

À	 (6.40) 

𝑇°&)) −	𝑇Ã
𝑇∗

= 	
𝑃𝑟{
𝜅 	ln ¿Í

𝑦± + 𝑦[
𝑦[𝑦±

Î𝑦À (6.42) 

𝑇Ã = 𝑇°&)) −	
𝑇∗	𝑃𝑟{
𝜅 	ln ¿Í

𝑦± + 𝑦[
𝑦[𝑦±

Î𝑦À (6.42) 

Note that Eq. 6.42 is part of the SWF and it is only valid below yP. We now demand horizontal 
homogeneity of temperature when Eq. 6.36 is used as the inlet temperature. Therefore, we 
demand first-order continuity of Eq. 6.36 and Eq. 6.42 at yP. Substituting  𝑦 = 	𝑦± in Eq. 6.36 
yields Eq. 6.42 hence guaranteeing zeroth order continuity. The matching of the first derivatives 
of Eq. 6.36 and Eq. 6.42 at 𝑦± yields: 

𝜕
𝜕𝑦 ln

Í
𝑦 + 𝑦[
𝑦[

Î =
𝜕
𝜕𝑦 	ln

¿Í
𝑦± + 𝑦[
𝑦[𝑦±

Î𝑦À (6.43) 

1
𝑦± + 𝑦[
𝑦[

1
𝑦[
=

1

�𝑦± + 𝑦[𝑦[𝑦±
�𝑦±

𝑦± + 𝑦[
𝑦[𝑦±

 (6.44) 

1
𝑦± + 𝑦[

=
1
𝑦±
	
	
⇔		𝑦± + 𝑦[ = 𝑦± (6.45) 

This implies that the matching of the first derivatives can be satisfied when 𝑦± ≫ 𝑦[. 
Usually, CFD studies focusing on ABL flow consider computational grids where 𝑦± > 𝑦[ since 
the typical values of 𝑦[ representing landscape features (Table 6.1) are larger than the grid sizes 
used in the CFD simulations of ABL flow. To understand the relationship between the 
temperature ABL profile (Eq. 6.36) and the wall function profile (Eq. 42) at the matching point 
(𝑦±), profiles are generated with varying 𝑦[ values while keeping the 𝑦± fixed at 0.287 m. In 
Figure 6.5, the profiles are generated for 𝑦[ = 0.01 m, 𝑦[ = 0.1 m and 𝑦[ = 1.0 m are 
demonstrated. The matching of the profiles at yp is satisfied for all the cases. It is noticeable that 
while keeping the 𝑦± fixed, with increasing 𝑦[, the shape of the profile at the matching point 
(yP) is deflected. Figure 6.5c demonstrates the first derivative of temperature with respect to 
height and the sudden jump of temperature change (Áª

ÁK
) at the matching point (yP) is noticeable 

for cases with higher y0 values. For the test case simulated in the previous section where 𝑦[ = 0.1 
m was considered (blue line in Figure 6.5), the transition of the profiles at the critical point y = 
yP = 0.287 m is much less deflected compared to the case where y0 = 1.0 m. 

With the good matching of the profiles, the appropriate temperature boundary condition 
for the CFD simulations of ABL flow with the wall functions can be expressed as: 

𝑇(𝑦) = 	𝑇°&)) −
𝑇∗	𝑃𝑟{
𝜅 ln Í

𝑦 + 𝑦[
𝑦[

Î (6.46) 
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Figure 6.5: Matching temperature ABL profile and wall function for representative case with T* = 0.5 K, Prt 
= 0.85 and yP = 0.287 m for different y0 values. (a) T for 0-5 m; (b) T for 0-1 m. (c) ∂T/∂y for 0-1 m. 

It should be noted that Eq. 6.46 is valid at the middle of the wall adjacent cell (at y = yP) and 
above (at y > yP). For regions below yP (i.e. at the wall), Eq. 6.42 should be used instead. 

6.4 Verification of horizontal homogeneity for temperature 

In CFD simulations of ABL flow, flow profiles, such as the one for the mean wind velocity 
(Eq. 6.1) are commonly generated by specifying a reference wind velocity (Uref) at a reference 
height (yref). Similarly, the newly derived temperature profile can be used by imposing a 
reference temperature (Tref) at a reference height (yref).  

To test the horizontal homogeneity of the new temperature ABL profile (Eq. 6.46), an 
additional set of CFD simulations is performed. Apart from the temperature profile imposed at 
the inlet, all other simulation settings are kept the same as in Section 6.2 (case-T-uniform). The 
profile is generated by assuming an air temperature of 300 K at a reference height of yref = 10 m 
(T(10) = 300 K). The constant heat flux at the ground boundary (qwall = 200 w/m2) yields 𝑇∗	= 
0.18. Simulations are performed with 12000 iterations. This simulation where the inlet 
temperature is specified with the temperature ABL profile (Eq. 6.46), will be denoted as case-T-
ABL. 

