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 Preface

This thesis entails the completion of a study in 
which two major disciplines of building engineering 
have been combined. These disciplines are Urban 
Design and Planning (UDP) and Building Physics 
and Services (BPS). The bachelor of Building 
Engineering, which has preceded the master 
Architecture, Building and Planning (ABP), is broad 
and enables students to investigate the different 
areas of which building engineering consists of. 
During the last year of my bachelor the subject of  
Urban Physics, the combination of urban design and 
building physic, became a subject of interest for me. 

The shared focus point of these two subjects 
has been found in the mutual goal of creating 
comfortable and sustainable spaces.  For urban 
design this primarily expresses itself in the way 
outdoor spaces and routes are designed and 
materialized, while the physics perspective is about 
all physics that contribute to a pleasant in- and 
outdoor environment. Both well designed urban 
plans and physically comfortable spaces have to 
deal with the local outdoor climate. For example, 
the orientation of a building in relation to the sun 
influences both the passive heating gains of the 
building as it determines the availability of sun 
in the backyard of that same building. Another 
example can be found in crowded city center designs 
with high-rise buildings that are designed without 
studying its effect on the surrounding wind climate. 
This could lead to high wind speeds at pedestrian 
areas, which could make it an uncomfortable 

place. It is therefore important that the urban 
designer also includes the effect of the design on 
its local microclimate. It is for this reason that the 
combination of these master tracks is seen as a 
useful and inspiring way to go forward during this 
study.

For this thesis I would like to express my sincere 
appreciation to several people for their help 
during this graduation project. First of all, I want 
to gratefully thank my graduation committee for 
their input of valuable knowledge and criticism that 
brought the best out of this research. The graduation 
committee is chaired for the master track Building 
Physics and Services by prof. dr. ir. Bert Blocken. 
The building physics guidance during the project 
is furthermore provided by dr. ir. Twan van Hooff. 
For the master track Urban Design and Planning 
the graduation committee is chaired by prof. dr. ir. 
Pieter van Wesemael. During the project the urban 
design guidance is given by ir. Ad de Bont and drs. 
Johan van Zoest.

My sincere thanks goes also out to my friends at 
the Department of the Built Environment – for the 
coffee breaks, input in the subject matter, and being 
able to let me refocus – and to my friends outside 
university life for their friendship and support. 
Lastly, my family and Jeroen, thank you for the 
support!

Yvonne Peters

Preface
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 Reading guide

This master thesis includes a numerical study and a 
spatial design study. 

The first two chapters of this thesis describe the 
outline of this research and some theoretical 
background on the urban microclimate. Chapter 
3 and 4 describe and discus the simulation model, 
and the results. The model described in Chapter 3 
is a simplification of a suburban street canyon. How 
these suburban streets are designed in practice is 
evaluated in Chapter 5. 

The knowledge gained from the simulations and 
the analysis on how the suburban street profile is 
designed are combined in Chapter 6. This section 
provides both an info-graphical guide with passive 
energy design guidelines for the suburban street 
based on the simulation results as it provides 
a design proposal for a new development of a 
suburban neighborhood with as main goal the 
implementation of the defined passive energy street 
guidelines. 

Finally the thesis is concluded with an overall 
discussion including limitations in Chapter 7 and a 
conclusion with recommendations in Chapter 8.

Reading guide
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 Abstract

Taking the two major environmental issues ‘climate 
change’ and ‘depletion of fossil fuels’ into account, 
the current focus on sustainable development is only 
increasing. Cities are major contributors and consist 
for a large part out of residential areas, where a great 
potential can be found in reducing the building 
energy demands. By decreasing the building energy 
demand the use of fossil fuels can be reduced and 
the impact on climate change is slightly decreased. 
The energy demand of residential buildings depends 
partly on its design, but is also affected by the 
dynamic interplay between the local microclimate 
and urban context. The effect of urban geometry 
on energy consumption remains understudied and 
controversial. To achieve climate resistant cities, 
the attention should shift from one single energy-
efficient building into energy-efficient areas.

In order to design energy-efficient areas, one should 
understand how the urban design influences the 
energy demand of residential buildings. This study 
focusses on residential buildings in suburban 
designs in the Netherlands.  Therefore one of the 
main research questions of this study is: what is 
the influence of a suburban street design on the 
space heating and cooling demand of residential 
buildings in the Netherlands. By understanding 
how a suburban street design affects the energy 
demand for space heating and cooling new 
guidelines can be formulated to design in a 
passive energy-efficient way. However there are 
boundaries on the implementation of these passive 
energy guidelines for suburban neighborhoods if 
comfortable and pleasant living environments are 
designed. The second main questions investigates 
these boundaries: to what extent is it possible to 

implement energy efficiency guidelines reducing 
the energy demand for space heating and cooling of 
residential buildings in the urban design.

The influence of the suburban street design on 
the energy demand of its adjacent residential 
buildings is studied by means of Building Energy 
Performance simulations using the EnergyPlus 
software. The guidelines resulting from these 
simulation results indicate that the street orientation 
is of major importance in an urban design. Lower 
energy demands of 7.4% are found for east-west 
street orientations compared to north-south street 
orientations. An additional reduction of 2.2% in 
east-west street orientation can be achieved through 
increasing the street width to 30 meters. Street trees 
are mainly of influence on the energy demand in 
north-south street orientations. The energy demand 
of these less optimal orientated streets could be 
reduced in the most optimal situation with 2.3% by 
designing trees in front of the building at both sides 
of the street.

A design suggestion for a new development of an 
urban design is made to investigate to what extent 
these guidelines of east-west street orientation 
with a width of 30 meters can be implemented 
and still enables a comfortable and pleasant 
living environment. The translation of the passive 
energy efficiency guidelines shows that with 
smart solutions it is possible to maintain to a high 
extent the guideline, but that it is unavoidable 
to make compromises at some places to achieve 
a comfortable and pleasant living environment.  
These compromises are based on other design 
requirements of an urban design.

Abstract
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 Nomenclature

Abbreviations

ABP Architecture Building and Planning
ASHRAE American Society of Heating, Refrigerating and Air conditioning Engineers
ACH Air Changes per Hour
BES Building Energy Simulation
BESTest Building Energy Simulation TEST
BPS Building Physics and Services
CFD Computional Fluid Dynamics
CHTC Convective Heat Transfer Coefficient
CPC Climate Proof Cities
E East
HVAC Heating Ventilation and Air Conditioning
IPCC Intergovernmental Panel on Climate Change
KNMI Koninklijk Nederlands Meteorologisch Instituut
MRT Mean Radiant Temperature
N North
S South
SVF Sky View Factor
TU/e Eindhoven University of Technology
ABL Atmoshpheric Boundary Layer
UBL Urban Boundary Layer
UCL Urban Canopy Layer
UDP Urban Design and Planning
UHI (atmospheric) Urban Heat Island
USC Urban Street Canyon
W West

Nomenclature



Definitions

Aspect ratio The geometry of a street canyon is expressed by its aspect ratio, a ratio of the height of 
the building (H) to the width of the street (W), H/W, and is arranged according to a 
certain orientation in relation to the sun.

Indoor Air The air in an enclosed occupiable space .
Infiltration A flow of outdoor air into a building through cracks and other unintentional openings 

and through the normal use of exterior doors for entrance(s) and exits. 
Innovative area A design where the energy demand is reduced by it design and where residents have a 

strong commitment with the areas.
Internal gains Heat gains from internal sources: lights, people, and equipment of various types that 

contribute to the internal thermal balance.
Passive measure Is a measure which does not use energy once it has been implemented
Passive energy-efficient 
design

Is a design where its design principles are optimized to reduce the energy demand for 
space heating and cooling of the residential buildings in the urban design.

Suburban An residential area on the outskirts of a city or large town.
Sustainable development A development which is non-damaging to the long-term health of humans and the 

ecological system.
Urban Design Urban design is the process of designing and shaping cities, towns and villages. An 

urban design deals with a larger scale of groups of buildings, streets and public spaces, 
whole neighborhoods and districts, and entire cities, with the goal of making urban 
areas functional, attractive, and sustainable.

Urban Street Canyon The urban street canyon refers to the space that is formed by two typically parallel rows 
of buildings, separated by a street.

Ventilation the process of supplying air to or removing air from a space for the purpose of 
controlling air contaminant levels, humidity, or temperature within the space ..

Ventilation rate Magnitude of outdoor air flow to a room or building either through the ventilation 
system or infiltration through building envelope .

14

 Nomenclature

Symbols

Cp Wind pressure coefficient [-]
d Building depth [m]
Fsg Angle factor between the surface and the ground [°]
Fss Angle factor between the surface and the sky [°]
hB Building height [m]
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 Nomenclature

hRB Residential building height [m]
Ib Intensity of beam radiation [W/m2]
Ig Intensity of ground reflected diffuse radiation [W/m2]
Is Sunlit area [W/m2]
Isun Diffuse solar irradiance from sky on the ground [W/m2]
Isurface Anisotropic radiance distribution from the sky incident on an exterior 

surface
[W/m2]

p Point under consideration [-]
p0 Static reference pressure [Pa]
pd dynamic pressure [Pa]
px Static pressuce at a given point on the building façade [Pa]
ws Street width – Street Canyon width [m]
qc,w Convective heat flux [W/m2]
Q* Net all-wave radiation flux [W/m2]
QE Latent heat flux [W/m2]
QF Anthropogenic heat flux [W/m2]
QH Sensible heat flux [W/m2]
∆ QE Change in net advective heat flux [W/m2]
∆ Qs Change in storage heat flux [W/m2]
R Thermal resistance [m2K/W]
U*ABL Atmospheric boundary layer friction velocity characterizing velocity 

fluctuations in the turbulent boundary layer
[m/s]

Uh Wind speed, which is often taken at building height h in the upstream 
undisturbed flow

[m/s]

U(y) Meand wind speed at heigh y [m/s]
Tref Reference temperature [K]
Tw Surface temperature [K]
Vz Wind speed at altitude Z [m/s]
x Street width in direction of azimuth [m]
x obs Street width for obstructuction angle in direction of azimuth [m]
x shade Non-irradiated street space in direction of azimuth [m]
Y(0) Aerodynamic roughness length [m]
Z Altitude, height above ground [°]
Zmet Height above ground of the wind speed sensor at the meteorological 

station
[m]

α Wind speed profile exponent at site [-]
α met Wind speed profile exponent at the meteorological station [-]
α obs Obstruction angle [°]
α sun Solar altitude [°]
β Azimuth [°]
δ Wind speed profile boundary layer thickness at site [m]
δ met Wind speed profile boundary layer thickness at the meteorological station [m]
κ Von Karman constant [-]
ρ Air  density [kg/m3]
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Chapter 1

Sustainability is already a frequently used concept in 
many policy documents and strategies, researches 
and built environment designs. Taking the two 
major environmental issues ‘climate change 
problems’ and ‘depletion of fossil fuels’ into account, 
todays focus on sustainable development is only 
increasing. This sustainable development could be 
defined as a development which is non-damaging to 
the long-term health of humans and the ecological 
systems (Oktey, 2012). 

After decades of debate, it is extremely likely to 
conclude that human activities have been the 
dominant cause of climate changes (UNEP SBCI, 
2009). The burning of fossil fuels with the emission 
of greenhouse gasses in the atmosphere is changing 
the world’s established climate. These influences 
have not only been detected in the rise of the global 
mean sea level, the changes of the global water 
cycle, and the reductions in snow and ice; but also 
in warming of the atmosphere and the ocean and 
in the changes into some climate extremes (IPCC, 
2007). 

The predicted effect of climate change differs per 
continent, country and even per region. The Royal 
Dutch Meteorological Institute (KNMI) studies 
climate change in the Netherlands. According to 
the KNMI it is likely that the Dutch climate will 
be subject to a continuous rise of temperatures 
resulting in mild winters and hot summers, where 
heat waves will become more common (Klein Tank 
& Lenderink, 2009). 

Currently, cities are major contributors to the 
climate change and its negative impact. Buildings 
are responsible for more than 40 percent of global 
energy use and one third of global greenhouse 
gas emissions, both in developed and developing 
countries (UNEP SBCI, 2009). Residential 
buildings consume roughly 25% of the total energy 
consumption in the EU. Of this 25%, almost 70% 
represents the residential energy consumption 
for heating the building (Market Observatory for 
energy, 2009).  However, the balance between the 
amount of energy consumption used for heating and 
used for cooling is changing due to climate change. 
Whereas the increasing amount of mild winters as 
a consequence of the climate change will decrease 
the energy demand for heating, an increase in the 
number of hot summers could lead to an increase 
of the energy use in buildings with active cooling 

systems (van Hooff et al., 2014). Residential areas 
have a great potential in decreasing the building’s 
energy demand for space heating and cooling.

The energy demand of residential buildings depends 
partly on its design, but is also affected by the 
dynamic interplay between the local microclimate 
and urban context. To understand this dynamic 
interplay it is important that models not only 
adopt the perspective of building designers, as they 
tend to consider buildings as self-defined entities, 
but that they also include the interplay between 
the building and context (Strømann-Andersen 
& Sattrup, 2011). However, the effect of urban 
geometry on energy consumption in particular still 
remains understudied and controversial. This could 
be explained by the difficulty of modeling complex 
urban geometry (Ratti et al., 2005). 

To achieve climate resistant cities, the attention 
should shift from one single energy-efficient 
building into energy-efficient areas. Saving energy 
on a larger scale will decrease the two major 
environmental problems: depletion of fossil fuels 
and the emission of harmful combustion gasses.

When understanding the larger scale, designers 
will be able to design innovative areas that will 
not only include high technological solutions, 
but are designed in a passive energy-efficient way. 
An innovative area includes a design where the 
energy demand is reduced by its design and where 
residents have a strong commitment with the area. 
With regard to the existing buildings it is often 
seen that sustainable solutions are not integrated in 
the original design and are applied retrospectively. 
This leads rarely to the best, most efficient and less 
expensive solution.

Therefore, a more challenging approach is to deal 
with the reduction of energy use at the beginning 
of the urban design process. In the initiative design, 
major decisions are made regarding the energy 
demand during the further lifecycle of an urban 
area. This makes the beginning of the design process 
an often underestimated but an important phase. 

1.1 Relevance and problem statement
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It becomes clear that the need for innovative 
urban areas is increasing, as our (global) concerns 
regarding climate change are increasing as well. An 
important/great part of world’s used energy is spent 
on space heating and the cooling of buildings. The 
energy performance of buildings in itself is mainly 
dependent on:
1. The urban geometry,
2. The building design,
3. The local microclimate,
4. System efficiency,
5. Occupant behavior.

When looking at the building sector, one could say 
that different professions are responsible for the four 
points as mentioned above; respectively being urban 
planners and designers, architects, system engineers 
and the occupants (Ratti et al., 2005). The focus of 
this research will be on the urban geometry and its 
effect on the energy performance of the buildings 
for space heating and cooling in the area of research.

Careful designing of the urban environment, taken 
the urban geometry into account, can contribute to 
minimize the energy demand for space heating and 
cooling of buildings. For example, urban geometry 
relates to the availability of sunlight on the building 
facades. Highly obstructed urban areas are deprived  
of solar gains which could result in higher heating 
energy inputs in cold periods but could in contrary 
also lead to reduced cooling demands in warm 
periods in a temperate climate (Ratti et al., 2005).

Despite the evident relationship between urban 
geometry and energy consumption this link is, as 
stated in the problem statement, generally neglected 
due to the complexity of the environmental 
processes that are involved. Most software for 
building simulation tends to concentrate on the 
building design and its system, while neglecting the 
effect of its surrounding (Ratti et al., 2005).