In Figure 6.6, the resulting vertical profiles at three sections in the domain are plotted 
together with the inlet profiles. The vertical profiles of U, k and ε show good horizontal 
homogeneity as in Section 6.2. Now, also T shows good horizontal homogeneity. The maximum 
inhomogeneity error (errorT) is recorded as 0.02 K for Twall (at y = 0) and 0.01 K for TP 
(temperature at yP (=0.287)). Compared to the common approach of using uniform temperature 
profiles at the inlets, using the determined temperature profile (Eq. 6.46) leads to a homogenous 
temperature field. It should be noted that this homogeneity can be satisfied only in cases when 
the flow parameters (U(y), k(y) and ε(y)) also satisfy horizontal homogeneity. For that, the 
appropriate roughness relationship [52], should always be satisfied. 
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Figure 6.6: Vertical profiles of (a) U, (b) k, (c) ε and (d) T at inlet, x=500 m, x=2500 m and x=4500 m for the 
simulation with ABL temperature profile at inlet (case-T-ABL). 
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6.5 Discussion 

6.5.1 Behavior of the new temperature profile considering natural convection 

In the previous simulations, a constant density was considered. However, vertical 
temperature gradients lead to density differences and consequently to buoyancy-induced 
convective flows. Therefore ideally, CFD simulations of ABL flow should consider natural 
convection (buoyancy) to be able to represent realistic conditions. The profiles imposed at the 
inlets should be able to satisfy horizontal homogeneity when natural convection is considered.  

To test the horizontal homogeneity of temperature when natural convection is also 
considered, additional simulations are performed. In these simulations, natural convection is 
modeled with the incompressible ideal gas law: 

r =	
𝑝�m
𝑅
𝑀°

𝑇
 (6.47) 

based on operating pressure (𝑝�m) (kg/m.s2), temperature (𝑇) (K), the universal gas constant 
(R) (J/mol.K) and the molecular weight of air (𝑀°) (=0.029 kg/mol). All other simulations 
settings are kept the same as in Section 6.4. This case with the natural convection will be denoted 
as Case-T-ABL-convection for the remainder of this study. 

In Figure 6.7, the resulting vertical profiles at three sections in the domain are plotted 
together with the inlet profiles. For all the target parameters, the homogeneity is not satisfied 
upon considering natural convection in the simulation. The maximum inhomogeneity resulting 
from the consideration of natural convection is recorded as 13.4% for U (at y = 0.891 m), 53.4% 
for k (at y = 174.6 m) and 38.7% for ε (at y = 260.8). As for temperature, the maximum 
inhomogeneity error (errorT) is recorded as 1.1 K for Twall (at y = 0) and 0.4 K for TP (temperature 
at yP (=0.287)).  

When natural convection is considered (case-T-ABL-convection) the temperatures are 
lower along the flow direction compared to the results from case-T-ABL. This can be explained 
with the increased vertical heat exchange due to density differences. The derived temperature 
profile in Eq. 6.46 is obtained by assuming a constant density for the whole computational 
domain, which is a condition not satisfied in buoyant flows due to vertical temperature gradient. 
In the case-T-ABL simulations, the density of air was modeled as constant. However, when the 
density is specified as dependent on temperature with the incompressible ideal gas law, the 
density of air is reduced in the regions close to the ground where temperatures are higher. The 
reduced density increases the scaling temperature (𝑇∗) as  𝑇∗ =	

u³´µµ	
¶·#∗¸

 , which thus increases the 

vertical heat exchange. In other words, the high temperature at the ground boundary is 
convected to the upper parts of the domain with a higher rate in case-T-ABL-convection 
simulations (with natural convection) compared to case-T-ABL simulations (without natural 
convection). 

 
 
 
 
 
 



 
 

 

193 A new temperature inlet profile consistent with wall functions 

 

 
Figure 6.7: Vertical profiles of (a) U, (b) k, (c) ε and (d) T at inlet, x=500 m, x=2500 m and x=4500 m for the 
simulation with ABL temperature profile at inlet and with natural convection (case-T-ABL_convection). 



 
 

 

194 Chapter 6 

It should be noted that the inhomogeneity results of Case-T-ABL-convection are specific 
for the case simulated and the level of inhomogeneity might vary depending on the flow and 
temperature conditions. Even though a maximum temperature inhomogeneity of 1.1 K along a 
5000-m long domain might seem acceptable for some simulation cases, this level of 
inhomogeneity should not be taken for granted. Especially in simulation cases where natural 
convection is more dominant compared to forced convection, the temperature inhomogeneity 
might become larger. To test this, additional simulations are performed where simulation 
conditions are altered to correspond to cases with different Richardson numbers (Ri) (-):  

𝑅𝑖 = 	
𝑔	𝛽	Ò𝑇wj�w −	𝑇$tÓÔ𝐿

𝑈$tÓT
 (6.48) 

where g (m/s2) (=9.81) is the gravitational acceleration, β (1/K) is the thermal expansion 
coefficient of air, 𝑇wj�w  (K) is the highest relevant temperature in the simulation case, 𝑇$tÓ  (K) 
is the reference temperature, L (m) is the characteristic length and 𝑈$tÓ (m/s) is the reference 
velocity in the simulation case. The reference values (𝑈$tÓ and 𝑇$tÓ  ) are extracted as the 
corresponding values at the inlet profiles at y = 250 m (middle of the domain). 𝑇wj�w  is calculated 
as the wall temperature (based on Eq. 6.42) corresponding to the simulation case.  

For simulations with the natural convection (case-T-ABL-convection), Ri is calculated as 
0.323. For the additional simulations with different Ri, the 𝑢∗ (friction velocity) is altered from 
its original value of 0.938 m/s to 0.469 m/s and to 1.876 m/s to obtain two new cases with Ri = 
1.847 and Ri = 0.048, respectively. In Figure 6.8 the resulting vertical temperature profiles from 
three cases are plotted at three sections in the domain, together with the inlet profiles. The figure 
shows that the inhomogeneity resulting from natural convection depends heavily on the case, 
specifically, on the Ri. The maximum temperature inhomogeneity recorded at the wall is 1.1 K, 
6.1 K and 0.1 K for the cases with Ri = 0.323, Ri = 1.847 and Ri = 0.048, respectively. 

The derived temperature ABL profile should be used cautiously in cases where natural 
convection is considered as the horizontal homogeneity may not be satisfied. The deviation in 
vertical temperature profiles compared to the profile imposed at the inlet can vary depending 
on the case.  In cases with conditions of low Ri, the deviation of the profiles would be less 
compared to cases with higher Ri, where natural convective flow is more dominant. 

6.5.2 On the representativeness of the new temperature profile 

In the past, several studies reported some measured vertical temperature profiles in ABL 
flows. Comparing the new temperature profile generated in this study with the measured 
profiles has some challenges. As the profile expressed in this study requires the specific values 
of Twall, y0 and T*, the measurement studies should have reported these values at the time of the 
measurements to conduct an exact comparison. Among the identified studies reporting the 
measured vertical temperature profiles, none has listed these required values altogether. 
Therefore, instead of conducting a strict validation study, the profile is compared with measured 
profiles by specifying best-fit values for Twall, y0 and T* to reproduce each measurement case. 
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Figure 6.8: Vertical profiles of T from simulation cases with (a) Ri = 0.323; (b) Ri = 1.847; (c) Ri = 0.048 as 
recorded at inlet, x=500 m, x=2500 m and x=4500 m. 
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The comparison is visualized in Figure 6.9. Three of the profiles are measured during the 
famous Wangara experiment [85,86]. The specific data for the Wangara day-33 was considered 
in various studies in the past [87–89] and the measured temperature profiles on this specific day 
were reported for 09:00, 12:00 and 15:00 hours. The profile generated to fit the Wangara day 33 
(9:00 hours) profile is established by specifying a T* = -0.61, y0 = 0.1 m and Twall = 272 K. The 
temperature profile fitted to the one reported by Angevine et al. [90] is generated by imposing 
T* = -0.25, y0 = 0.51 m and Twall = 283.5 K. The value imposed for the y0 is explicitly stated in the 
study by Angevine et al. [90]. The profile reported in the respective study is measured in Cabauw 
(the Netherlands) for multiple days at the sunrise and the values are averaged over these 
measurement days. Segal et al. [91] conducted measurements of flow above snow and snow-free 
areas to investigate snow breeze. The study reported two vertical temperature profiles over two 
terrains, with and without snow cover. The fitted profiles are specified by imposing T* = -0.63, 
y0 = 0.03 m, Twall = 286 K and T* = 0.02, y0 = 0. 03 m, Twall = 298.6 K corresponding to the cases 
with and without snow, respectively.  

 
 

 
Figure 6.9: Measured temperature profiles as documented in various studies (dots) and the fitted profiles 
based on the new ABL temperature profile from the present study (solid lines). 
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The comparisons show that overall, the profile expressed in this study can represent the 
temperature profiles measured in the respective prior studies, even though there are some 
differences between the fitted profiles and the measured profiles in the surface layer, especially 
below 200 m height. It should be noted that if the exact conditions at the time of these 
measurements were reported for Twall, y0 and T* and if these exact values were to be used in the 
new temperature profile, the differences between the measured and imposed profiles might have 
been different. Overall, considering the complete height evaluated in the comparisons, the new 
temperature profile can be concluded as representative of realistic situations. 