By designing an urban environment its own 
microclimate is designed. The urban microclimate 
is one of the environmental factors that has an 
effect on the energy demand and should therefore 
be a main priority of the urban designer. However, 
urban design and urban microclimatology have 
developed more or less separately over the last 
decades. As a consequence the application of 
passive energy-efficient urban design measures in 
practice often proves to be difficult or neglected. 

A passive measure is a measure which does not 
use energy once it has been implemented. A 
passive energy-efficient design is a design where 
its design principles are optimized to reduce the 
energy demand for space heating and cooling of the 
residential buildings in the urban design.

In order to design in a passive energy-efficient way, 
one should understand how urban design principles 
influence the energy demand for space heating and 
cooling of residential buildings. This study focusses 
on residential buildings in suburban designs in 
the Netherlands. Therefore, the first main research 
question of this research is defined as followed:

 1. What is the influence of a suburban   
 street design on the space heating and cooling  
 demand of residential buildings in the   
 Netherlands?

By understanding how a suburban street design 
affects the energy demand for space heating and 
cooling, new guidelines can be formulated to design 
in a passive energy-efficient way. Additionally, 
this research investigates the boundaries of 
implementing these new guidelines as a passive 
design measure reducing the energy demand, while 
still designing comfortable and pleasant living 
environments. The second main research question is 
therefore defined as:

 2. To what extent is it possible to implement  
 energy efficiency guidelines reducing the   
 energy demand for space heating and cooling  
 of residential buildings in the urban design?

Two answer the two main questions, the following 
sub-questions are formulated for the first main 
question:

 1. What is the influence of a suburban   
 street design on the space heating and   
 cooling  demand of residential buildings in  
 the Netherlands? 

 a) What is the impact of the street/building  
 orientation on the energy demand for space  
 heating and cooling of a residential building  
 in a suburban street?

 

1.2 Research aim and objectives
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 b) To what extent does the aspect ratio   
 (height-to-width ratio, hb/ws) affect the   
 energy demand for space heating    
 and cooling of a residential building   
 in a suburban street?

 c) What is the effect of street trees in a   
 suburban street on the energy demand   
 for space heating and cooling of a   
 residential building in a suburban street?

To understand those effects additional sub-questions 
are defined:

 a) How affects the urban design its   
 microclimate?

 b) How affects the urban microclimate the  
 energy demand of buildings?

For the second main question the following sub-
questions are formulated:

 2. To what extent is it possible to implement  
 energy efficiency guidelines reducing the  
 energy demand for space heating and   
 cooling of residential buildings in the urban  
 design?

 a) How can expert information on the effect
 of the urban design on its microclimate in   
 relation to the energy demand for space   
 heating and cooling of its buildings (best) be  
 presented to urban designers?

 b) Which design elements are used in the   
 design of a suburban street profile?

The aim of these questions is to gain insight into 
the impact of a suburban street design on the 
energy demand for space heating and cooling of its 
buildings. Additionally, the effect of these passive 
design principles on the spatial street quality is 
investigated.
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The research questions and its sub-questions will be 
answered by the following next steps.

First of all, a literature study is performed including 
the following aspects:
•	 The urban microclimate is studied to 

understand its influence on the energy demand.
•	 A historical review of how the built 

environment and different energy developments 
reacted on each other.

•	 An analysis on suburban street design principles 
by means of studying existing designs.

This part is indicated in the left box of Figure 1.1. 
These elements contribute to Chapter 2 and 4, on 
“urban microclimate” and “suburban street designs”, 
respectivily. The second part in this research 
includes two different lines of research.

The first line is described in Chapter 3 and  4, on 
“simulation model” and “results”, respectively.  A 
detailed description of the simulation model is 
provided in Chapter 3 and the results are described 
in Chapter 4. 

Simulations are performed for Dutch suburban 
streets to understand the effect of three different 
street design parameters on the space heating and 
cooling of its adjacent buildings. These parameters 
include the sub-questions of the first main question 
on aspect ratio, orientation and street tree designs.  

Within the simulation model the suburban street is 
simplified into a symmetrical urban street canyon. 
In urban climate research including thermal, 
energetic, wind flow and pollution issues, an urban 
street is typically described as a simple rectangular 
shape. This is commonly known as the ‘‘urban street 
canyon (USC)’’ (e.g. Oke, 1988a; Givoni, 1989; 
Arnfield, 1990). 

The urban street canyon refers to the space that is 
formed by two typically parallel rows of buildings, 
separated by a street. This represents the basic unit 
of modern cities. The geometry of a street canyon 
is expressed by its aspect ratio, a ratio of the height 
of the building (hb) to the width of the street (ws), 
hb/ws, and is arranged according to a certain 
orientation in relation to the sun (see Figure 1.2). 

1.3 Research methodology

Literature study

Design 
principles

How energy influences the urban design

A guide with 
energy efficiency 

guidelines and 
A design proposal

 

EnergyPlus software

How the urban microclimate is affected 
by the urban design

How the urban microclimate affects the 
energy demand

Urban 
microclimate

Simulation model

Suburban street 
designAn analysis on suburban street design 

principles

Figure 1.1 | Research structure.
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In real cases, however, urban street geometry can 
be more complex as they can be, for example, 
asymmetrical as well.  The urban tissue can be seen 
as a system of interlinked urban canyons.

The second line is presented in Chapter 5 “suburban 
street designs”.  For the first part an inventory is 
made of Dutch suburban VINEX street designs to 
analyze different spatial qualities corresponding to 
a street width. These qualities are found in three 
elements: Health & Social activities, Mobility, and 
Ecology. For these three elements a framework is 
presented to understand the design of suburban 
streets. 

Finally, in Chapter 6, the two research parts are 
linked on a conceptual level in a tool (a info-
graphical guideline) that aims to contribute to 
design guidelines for suburban street designs for 
passive energy efficient buildings within moderate 
climates. It discusses the contribution of a suburban 
street design, i.e. aspect ratio (or height-to-width 
ratio, hb/ws), building orientation and street tree 
designs, towards the development of passive 
energy efficient suburban living environments in 
the Netherlands. Furthermore, the passive design 
energy efficiency guidelines are translated to a 
design suggestion for a new development.

An analysis of limitations and assumptions of 
the performed study with recommendations is 
presented at the end of the report.

Figure 1.2 | Schematic representation of an urban 
street canyon (cross-section).





A theoretical  background of the influence of 
urban microclimate elements on the energy 

demand of buildings

2
Urban Microclimate
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Chapter 2

An urban microclimate significantly differs with 
a climate in rural areas. The larger scale climatic 
conditions in rural areas are constituted by the 
influence of the built environment. Characterized 
by its small-scale urban area -including factors such 
as urban morphology, density, surface properties 
and vegetation- an urban microclimate is formed 
(Shishegar, 2013; Futcher, 2013). In other words; the 
design of a city and each of its components sets the 
conditions for its local microclimates (Van Esch, 
2015). 

The constitution of a local microclimate, a climate 
where the larger scale climatic conditions are 
influenced by the built environment, is one of the 
main reasons people started building to provide 
shelter from these elements. Since the beginning 
of human existence, people clearly intended to 
alter the climate to a more “human-friendly” one, 
protecting themselves against the (extreme) climatic 
conditions. With the evolution of human societies, 
settlements evolved to high-tech built environments 
where almost all connection to its local climate is 
lost (Alexandri et al., 2008).

However, there are still great examples of 
environments where simple design principles are 
based on the local climate conditions. These design 
principles vary between the broad variation of 
climatic environments, from the cold-cool territories 
to the warm-hot areas around the equator, from the 
dry western areas to the humid part of the southeast.

Cold climates encounter extreme colds, where the 
conservation of heat is essential.  Their shelters are 
compact, with a minimum of surface exposure. The 
Inuit (Eskimo) igloo is a well-known solution to the 
problem of survival in extreme colds (see Figure 

2.1a). These low hemispherical shelters deflect the 
winds and take advantage of the insulating value of 
the snow that surrounds them.