6.5.3 On the effect of turbulent Prandtl number and von Karman constant 

Turbulent Prandtl number (𝑃𝑟{) is a non-dimensional parameter denoting the ratio of 
momentum eddy diffusivity to heat transfer eddy diffusivity (Eq. 6.17). It can be challenging to 
determine the exact value of 𝑃𝑟{  since dedicated efforts are required to measure turbulent shear 
stress and turbulent heat flux as well as velocity and temperature gradients occurring in 
boundary layers. Various studies in the past investigated measured or modeled 𝑃𝑟{  values used 
in the literature. Cebeci [92] produced a numerical model for predicting 𝑃𝑟{  while comparing 
the model results with earlier measurement studies. The study concluded that even though a 
value of 0.9 is commonly used, in some particular cases, higher values such as 𝑃𝑟{  = 1.22 can be 
more reasonable. Kays [83] reviewed several studies aimed at quantifying 𝑃𝑟{  and listed the 
findings, which reported 𝑃𝑟{  in the range of 0.73 – 0.92. A similar finding on the 𝑃𝑟{ values 
ranging from 0.72 to 1.00 was reported in the review study by Leclerc and Foken [93]. Up until 
here in the present study, a 𝑃𝑟{  = 0.85 is imposed for all the profiles. In Figure 6.10, the effect of 
changing 𝑃𝑟{  on the temperature profile is shown for 𝑃𝑟{  = 0.72, 𝑃𝑟{  = 0.85, 𝑃𝑟{  = 1.00 and 𝑃𝑟{  
= 1.22 while keeping all the other parameters the same as in Section 6.4 (T(10) = 300 K, 𝑇∗	= 
0.18, y0 = 0.1 m). It is noticeable that within the range of previously reported 𝑃𝑟{ values and 
considering the thermal conditions imposed in Section 6.4, temperature profile can shift 
approximately 1.1 K at 500 m height. Future studies on urban climatology can focus on 
determining a suitable 𝑃𝑟{  value which can be applicable for use in urban microclimate 
simulations.  

The von Karman constant (𝜅) is imposed in this study as 0.4187 in accordance with Eq. 6.4, 
which is based on the model constants of the standard k-ε turbulence model [48]. Högström 
[94] investigated several relevant parameters in the atmospheric surface layer, including the von 
Karman constant. The study provided a list of appropriate 𝜅 values reported in prior studies, 
which was in the range of 0.35 – 0.65. Majority of the studies reported 𝜅 values in the range of 
0.39-0.42 and Högström [94] listed several reasons for the deviations found in studies with 𝜅 
values outside of the 0.39-0.42 range. The new temperature profile is not influenced significantly 
for the 𝜅 range of 0.39-0.42. Even though the deviations in the 𝜅 value affects the profile to a 
lesser extent compared to other parameters (i.e. 𝑃𝑟{), CFD studies using the temperature profile 
should consider imposing an appropriate 𝜅 based on the turbulence model chosen since its 
effect on flow parameters might be significant. 
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Figure 6.10: The effect of different Prt on ABL temperature profile. All profiles are generated with T(10) = 

300 K, T*= 0.18, y0 = 0.1 m. 

6.5.4 Comparison with similar profiles 

This study is aimed to extend the set of “appropriate boundary conditions” specified by 
Richards and Hoxey [8], which had focused on mean wind velocity, turbulent kinetic energy 
and turbulence dissipation rate, by focusing on temperature. Since the profiles by Richards and 
Hoxey [8] and the profile expressed in the present study are specified without any similarity 
function, they are essentially valid for neutral atmospheric conditions. Similar profiles to the 
one obtained in the present study are sometimes expressed in terms of temperature roughness 
(𝑦[ª) with the following [93]: 

𝑇(𝑦) = 𝑇(𝑦[ª) −
𝑇∗	𝑃𝑟{
𝜅 ln Í

𝑦
𝑦[ª

Î (6.49) 

However, most commonly used CFD tools, such as ANSYS Fluent and OpenFOAM, 
consider only a single roughness parameter in the calculations of the wall functions and that is 
the aerodynamic roughness length y0. Therefore imposing 𝑦[ª is generally not an applicable 
method. 

Consideration of atmospheric stability in CFD simulations is an issue that is out of the scope 
of this research. On the topic of atmospheric stability, Pontiggia et al. [80] focused on developing 
boundary conditions aimed to be valid for changing stability conditions. The study used the 
following equation as the temperature profile: 

𝑇(𝑦) = 𝑇°&)) +
𝑇∗	
𝜅
¿ln Í

𝑦
𝑦[
Î+	𝜙4 �

𝑧
𝐿� − 1

À −	
𝑔
𝐶m
(𝑦 − 𝑦[) (6.50) 

Compared to the new temperature profile specified in Eq. 6.42, the 𝑃𝑟{  term is not used in 
this equation and the rate of temperature change is calculated with the similarity function 
𝜙4 �

Q
Ö
� − 1, which depends on height (y) and on the Monin-Obukhov length (L). A similar 

profile is used by Pieterse and Harms [79] in the following form: 
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𝑇(𝑦) = 𝑇°&)) +
𝑇∗	
𝜅
¿ln Í

𝑦
𝑦[
Î −	𝛹4 �

𝑧
𝐿�
À (6.51) 

where 𝛹4 is the integrated form of the similarity function, which is used to represent non-
neutral atmospheric conditions.  

6.5.5 Limitations and future perspectives 

The derivation of the new temperature profile is based on the profiles of U, k and e specified 
by Richards and Hoxey [8] and on the SGDH. These profiles are specified for neutral 
atmospheric conditions and similarly, the temperature profile derived in this study is also valid 
for neutral atmospheric conditions, which might be a limitation.  

Even though the profiles defined by Richards and Hoxey [8] are numerical solutions to the 
standard k-e turbulence model [48] they are used in various studies in the past with different 
turbulence models [6,7,9]. Similarly, the temperature profile determined in this study can be 
used in simulations performed with other turbulence models. In such cases, it is recommended 
for users to carefully monitor any eventual temperature inhomogeneity.  

In CFD simulations performed with the commercial CFD code ANSYS Fluent, it is 
necessary to ensure that yP > kS, as described in Section 6.2. In Section 6.3.2 of this study, another 
condition was specified as yP >> y0 to ensure the smooth transition of the temperature profile at 
the middle of the wall-adjacent cell. It should be noted that since typical y0 values are much 
smaller than typical kS values, this condition is more lenient compared to the condition of yP > 
kS. It can be expected that in majority of the cases, when the yP > kS condition is satisfied, most 
likely the condition of  yP >> y0 will also be satisfied given that appropriate roughness 
relationship [52] (𝑘\ = 	

Ø.ÙØY	KM
¶Ú

) dictates a kS which is at least one order of magnitude larger than 
y0. 

Future studies using the temperature profile presented in this study should ensure the 
appropriate roughness relationship presented by Blocken et al. [52] as otherwise flow 
inhomogeneity might occur. In addition, if the temperature profile is to be used in combination 
with flow profiles other than the ones stated by Richards and Hoxey [8], the development of the 
vertical temperature profile in the computational domains should be carefully checked. If the 
simulation results lead to any temperature inhomogeneity, deviations from the inlet profiles 
should be reported and considered carefully while processing the results. Similarly, for the cases 
when the natural convection is considered, any possible inhomogeneity in the vertical 
temperature profiles should be assessed critically. 

6.6 Conclusions 

CFD studies investigating physical occurrences within Atmospheric Boundary Layer (ABL) 
are gaining popularity in the past years. Recently, CFD studies have benefited from the advances 
in computational capabilities, establishment of best practice guidelines and appropriate 
boundary conditions. Appropriate boundary conditions used in CFD simulations should lead 
to flow fields which are absent from pressure gradients and streamwise gradients. The latter 
condition is known as the horizontal homogeneity, which is the main focus of this research.  
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Currently, CFD simulations of ABL flow can satisfy the horizontal homogeneity of mean 
wind velocity and turbulence parameters thanks to the development of appropriate boundary 
conditions and roughness relationships. However, to the best of our knowledge, there is a lack 
of an appropriate temperature profile, which can incorporate surface roughness characteristics, 
satisfy horizontal homogeneity of temperature and can be a numerical solution to the standard 
k-ε turbulence. In the absence of such an appropriate profile, a large number of CFD studies 
focusing on ABL flow impose a uniform temperature profile at the inlet, which may be leading 
to temperature inhomogeneity in the computational domains of the respective studies. This 
study is aimed to determine a new temperature profile, which can incorporate surface 
roughness, satisfy horizontal homogeneity and can be an extension to the set of appropriate 
boundary conditions developed by Richards and Hoxey [8]. 

The temperature profile is derived by satisfying a constant horizontal temperature in the 
energy equations. Later, the profile is tested in representative 2D CFD simulations, which are 
performed with the steady-state 2D RANS equations together with the standard k-ε turbulence 
model. Simulation results demonstrated that with the new temperature profile imposed, 
horizontal homogeneity of temperature can be satisfied in ABL flows, as the maximum 
streamwise temperature change along the 5000-m computational domain is recorded as <0.1 K. 
The profile is further tested in cases with natural convection. The results indicate that the 
consideration of natural convection leads to flow inhomogeneity, though the extent of the 
inhomogeneity depends significantly on the Richardson number. CFD studies focusing on heat 
transfer within ABL can make use of this profile to ensure the horizontal homogeneity of 
temperature.   
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7 
Discussion 

In Chapter 2, an extensive review of 183 journal publications focusing on the CFD analysis 
of urban microclimate was presented. The review revealed that contrary to the 
recommendations of several CFD best practice guidelines [1–4], past CFD urban microclimate 
studies had the tendency not to include a validation study. However, in order to satisfy certain 
levels of reliability and to improve the predictive capability of CFD simulations, validation 
studies and uncertainty quantifications are vital. If, as argued in this thesis, CFD is to be used as 
a potential urban microclimate design tool, such validation studies are essential.  

One of the findings of the study presented in Chapter 3 was the negative correlation between 
the resulting wind speed and surface temperatures in the urban area investigated in Rotterdam, 
the Netherlands. Further analysis on this negative correlation demonstrated that surface 
temperatures in a particular courtyard were almost always higher than the surface temperatures 
in its surrounding streets. Based on this finding, Montazeri et al. [5] focused on the same 
particular courtyard and investigated the influence of evaporative water sprays in improving the 
thermal environment in the courtyard. CFD simulations similar to the one presented in Chapter 
3 can be used as a predictive tool to identify potential hot spots in other urban areas. With this 
method, policy makers or governing agencies can be instructed on where to focus first for 
improving the thermal environments in cities they are governing. 