In contrast, hot-arid areas are characterized by 
excessive heat and glaring sun. These areas require 
shelters that are designed to reduce heat impacts 
and provide shade. Structures such as the pueblo 
of San Juan were constructed of massive clay roofs 
and walls, that have an good insulative value and 
the capacity to delay heat impacts for long hours 
(see Figure 2.1b). By packing buildings together, 
the amount of exposed surfaces to wind and sun is 
reduced.

Hot-humid areas, on the other hand, are not only 
characterized by excessive heat but also by the 
evaporation of moisture by breezes. To cope with 
these problems, villages were built to allow free 
air movement, and the scattered individual units 
were mixed into the shade of surrounding flora (see 
Figure 2.1c). The Seminoles built large gable roofs 
covered with grass to insulate against the sun and 
throw large areas of shadow over the dwellings, 
which had no walls. The steep angle and extensive 
overhang of these roofs protected against rainfall, 
and the floors were elevated to keep them dry and to 
allow air circulation underneath.

Less extreme climates can be found in temperate 
areas, offering a naturally favorable climate, 
having fewer thermal demands on its inhabitants. 
This results in more diversity and freedom in the 
building structures (Olgyay, 1963).

As can be seen from these basic building forms, 
people control a remarkable ability to adapt 
their dwelling to their particular environmental 

2.1 Introduction

Figure 2.1 | a) Inuit Igloo Village (Lyon, 1824); b) Pueblo of San Juan (Palace of the Governors photo 
archive); c) A Seminole Idian village in the Everglades (Archives of Florida).

a) b) c)
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the Netherlands. 
This chapter reviews the, already extensively 
researched, effect of the built environment on its 
microclimate, as well as the less researched area of, 
the impact of the urban microclimate on the energy 
demand of buildings by means of a literature review. 

The first part (Section 2.2), explains the influence 
of the urban environment on each separate relevant 
microclimate element for the energy demand: the 
urban air temperature, the urban solar energy, the 
urban wind capacity, and the materialization and 
landscaping (see Figure, 2.2). 

The second part (Section 2.3) of this chapter 
discusses the influence of the local urban 
microclimate on the energy demand of its buildings.

difficulties. An awareness of climate was already 
integrated with a natural craftsmanship creating 
comfort and protection.

Many studies have already been performed on 
the interaction between buildings and the urban 
climate. The first scholars who discussed this 
relationship from a climatological point of view 
where Olgyay (1963) and Oke (1988b). The paper of 
Oke (1988b), demonstrates that a number of useful 
relationships exist between the geometry and the 
microclimate of urban street canyons. In reaction, 
Giovani (1998) investigated the impact of urban 
typologies in different climates and Steemers et al. 
(1997) proposed six archetypal generic urban forms 
and compared the incident of solar radiation.

In a more recent publication, Shishegar (2013) 
discussed the current literature and evidence for the 
effects of street design on the urban microclimate, 
pointing out the impact of streets geometry (hb/ws 
ratio) and orientation on airflow and solar access in 
an urban canyon. With regard to the Netherlands, 
Taleghani et al. (2015) investigated the outdoor 
thermal comfort within five different urban forms in 

Figure 2.2 | Overview urban microclimate elements with influence on the energy demand of buildings.
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2.2.1 Urban air temperature

Air temperature
A well-known phenomenon of the urban climate 
is the urban air temperature that is significantly 
influenced by the built environment. The 
temperatures mentioned by the weather forecast 
are air temperatures determined by large-scale 
high- and low pressure zones. These temperatures 
are locally altered by several additional factors. 
An increase in temperature is caused by solar heat 
absorption and radiation (see Section 2.2.2), while 
the evaporation of water could result in a decrease in 
temperature (see Section 2.2.4) (Lenzholzer, 2013).

An additional factor that alters locally the air 
temperature is urbanization, defined as the 
densification and expansion of the urban tissue. As 
a result, the natural open permeability of vegetation 
is to a great extent replaced by impervious surfaces 
in the form of streets, car parks and buildings. As 
stated, resulting in an altered heat balance (see 
Section 2.2.2) where air temperatures in urban 
areas are often higher than in surrounding areas 
(see Figure 2.3). This phenomenon is known as the 
‘Urban Heat Island (UHI)’. 

Possible causes (see Figure 2.4) for the urban heat 
island were suggested by Oke (1982) and their 
relative importance was determined in numerous 
follow-up studies, such as by Santamouris (2001) 
and by Moonen et al. (2012). 

Possible causes as suggested by Oke (1982):

 1) Absorption of short-wave radiation from  
 the sun in low albedo materials and   
 trapping by multiple reflections between   
 buildings and street surface.

 2) Decreased long-wave radiation heat   
 loss from street canyons, caused by   
 obstruction of the sky by buildings,   
 trees and other objects. The heat   
 is intercepted by the obstructing surfaces,  
 and absorbed or radiated back to   
 the urban tissue.

 3) Absorption of short-wave radiation from  
 the sun in low albedo materials and   
 trapping by multiple reflections between   
 buildings and street surface.

 4) Decreased long-wave radiation heat   
 loss from street canyons, caused by   
 obstruction of the sky by buildings,   
 trees and other objects. The heat   
 is intercepted by the obstructing surfaces,  
 and absorbed or radiated back to   
 the urban tissue.

 5) Absorption and re-emission of long-wave  
 radiation by air pollution in the urban   
 atmosphere.

 6) The release of anthropogenic heat by   
 combustion processes, such as traffic, space  
 heating and industries.

2.2 How the urban microclimate is affected by the urban design

Figure 2.3 | Urban Heat Island (EPA, UHI basics, 2008).
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All causes for the UHI are a result of human 
interventions; resulting in the release of 
anthropogenic heat and surface modifications 
altering the characteristics of surfaces and the 
atmosphere (Lehmann, 2014).

Surface temperatures have an indirect, but 
significant, influence on air temperatures. Figure 
2.5 shows that as the day progresses, significant 
differences arise between the surface and air 
temperatures above surfaces with different designs 
(UHI Basics, 2008). A larger difference is found 
between the surface temperatures and the air 
temperatures during the day, but both, the air – and 
surface temperatures, are fairly similar at night. 

 7) Decreased turbulent heat transport from  
 within streets caused by a reduction of wind  
 speed.

 8) Increased heat storage by building   
 materials with large thermal admittance.  
 Cities have a larger surface area compared  
 to rural areas and therefore store more heat.

 9) Decreased evaporation from urban areas  
 because of ‘waterproofed surfaces’ - less   
 permeable materials, and less vegetation   
 compared to rural areas. As a consequence,  
 more energy is put into sensible heat and  
 less into latent heat. 

Figure 2.4 | Causes urban heat islands (modified from Van Esch, 2015).

Figure 2.5 | Air - and surface temperatures during day and night (EPA, UHI Basics, 2008).
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2.2.2 Urban solar energy

Solar radiation
The earth’s heat balance is dependent on the 
radiation from the sun that passes through the 
atmosphere before it reaches earth’s surface. In the 
atmosphere, a part of the total sun’s (solar) short-
wave radiation is reflected back into space and 
another part is absorbed. The remaining part of the 
solar radiation is transmitted directly to the earth.

The directly transmitted solar radiation to earth 
is partly reflected and the earth absorbs the rest. 
This absorbed radiation is emitted back into the 
atmosphere as long-wave radiation (heat). A 
small part of this long-wave radiation is directly 
transmitted to space, but the largest part is absorbed 
and re-emitted to the earth by the atmosphere, see 
Figure 2.6, (Oke, 1988a).  

The incoming and outgoing radiation is not in 
balance; there is a surplus of incoming radiation. 
Both the conversion of solar energy into sensible 
heat and latent heat and the urban anthropogenic 
heat contribute significantly to the energy balance 
(Oke, 1988a).