The study presented in Chapter 4 evaluated an urban park’s capability in influencing the 
microclimate in its vicinity. The study aimed to quantify the range and the intensity of the 
cooling effect convected from the park. Future studies can further aim to maximize the park 
cooling effect by evaluating various aspects such as tree typology, street orientation, park layout 
with respect to the prevailing wind and heights of the nearby buildings. On the other hand, 
incorporating trees in urban areas should be carefully evaluated as various recent studies 
demonstrated that trees might cause an increase in the concentration of air pollutants under the 
tree canopy, close to the pedestrian level [6,7].  

The majority of the past studies on the UHI effect, including the one presented in Chapter 
5, focused on the negative consequences of this effect, such as increases in the summertime 
building cooling demand. However, elevated temperatures in cities might be preferable in some 
particular cases, such as during winter times for reducing building heating demand [8,9]. It 
might be interesting to investigate the overall effect of the UHIs on building energy demand by 
considering a whole year analysis. Most likely, some buildings in particular cities might in fact 
be overall benefiting from the elevated temperatures due to the UHI effect. For that purpose, 
the combined CFD-BES methodology presented in Chapter 5 can be utilized and CFD urban 
microclimate simulations focusing on an entire year or on a few representative days from each 
month of the year can be performed to generate location-specific microclimatological data.  

The study presented in Chapter 5 argued that the effect of urban microclimate on building 
energy demand is quite complex as it can depend on the building location in the urban area of 
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interest, building type, and the building’s construction characteristics. Furthermore, the study 
demonstrated that buildings constructed with the so-called “low-energy” construction 
guidelines may not perform equally energy efficient in rural and urban locations. Following 
these findings, it is strongly advised for policy makers to consider the effect of urban climate 
while establishing guidelines for building energy efficiency. Also professionals focusing on low-
energy building design should take these findings into account.  

CFD simulations typically require significant computational resources which may be 
considered as a major constraint for their wide spread use in addressing urban 
microclimatological problems. For instance, in Chapter 5, simulations were performed to 
analyze the resulting microclimate of Antwerp for a period of one month (31 days). Simulating 
the climate occurrences in these 31 days required a total of 460800 iterations, which had taken 
approximately 24 days in reality, with the help of 16 CPUs. On the other hand, future increases 
in computational resources and capabilities might reduce the simulation times of similar cases.  

The use of uniform temperature profiles in CFD urban microclimate simulations had been 
denoted as a limitation in the studies presented in Chapter 3, 4 and 5. The new temperature 
profile determined in Chapter 6 is aimed to address to this limitation and hopefully this profile 
can be used to deliver better urban microclimate studies in the future. Similar to this limitation, 
there are in fact three more limitations which can be stated for all the CFD simulations 
presented in Chapter 3-5: 1) neglect of mass (humidity) transfer; 2) neglect of anthropogenic 
heat sources; 3) imposing profiles which are valid for a neutrally stratified atmospheric 
boundary layer. Researchers are advised to address to these limitations in the future. 

There are several discussion points worth mentioning in this section concerning the urban 
microclimate and the UHI research in general.  

Global heating demands of buildings are known to be (on average) higher than the global 
cooling demands of buildings. Due to this fact, some might think that the influence of the UHI 
effect on the overall (heating and cooling) building energy demand is not a major concern at 
the moment. However, the study by Isaac and van Vuuren [10] predicts that due to climate 
change and due to the increase in the number of global air-conditioning units [11], somewhere 
within the 2nd half of the 21st century, the global building cooling demand may grow to higher 
levels than the global building heating demand (Figure 7.1). Hence, the UHI effect might be a 
greater concern in the future than it is thought to be now. 

Concerning the Albert Kratzer’s ideal [12,13] of creating cities “based on the considerations 
of climate”, the field of urban climatology faces some challenges, especially in transferring 
scientific expertise into routine design practices [14–18]. One of the problems is related to the 
perceived significance of urban climatological aspects by urban designers, planners and 
municipal governors [15,19]. Mills [15] argues that “when placed alongside other planning issues, 
concerns for the urban heat island have been seen as of marginal interest.” However, this 
perception of “marginal interest” might change since global urbanization is occurring at an 
unprecedented rate in today’s world [20,21] and climate change is increasing the global 
temperatures [22,23]. Therefore, issues related to urban areas, including the UHI effect, might 
gain further significance in the future. Oke [19] states that for the purposes of transferring the 
urban climatological knowledge into routine (and wide-spread) design practices, researchers 
should consider conducting carefully designed generic experimental (or computational) studies 
and should communicate results with sufficient “dimensional analysis and normalization”. In 
other words, instead of individual case studies, care should be given to achieving results which 
would be applicable in a wide range of urban design cases.  
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Figure 7.1: Predicted global residential energy demand for heating and cooling [20]. 