The urban energy balance can be written as the 
following (Eq.) [2.1] (Oke, 1988a):

Q* + QF = QH + QE + ∆ QS + ∆ QA              [2.1]

Where:

Q*   is net all-wave radiation flux (difference   
 between incoming and outgoing short-wave  
 and long-wave radiation) [W/m2]
QF    is anthropogenic heat flux [W/m2]
QH  is sensible heat flux [W/m2]
QE is latent heat flux [W/m2]
∆ QS is change in storage heat flux [W/m2]
∆ QA is change in net advective heat flux [W/m2]

Antropogenic heat is the heat that is released by 
human activities. It mainly consists of heat from 
combustion processes, such as traffic, space heating 
and cooling, and industries. The magnitude of this 
term depends on the energy use per person, the 
population density, and the type of activity. 

The sensible heat flux is the exchange of heat 
between different surfaces or surface and air, 
resulting in a change of temperature. The sensible 

Figure 2.6 | The earth’s energy balance (modified from Van Esch, 2015).
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Table 2.1 shows how much of the annual global 
irradiation is due to direct irradiation and how 
much is due to diffuse irradiation. It can be seen that 
diffuse irradiation encounters the largest part of the 
total irradiation, for all orientations. Furthermore, 
Table 2.1 shows that direct irradiation varies greatly 
with orientation; the value for a surface facing south 
is more than twenty times higher than that of a 
surface facing north.

Table 2.1 | Direct and diffuse irradiation.

Direct [kWh/m2] Diffuse [kWh/m2]
Horizontal 382 Horizontal 589
S 358 Vertical 392
SW 316
W 202
NW 77
N 17
NE 80
E 208
SE 322

heat flux is mainly determined by the difference 
in temperature between surface (wall or ground) 
and air; the greater the temperature difference, the 
greater the flux. 

When a surface is directly irradiated by the sun it 
can become quite warm and the sensible heat flux 
is then at its maximum. An east-facing surface 
will thus have the largest sensible heat flux in the 
morning and a smaller peak in the afternoon. The 
sensible heat flux of a south-facing wall will be 
more or less symmetrical around noon and has the 
highest value of all (vertical) orientations (Nunez & 
Oke, 1977; Arnfield & Grimmond, 1998).

The latent heat flux is the heat transfer needed for 
the evaporation of water from vegetation, soil, 
open water and materials containing moisture. 
The required heat for phase change of the water is 
extracted from the air or surface. The more water 
and the more heat available, the greater the latent 
heat flux. The latent heat flux is on average much 
smaller in urban areas compared to rural areas 
because of a smaller availability of water in urban 
areas as they have more ‘waterproofed surfaces’ – 
less permeable materials, and less vegetation than 
rural areas. 

The storage heat flux is the change in heat storage 
in the urban system. It mainly consists of the 
conductive heat fluxes in the paving and building 
materials; heat storage in the air is of a much 
smaller magnitude. As with the sensible heat flux, 
the conductive heat flux of a surface is largest when 
the sun directly irradiates it. It is usually negative at 
night due to long-wave radiative heat loss to the sky. 

The advective heat flux is the transport of heat by air 
movement. This component of the balance is usually 
small and therefore often neglected.

The next sections elaborate on the influence of the 
built environment on the net all-wave radiation by 
allowing the sun in or by obstructing it.

Irradiation of a single building
A building with an unobstructed view to the sky 
will yield the highest possible global irradiation 
(direct + diffuse irradiation). The annual global 
solar irradiation for building surfaces with an 
unobstructed view for different orientations in The 
Netherlands is presented in Figure 2.7 (KNMI).

Figure 2.7 | Annual global radiation [kWh/m2] for 
surfaces with different orientations. Data are for De 
Bilt, The Netherlands (52°06 N and 5°11 E) of the 
year 1995 (www.knmi.nl)

The incident solar radiation on a building is both 
reflected as absorbed. The larger the amount of 
radiation that is reflected, the smaller the amount 
that is available for absorption. The amount of 
the incident sunlight radiation on a surface that 
is not reflected will be absorbed and stored for a 
certain amount of time and re-emitted into the 
environment as long-wave radition. The albedo 
of a surface determines the amount of  incident 
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sunlight radiation (short-wave radiation) that will be 
absorbed by a surface. The albedo is a dimensionless 
meaure that is determined by its surface material 
property. Light colored surfaces have a higher 
reflectivity than dark colored surfaces. A 
theoretically perfectly white surface has an albedo of 
1, meaning all radiation is reflected; a theoretically 
perfect black surface has an albedo of 0, meaning 
all radiation is absorbed. In the built environment, 
common values for the short-wave reflectivity 
are about 0.3 for red brick materials (Bretz et al., 
1992). In the presence of other buildings or objects 
the incident radiation – both direct and diffuse 
– decreases as the view of the sun and sky are 
obstructed.

Radiation in the urban canyon
Direct irradiation
Without any obstruction in its path, the sun directly 
irradiates a given point within the urban area. The 
position of the sun in the sky varies from moment to 
moment – depending on the time of the day and the 
season –, and as a consequence, the imaginary line 
between a certain point and the sun also changes 
with time.

The position of the sun in the sky is defined by its 
vertical angle with the horizon, called solar altitude 
(αsun), and its horizontal angle measured from the 
north, called solar azimuth (β). The solar altitude 
and azimuth depend on the time of the day and 
the year, as well as the latitude. The sun reaches the 
highest altitude at the equator and the lowest at the 
poles. 

A given point ‘p’ will be irradiated when the solar 
altitude is greater than the obstruction angle in 

Figure 2.9 | Direct irradiation of the canyon floor. 
Top view (left) and section parallel to the solar 
azimuth b (right) (modified from van Esch, 2015).

the direction of the solar azimuth, in case the solar 
altitude is smaller point ‘p’ will be in the shadow 
(Figure 2.8). The obstruction angle is defined as 
the angle between the horizontal line and the line 
connecting the highest point of an obstruction and 
the point under consideration. Surrounding objects 
may intersect this line causing shades on the point 
of interest.

Where in figure 2.8 the following symbols are used: 

p  is the point under consideration [-]
hb  is the building height [m]
αsun   is the solar altitude [°]
αobs  is the obstruction angle [°]
β  is the azimuth [°]
x  is the street width in direction of azimuth  
 [m]
ws    is the street width [m]
d  is the building depth [m]

Where in figure 2.9 the following symbols are used: 

Hb  is the building height [m]
αsun    is the solar altitude [°]
αobs   is the  obstruction angle [°]
β  is the azimuth[°]
xshade   is the non-irradiated street space in  
  direction of azimuth [m]
xobs   is the street width for obstruction  
  angle in direction of azimuth [m]
ws   is the street width [m]
d   is the building depth [m]

xshade   is defined by h/tanαsun
xobs   is defined by s/cos β
tan αobs   is defined by h/ Xobs

Figure 2.8 | Direct irradiation of a given point “p”. 
Left, top view – right, section parallel to the solar 
azimuth β (modified from Esch, 2015).
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indicated by the Sky View factor (SVF). The SVF 
is a measure of the degree to which the sky is 
obscured by the surroundings. A flat open terrain 
has a sky view factor of unity, a site where part of 
the sky hemisphere is obstructed by buildings or 
other objects will have a proportionally smaller 
SVF (Oke, 1987). A rough estimate of the diffuse 
radiation incident on an obstructed surface can 
be made by multiplying the diffuse irradiation for 
an unobstructed surface with the (average) SVF of 
that surface. This is an approximation of the actual 
diffuse irradiation because it assumes an isotropic 
sky. In reality the diffuse radiation is not distributed 
uniformly across the sky dome, but is higher near 
the sun.