In addition to these challenges and opportunities stated by Mills [15] and Oke [19], there 
lies another challenge on improving building energy efficiency through urban microclimate 
alteration. Building scale measures which can enhance building energy efficiency can be 
undertaken by the owners of the buildings since they consider such measures as a good 
investment which can pay its initial investment back over time. In this case, the benefactor and 
the beneficiary are the same private entity. However, the majority of the adaptation measures 
for urban microclimate alteration, such as urban parks, can only be undertaken at public spaces 
by public entities. This would require a public investment, but the beneficiary in that case would 
be private entities, namely the owners of the buildings which are located near the implemented 
measure. Floater [24] emphasizes on this benefactor/beneficiary mismatch and states that in 
order to undertake major investments of urban scale adaptation measures, municipal governors 
should first be convinced of marginal public gains. Concerning investments for urban scale 
adaptation measures, focusing only on building energy efficiency might not be sufficient to 
convince municipal governors and in such cases, arguments on additional benefits, such as the 
reductions in carbon emissions, the improvement of public well-being and the improvement of 
air quality should be made. 

In some cases, the construction of a particular building might have negative consequences 
for the urban microclimate. For instance, a new building might replace a large green space and 
amplify the local UHI effect.  Or a new building may cause too much reflection on its 
surroundings due to its glazed façade and thus can cause an increase in local temperatures. Such 
negative consequences can be foreseen with CFD simulations and relevant measures can be 
taken during the design stages. In that regard, municipal authorities can impose norms with 
respect to urban microclimate. A successful example of such a norm is the Dutch Wind 
Nuisance Standard (NEN 8100) [25] which aims to ensure that the pedestrian level wind 
environment is maintained at good levels even when new buildings are constructed in a 
particular urban area. For this purpose, while designing a new building, project developers ask 
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for wind-tunnel tests or CFD simulations [26] from relevant professionals for the purposes of 
documenting that the new building will not affect pedestrian wind climate negatively. Similar 
norms can be formulated for urban thermal environments as well, which might accelerate the 
transfer of scientific urban climate knowledge into routine design practices. 
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8 
Conclusions 

This thesis aimed to analyze the effect of urban microclimate on building energy demand. 
In Chapter 1 (Introduction), a historical background about urban climatology and about Urban 
Heat Island (UHI) research was provided. Following the background information, modern 
research approaches were summarized and the spatial scales in urban climate modeling were 
described. The Introduction provided a brief description on the effect of urban microclimate on 
building energy demand and human thermal comfort. The lack of an entirely computational 
approach bridging urban microclimate on one side and the building energy demand on the 
other was noted as the particular knowledge gap from which this thesis research was formulated. 
The main objectives of this research were formulated as: 

- To investigate prior research on Computational Fluid Dynamics (CFD) urban 
microclimate analysis;  

- To develop a CFD approach for urban microclimate simulations and to conduct a 
validation study; 

- To evaluate the effect of one particular adaptation measure on urban microclimate with 
CFD simulations; 

- To combine CFD and Building Energy Simulations (BES) with a case study to 
computationally evaluate the effect of urban microclimate on building energy demand; 

- To improve the state-of-the-art CFD approach employed in urban microclimate 
simulations with a new boundary condition.  

Chapter 2 presented a review study investigating prior studies published on the CFD 
analysis of urban microclimate. A total of 183 journal papers published between 1998 and 2015 
in English were identified for the review. The studies were categorized based on the type of 
urban area considered (generic or real) and based on the existence of a validation study. Specific 
data were extracted from each study based on the considered urban settings/locations (for 
generic/real urban areas), governing equations and models, target parameters and keywords. 
The study documented the increasing popularity of the field as 105/183 studies were performed 
in the last three years considered (2013-2015). The study demonstrated that 58% of the past 
CFD urban microclimate studies had not considered any validation studies. In addition, among 
the investigated 122 studies focusing on real urban areas, only 74 cities from 30 countries had 
been the subject of CFD simulations and only a few of these cities were located in the developing 
countries or in the tropics. Since the majority of the urbanization in the 21st century is expected 
to occur in the developing countries, CFD urban microclimate knowledge should be expanded 
accordingly. Furthermore, it was concluded that future studies should consider combining the 
climatic results from urban microclimate simulations with multiple aspects (e.g. economical) 
from other scales (e.g. buildings). 
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In Chapter 3, a case study was conducted considering the Bergpolder Zuid district in 
Rotterdam, the Netherlands. The aim of this case study was to develop a CFD approach for 
urban microclimate simulations and to validate the resulting surface temperatures. For this 
purpose, CFD simulations were performed on a high-resolution computational grid using 3D 
Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations combined with the realizable 
k-e turbulence model for closure. The resulting surface temperatures were validated using a set 
of satellite imagery data obtained in July 2006. CFD simulations were found to be able to predict 
surface temperatures with an average absolute temperature difference of 2.2°C. The results were 
further analyzed to demonstrate the negative correlation between the resulting wind speed and 
surface temperatures in the area of interest. It was concluded that CFD had the potential to 
accurately predict urban microclimate and results from CFD simulations could be used to locate 
specific urban parts which may be vulnerable to heat stress and to evaluate the effectiveness of 
remedial measures. 