Global irradiation
Global irradiation is the sum of direct and diffuse 
irradiation and is thus dependent on the view of 
both the sun and the sky, as was discussed above. 
Important morphological factors are hb/ws, SVF 
and the orientation. Arnfield (1990) gives global 
irradiance values for north-south and east-west 
canyons with hb/ws ranging from 0.25 to 4.0, for 
all latitudes. It can be seen (Figure 2.10) that for 
the Netherlands (at 52° NL), differences between 
canyons of different orientations are rather small.  
Only in summer, wall irradiance values of canyons 
with hb/ws < 1 are much lower in east-west canyons 
than in north-south canyons.

The ratio hb/ws has a significantly larger influence 
on global irradiation of the canyon than orientation. 
As hb/ws increases, global irradiation decreases due 
to a decrease in both direct and indirect radiation 
that is received. Long-wave radiation losses from 
the canyon during the night also decrease with an 
increasing hb/ws. Together, this results in a damping 
of the diurnal temperature fluctuation (Swaid & 
Hoffman, 1990).

Reflection, absorption and re-emission
The canyon surfaces will immediately reflect part of 
the incident short-wave radiation back to the sky, 
but also by inter-reflections. These inter-reflections 
result in an increase in the total amount of solar 
radiation that is absorbed. The greater the hb/ws of 
the canyon, the more inter-reflections will occur. 
Furthermore, a higher hb/ws (or smaller SVF) leads 
to a decrease in long-wave radiation heat loss from 
the canyon, as radiation exchange with the cooler 
sky is limited. Conversely, long-wave radiation (re-)

The percentage of directly irradiated street surface 
calculated by:

 Airr = (1- xshade / xobs)*100%

When the street width and the dimensions of the 
adjacent buildings are given, the corresponding 
obstruction angles can be determined for every 
combination of solar azimuth β and altitude αsun. 

The height to width ratio (hb/ws) of the street 
influences the part of the canyon surface that is 
irradiated, especially in winter when the sun is 
low. As can be expected, wider canyons yield larger 
percentages of irradiation. The impact of changes in 
hb/ws is largest for narrow canyons and decreases 
as canyons get wider. In general, higher building 
densities lead to less direct solar access in the urban 
canopy (Bourbia & Awbi, 2003; van Esch et al., 
2012).

Orientation of the canyon surfaces with regard to 
the solar path is of great influence on the moment 
and duration of their irradiation. North-south 
running canyons have the benefit of being directly 
irradiated in winter. Even on the shortest day of the 
year the ground surface is completely irradiated 
around noon, when the sun has unobstructed 
access to the street. North-south running canyons 
have building facades facing east and west, which 
will be irradiated in the morning and afternoon 
respectively. East-west running canyons yield large 
percentages of directly irradiated ground surfaces 
in the morning and afternoon in summer- leading 
to a prolonged period of warming of surfaces - and 
air temperatures but provide some shade around 
noon. East-west running canyons also have the 
benefit of constant direct irradiation (and shade) 
in spring and fall, but are heavily shaded in winter. 
South-facing facades have the highest fraction 
of directly irradiated surface at noon in winter; 
in spring, summer and fall the highest fractions 
are found in the morning and evening. Highest 
surface temperatures correspond to the locations 
of maximum solar irradiation, which can be found 
at the top of the canyon walls, as the duration of 
irradiation is longest there (Offerle et al., 2007).

Diffuse irradition
The amount of diffuse radiation received by a point/
surface depends on the part of the sky visible from 
the point/surface of interest. This is commonly 
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Figure 2.10 | Canyon floor irradiances (W/m2) by latitude (° N), canyon orientation, season and aspect 
ratio. Line symbols denote aspect ratios, as follows: + - hb/ws – 0.25; x – hb/ws	–	0.5;	•	-	hb/ws – 1; o – hb/
ws – 2.0; ∆ - hb/ws – 3.0; o – hb/ws – 4.0. Broken line shows irradiance on an unobstructed, horizontal 
surface. ‘GRID’ denotes mean of irradiances for north-south (N-S) and east-west (E-W) canyon orientation 
(Arnfield, 1990).

Figure 2.11 | Reflections of incident short-wave (left) 
and emitted long- wave radiation (right) lead to 
trapping of heat in the urban canyon (modified from 
van Esch, 2015).

emitted from one canyon surface is intercepted 
by another canyon surface and reflected and/or 
absorbed again. This process of multiple reflections 
of both short-wave and long-wave radiation leads to 
trapping of heat in the canyon (Figure 2.11). More 
radiation is trapped in a narrow street than a wider 
street (Kondo et al., 2001) However, as less surface 
is irradiated directly, narrow streets are therefore 
cooler at the warmest time of the day than wider 
streets (Shashua-Bar et al., 2011).
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2.2.3 Urban wind capacity

Urban airflow
Urban airflow patterns are determined by the 
interaction of an approaching wind with the built 
environment. Wind is caused by differences in air 
pressure. Air pressure depends on air density, which 
is influenced by temperature. Heat causes air to 
expand and decreases its density; warm air therefore 
has a lower pressure than cold air. Wind blows from 
areas with high air pressure to areas with low air 
pressure. The greater the pressure differences and 
the closer the areas with pressure differences are 
located to one another, the higher the wind velocity 
will be.

There is a difference between the wind 
characteristics outside cities, where large areas of 
more or less uniform roughness conditions exist, 
and inside cities, where obstacles and roughness 
change within short distances (see Figure 2.12).  The 
wind velocities in cities are lower, less stable and 
predictable and more turbulent.

The atmospheric boundary layer (ABL) is the layer 
where wind is influenced by the Earth’s roughness 
(the urban wind field). The ABL height is mainly 
determined by the temperature gradient in the 
lower atmosphere and the roughness of the surface. 
The ABL height can range from 50 m in stable 
conditions to 1 km in unstable conditions (Blocken, 
2011).The urban wind field is characterized by the 
development of a two layer vertical structure (Oke, 
1987). As the air flows from the rural to the urban 

environment, it must adjust to the new boundary 
conditions defined by the cities, and this results 
to the development of the so called surface layer 
(urban canopy layer), which is extended from the 
ground surface up to the buildings height, while 
urban boundary layer, is extended above the roof 
tops.

In the surface layer the flow has a highly turbulent 
behavior. The wind speed at this surface layer 
depends on the underlying surface and decreases 
rapidly to zero at the surface (Verkaik, 2006). The 
deceleration of the wind speed close to the surface is 
caused by the surface roughness, caused by elements 
such as buildings and trees.  Due to those elements 
the airflow is blocked more in the surface layer in 
comparison to the airflow above the surface layer 
(Georgakis & Santamouris, 2006; Okeil, 2010). In 
other words, closer to the earth’s surface, wind is 
decelerating by friction force and at the surface the 
wind velocity is completely reduced.

Roughness can be described by the aerodynamic 
roughness length (y0). The aerodynamic roughness 
length defines the surface roughness observed by 
the flow. Among the smoothest surfaces are water, 
sand and snow (y0 ≈ 10-4 m); the surfaces with the 
highest aerodynamic roughness can be found in 
urban city centers (y0 ≈ 1 - 2 m) (Wieringa, 1992).

Figure 2.12 | Atmospheric Boundary Layer.
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Wind flow around a single building
The flow pattern around a single building is shaped 
by two pressure systems (Blocken & Carmeliet, 
2004). Figure 2.14 shows the flow pattern around a 
single building, where:

 1) Approaching flow 
 2) Corner streams with high wind speeds  
 and low turbulence intensity
 3) Frontal vortex with high wind speeds and  
 high turbulence intensity
 4) Shear layer with large wind speed   
 gradients and high turbulence intensity 
 5) Recirculation area with low wind speeds  
 and high turbulence intensity
 6) Far wake with low wind speeds and high  
 turbulence intensity

The wind velocity profile, over a large level surface 
of uniform roughness for thermally neutral 
stratification, can be expressed by the following 
equation [2.2] (log-law): 

[2.2]

Where:

U(y)  is the mean wind speed at height y [m/s] 
u*

ABL is the atmospheric boundary layer friction  
 velocity characterizing velocity fluctuations  
 in the turbulent boundary layer [m/s]
κ  is von Karman constant [equal to 0.42]
y0  is the aerodynamic roughness length [m]

The friction velocity is a variable that represents 
the magnitude of the velocity fluctuations in the 
turbulent boundary layer. It is also directly related to 
the shear stress τ0, which is enforced to the surface 
by the flow.

[2.3]

Where:
 
ρ  is the air density [kg/m3],
τ0  is the shear stress [Pa].

The von Karman constant has been found to be 
independent of the physical nature of the surface 
(Richards & Hoxey, 1993). 

The aerodynamic roughness length y0 depends on 
the nature of the roughness elements on the surface: 
size, shape, orientation and spacing. It should be 
regarded as an equivalent roughness that affects 
the flow. Figure 2.13 shows the influence of terrain 
roughness on the wind profile (Blocken, 2011).

The airflow pattern in the vicinity of obstacles is 
highly dependent on the geometrical characteristics 
of these obstacles and is quite complex, as will be 
discussed in the following sections.

Figure 2.13 | Schematic wind profiles for different 
terrain roughnesses (modified from Van Esch, 
2015).

Figure 2.14 | Flow pattern around a single building, 
side view (top) and top view (bottom).

The first pressure system acts on the front facade of 
the building. The highest air pressure develops at 
about seventy to eighty percent of the height of the 
building in the middle of the facade and decreases 
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The geometry of the building affects the flow pattern 
in its influenced area. When a building is high 
and slender, most of the air will pass the building 
sideways, when it is high and wide the downwash 
and frontal vortex will be large, as will be the 
recirculation area. A low and wide building will have 

outwards from there. This pressure system is caused 
by the increase of the approaching-flow wind speed 
with height and is responsible for the occurrence 
of the standing vortex. The higher the building, 
the higher the wind speeds that will be directed 
downwards (Bottema, 1993).

The second pressure system consists of the 
overpressure zone at the windward side of the 
building and the underpressure zone at the leeward 
side. It is responsible for the recirculation (backflow) 
downstream of the building and contributes to 
the corner streams. Both pressure systems are 
responsible for the complex wind-flow pattern that 
is present around a buildings (Bottema, 1993). 

The dimensions of the area in which the wind 
flow is directly influenced by the building can be 
expressed with a geometrical length scale L_g. This 
length scale is about the size of either the width of 
the building or two times the height of the building, 
whichever one is smallest (Bottema, 1993). The area 
of influence stretches to about four length scales 
from the windward side of the building, sixteen 
length scales from the leeward side of the building 
and two length scales from the sides of the building, 
as shown in Figure 2.15. 

With the following flow zones:

 1) Upstream retarded zone
 2) Frontal vortex
 3) Corner streams
 4) Recirculation area
 5) Shear layers
 6) Far wake

Figure 2.15 | Influence area and flow zones around a 
building. Dimensions are given as a multiple of the 
geometrical influencescale Lg (after Bottema, 1993). 

Figure 2.16 | Airflow around a tall and slender 
building, a tall and wide building and a low and 
wide building.
the most air passing over the building (Figure 2.16).
This section has shown that the flow pattern around 
a single building is determined by its geometry and 
its orientation with regard to the wind direction 
(Blocken & Carmeliet, 2004). The same is true for 
the flow pattern in an urban canyon, as will be 
described in the next section.

Wind flow in the urban canyon
In urban canyons, three different flow patterns can 
be distinguished: parallel, perpendicular or at an 
angle to the canyon axis (Figure 2.17).

Figure 2.17 | Flow patterns in the urban canyon, 
related to the wind direction at roof height; parallel, 
perpendicular or at an angle to the canyon axis.

When the wind direction is parallel or nearly 
parallel to the canyon axis (within a deviation of 
fifteen degrees) the wind can blow right through the 
canyon. At the windward opening of the canyon, 
the stream wise and vertical velocity is sharply 
increased.
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for a vortex that rotates inside the canyon, with its 
downward motion along the windward facade and 
its upward motion along the leeward façade (Baik & 
Kim, 2002). The wind speeds in this skimming flow 
regime are lower than those in the wake interference 
flow and can even be lower than the wind speeds in 
the isolated roughness flow – in case of very narrow 
canyons. 

Very narrow canyons (hb/ws > 1.6) can have multiple 
co-rotating vortices stacked on top of each other. 
The vortex that is closest to the ground has the 
lowest wind speeds.

However, street canyons are not always symmetrical 
(see Figure 2.19); one side of the street may have a 
higher building than the other. When the downwind 
building height is higher (stepup notch), the 
center of the main vortex is shifted upwards and 
downwind, and the top of the vortex is stretched 
diagonally between the roofs of the aligning 
buildings (Assimakopoulos et al., 2003; Xiaomin et 
al., 2006).

Further into the canyon, the stream wise and 
vertical velocity decreases due to air escaping the 
canyon vertically at roof level. At a distance of about 
6H (for a canyon with hb/ws =1) into the canyon the 
stream wise velocity becomes nearly constant and 
the vertical velocity nearly zero (Hang et al., 2009; 
Hang & Li, 2010). The higher hb/ws, the further into 
the canyon this fully developed flow starts (Blocken 
et al., 2008; Hang & Li. 2010). 

At the leeward opening of the street, air enters the 
canyon from above roof level and as a consequence 
a slight increase in stream wise velocity can be 
observed.

If the wind direction is (more or less) perpendicular 
to the canyon axis, three sub flow regimes can be 
distinguished: an isolated roughness flow, a wake 
interference flow and a skimming flow (Oke, 1988b), 
as shown in Figure 2.18. 

All these flow regimes consist of a complex system 
of vortices, which are closely related to the height 
to width ratio (hb/ws) of the canyon. In the case of 
isolated roughness flow (hb/ws > 0.1), the individual 
flow fields of the building strips are clearly 
identifiable (similar to a single building). There 
is very little interaction between the flows of the 
upwind and downwind area of the canyon. Only the 
far wake is affected.

When the canyon is less wide (0.1 < hb/ws < 0.7), 
the recirculation zone of the upwind building strip 
and the frontal vortex of the downwind building 
strip interact and amplify each other. This is called 
the wake interference flow regime. The wind speeds 
in this regime are higher than those in the isolated 
roughness flow regime.

In even narrower canyons (hb/ws > 0.7), most of the 
air passes over the canyon and interaction between 
the air layers in and above the canyon is very weak. 
The air skimming over the roofs is the driving force 

Figure 2.18  | Flow patterns in an urban canyon with 
wind perpendicular to the canyon axis; isolated 
roughness flow 1), wake interference flow 2), 
skimming flow 3), after Oke (1987).

Figure 2.19 | Schematic of vortex shape in a step-
up notch, symmetrical-notch and step-down notch 
canyon. The wind direction is perpendicular to the 
canyon axis.
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2.2.4 Green and blue materialization

General
Due to building and paving materials, urban 
areas have an altered energy balance where air 
temperatures are often higher than in surrounding 
areas, see Section 2.2.1 & 2.2.2 (Givoni, 1991; Leung 
et al., 2011).

On the contrary, green and blue materialization 
has a cooling effect on the climate of an urban area. 
For example, the shade of trees prevents part of the 
sunlight to hit the ground. In the shade of a tree, 
only 10-30% of the sunlight reaches the ground in 
the summer (Potz & Bleuze, 2012). 

Material surface properties
Reflection, absorption and re-emission of solar 
radiation
The amount of heat stored by a material exposed 
to radiation (direct, indirect or diffuse) is highly 
dependent on the thermal capacity and albedo of 
that specific material (see Section 2.2.2). 

A material with high thermal capacit, easily 
exchanges heat with its surroundings when being 
subject to a temperature difference (difference in 
temperature). Such a material stores a lot of heat 
and releases it when the ambient air temperature 
drops. The surface of a material with a high thermal 
capacity has a relatively small daily temperature 
change. 