In line with the third research objective, in Chapter 4, the focus was on the evaluation of an 
urban park’s potential for influencing the urban microclimate in its vicinity. The cooling effect 
convected from an urban park in Antwerp, Belgium was investigated based on the intensity of 
the cooling effect, referring to the maximum reduction in air temperature; and the range of the 
cooling effect, referring to the maximum horizontal distance where a minimum of 0.1°C cooling 
effect was present. The simulation approach employed in this study was similar to the approach 
presented in Chapter 3. CFD simulations were found to be able to predict the measured air 
temperatures in Antwerp in 30 June 2013 with an average absolute temperature difference of 
0.9°C. CFD simulations were then performed for three cases: 1) the base case with the park; 2) 
a case with an open square instead of the park; and 3) a case with representative buildings 
instead of the park. The results demonstrated a maximum intensity of the cooling effect of 3.4°C 
and a maximum range of 498 m. In addition, the park investigated was found to be able to lower 
wind velocities in its vicinity and to cause an increase in air temperatures during the night time, 
which may be beneficial should the nearby buildings require heating during the night. 

Chapter 5 presented a study aimed to combine CFD with BES for evaluating the effect of 
urban microclimate on building cooling demand. CFD simulations were performed considering 
Antwerp, Belgium and the meteorological conditions of July 2013 were specified as inlet 
conditions. The resulting air temperatures at the location of an urban measurement station were 
compared with measurement data which demonstrated that CFD simulations were able to 
predict air temperatures with an average absolute temperature difference of 0.88°C. The 
meteorological measurement data obtained at a rural station and CFD simulation results from 
two urban locations were used to generate location specific Microclimatic Conditions (MCs). 
The two urban locations were selected with respect to their proximities to an urban park of 
interest, where one urban location was approximately 80 m away from the park and the other 
400 m away from the same park. BES were performed for cases with different MCs, building use 
types and construction characteristics. The results were compared based on the monthly 
Cooling Demands (CDs) obtained from the BES. Buildings in urban locations were found to 
have up to 90% more CD than the buildings in the rural location. Low-energy buildings were 
found be affected more by an urban MC compared to the buildings constructed with older 
regulations. Low-energy buildings could have a 48% increase if moved from the rural location 
to an urban location investigated. The CD of the building close to the park was found to be on 
average 13.9% less than the CD of the building away from the park. Based on a statistical 
analysis, it was demonstrated that the differences between the CDs of buildings in the two urban 
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locations of interest were strongly linked with the meteorological wind direction. In addition, 
the study demonstrated that guidelines for low-energy buildings can benefit from the 
consideration of microclimatic conditions. 

Many previous studies on CFD urban microclimate analysis, including the ones presented 
in Chapter 3, 4 and 5, were conducted with the wall functions approach and have used uniform 
temperature profiles at the inlets of their computational domains. However, as demonstrated in 
Chapter 6, the combination of the wall functions approach with the use of uniform temperature 
profiles can lead to flow inhomogeneity. This is not desirable since if the temperature profile 
imposed at the inlet changes along the flow direction, results would become dependent on the 
positioning of the area of interest inside the computational domain. Therefore Chapter 6 
focused on the development of a new, appropriate temperature profile which can satisfy 
temperature homogeneity. The derivation of the new temperature profile was based on 
satisfying the first order matching between the common convection-diffusion equation (energy 
equation) and the wall functions. The derived profile was verified by means of 2D RANS 
simulations and the homogeneity of temperature was satisfied. The study investigated the 
behavior of the new profile while considering natural convection and concluded that it should 
be used with caution in simulation cases with high Richardson Number. The representativeness 
of the new profile was tested by comparing it with several measured vertical temperature 
profiles. It was concluded that future CFD studies focusing on heat transfer within the 
atmospheric boundary layer can make use of this new profile. 

Research on urban microclimates conducted before the commencement of this thesis had 
already demonstrated two key findings: 1) urban microclimates can affect building energy 
demand; 2) urban microclimates can be altered by means of urban design and through the 
implementation of urban scale adaptation measures. However, to transfer these findings into 
engineering practice and to be able to design urban microclimates, an entirely computational 
approach was necessary, but missing. This thesis was established to address to this missing 
aspect and developed an entirely computational approach which could analyze urban 
microclimates through CFD simulations and generate location-specific microclimatological 
information for the use of BES. The thesis demonstrated that climatic occurrences in cities can 
have significant spatial variations, especially in the presence of urban parks and the effect of 
urban microclimate on building energy demand is not straightforward but very complex 
depending on a wide range of aspects. Given this high variability and complexity, the multiscale 
approach presented in this thesis can be utilized for different cities to create urban 
microclimates within which people can live with improved health, comfort and productivity 
and buildings can operate in a more energy-efficient way.  
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