Conversely, a material with a low thermal 
admittance has a limited ability to store heat and 
will thus show large daily temperature changes.  On 
average, building and paving materials have higher 
thermal admittances than their rural counterparts, 
and thus more heat is stored in the urban 
environment. 

This can partly be negated by altering the albedos of 
building and paving materials; the higher the albedo 
of a surface, the higher its reflectivity, and thus the 
lower the amount of heat available for absorption 
and, consequently, storage by the material.

Depending on the texture of a surface, radiation 
or reflection of a surface can be diffuse or specular. 
Specular, e.g. the angle of incidence equals angle of 
reflection, occurs with completely smooth surfaces. 
On micro level, rough surfaces have many different 

orientations and thus the normal line at the point 
of incidence is different for each ray, resulting in 
diffuse reflection (see Figure 2.20).

Figure 2.20 | Specular reflection (left), completely 
diffuse reflection (middle) and partly diffuse 
reflection (right).

In case of perfectly diffuse reflection, the reflected 
radiation will be evenly spread over the hemisphere 
surrounding the surface. Most surfaces reflect 
radiation somewhere along the range between 
completely specular and completely diffuse (see 
Figure 2.18).

Cooling
As stated before, vegetation influences 
the microclimate both by shading and by 
evapotranspiration.

Solar shading
Short-wave radiation and reflection on urban 
surfaces is not only reduced by ground cover, green 
roofs and vertical greening but also by shading of 
trees. Shading reduces the temperature of these 
surfaces, especially during summer (Robitu et 
al., 2006). As a result, the long-wave radiation 
emission from these surfaces is reduced, and thus 
the temperature of the surroundings will be lower 
(Lenzholzer, 2013). 

Evapotranspiration
Evapotranspiration is the sum of evaporation of 
water intercepted by vegetation, soil, paved or 
building surfaces, the evaporation of water from the 
soil and the transpiration by vegetation.

The cooling effect by shading is usually larger 
than the cooling effect by evapotranspiration 
(Shashua-Bar & Hoffman, 2000, Shashua-Bar et al, 
2011, Lenzholzer, 2013). The combined effect of 
evapotranspiration and shading leads to lower air 
temperatures during daytime in summer. 

Several studies show a local cooling effect between 
0-5 °C for various types of urban greening, including 
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The reduction of wind speed is thus highly 
influenced by the porosity of the vegetation; the 
less porous, the higher the maximum wind speed 
reduction in the wake area behind the vegetation.

Furthermore, porosity influences the position of the 
maximum wind speed reduction relative to the wind 
barrier. 

parks, street trees and green facades (Givoni, 1991; 
Shashua-Bar & Hoffman, 2000; Shashua-Bar et al., 
2009; Bowler et al., 2010; Heusinkveld & Holtslag, 
2010; Klok, 2010; Gromke et al., 2015).

Wind shading
Vegetation also affects the thermal climate by wind 
shading. Like buildings, vegetation influences 
the flow pattern in its vicinity. The denser the 
vegetation, the more the flow pattern resembles that 
of a solid object like a building; most air is deflected 
around the (row of) tree(s) or shrub and little air 
penetrates through the vegetation. The more porous 
the vegetation, the more air will go through the 
vegetation – escaping as small jets at the leeward 
side – and the less air will be deflected (see Figure 
2.21) (Peri & Bloomberg, 2002; Li et al., 2007). 

Figure 2.21 | Wind flow in the vicinity of vegetation 
with low porosity (top) and high porosity (bottom) 
(modified from van Esch, 2015). 
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Not only is the urban microclimate strongly 
influenced by buildings, but the urban microclimate 
also has an influence on the buildings climate. The 
energy demand for space heating and cooling of 
buildings is connected to the climate that they are 
exposed to. To accurately predict the energy demand 
of a specific building, an understanding of the local 
microclimate is needed (see Section 2.2) (Dorer & 
Allegrini., 2012).  

These local microclimate effects have distinctive 
spatial properties with different impacts on the 
building energy performance, which are rarely 
accounted for (Futcher et al., 2013). In other words, 
the urban climate is partly the result of decisions 
made at an individual level concerning one building, 
and although this will affect the performance of this 
particular building, the urban microclimate (as a 
whole) is not taken into account in the building’s 
evaluations (Futcher et al., 2013)

As stated, the interrelationship between the climate 
and the built environment has been the subject of 
several publications. These publications have studied 
this influence at different degrees of complexity. 
This complexity is found in the interconnection of 
different scales; city scale, neighborhood scale, street 
canyon scale, and building scale.

Most of the studies focus on only one influence 
or a single aspect of the urban microclimate on 
energy demands into account or they use strongly 
simplified urban models. An example of a study that 
did combine different influences on energy demands 
is a study by Bouyer et al. (2011); they combined 
a BES simulation model with computational 
fluid dynamics (CFD)  simulations (Dorer et al & 
Allegrini, 2012).

Urban air temperature
The UHI effect affects the thermal behaviour of a 
building. All studies show a significant impact of 
the UHI on the energy consumption of buildings. 
The UHI effect reduces the need for heating in the 
winter and increases the need for cooling in the 
summer, but it’s effect is small (Akbari et al., 1992; 
Kolokotroni et al., 2006; Kolokotroni et al., 2010; 
Futcher et al., 2013).

Urban solar energy 
The impact of the sun on the urban climate is 
prominent. In an urban setting, solar radiation 

collection of individual houses is constrained 
by street layouts and the shape of neighboring 
buildings. Obstructions put restrictions on the solar 
exposure of transparent openings in the building 
envelope and therefore on the potential of solar 
radiation to contribute to lowering the heating 
demand in the winter. Thus, site layouts could 
have a substantial impact on passive solar heating. 
For example, a south facing window with a low 
obstruction opposite to it, receives sunlight nearly 
all winter. But with a higher obstruction the sun can 
be blocked all winter (Littlefair, 2001).

On the other hand, obstructions can also provide 
shade during summer, which is an advantage 
with regard to the cooling demand. With proper 
design measures, (part of) the heating demand of a 
building can be covered by solar radiation and the 
cooling demand could be decreased, which would 
reduce the need for fossil fuels (Van Esch et al., 
2012; Shishegar, 2013).

Due to multiple reflections, more solar and thermal 
radiation is absorbed at the facades of buildings 
in street canyons than at facades of stand-alone 
buildings. These effects cause higher surface 
temperatures in street canyons leading to higher 
space cooling and lower space heating demands 
(Allegrini et al., 2012)

Urban wind capacity
The air flow around buildings has a direct effect on 
the indoor and outdoor thermal comfort, air quality 
and energy use of buildings. Predictions of airflow 
and ventilation are dependent of/are influenced by  
several factors (see Section 2.1). A lower wind speed 
reduces the convective heat transfer and infiltration 
at the building surfaces as it lowers the potential for 
natural ventilation. Therefore, energy losses from 
the building to the environment are lower in urban 
areas, which has an additional impact on the space 
cooling and heating demands (Allegrini et al., 2012). 

Green and blue materialization
In general, it is stated that green and blue material 
surface properties do not only affect outdoor air 
temperatures, but they also influence the cooling 
demand of buildings; directly, through the surface 
temperatures of the building envelope, and 
indirectly, through their influence on the ambient 
air temperature.  Research by Klemm et al. (2015b) 
showed contrary results and a significant impact of 

2.3 How the urban microclimate effects the energy demand in buildings
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street trees on mean averaged air temperature within 
the investigated street canyons was not found. 
They did find a reduction of the mean radiant air 
temperature. 

However the surface of large green tree canopies 
can be used as obstructions to provide shade. The 
effect of shading is only limited to the spaces directly 
beneath the green cover (Ali-Toudert & Mayer, 
2007; Bowler et al., 2010). Shading can lead to a 
significant saving in cooling energy use of buildings 
by lowering the mean radiant temperatuur (MRT) 
indoors (Akbari et al., 2001; Akbari & Konopacki, 
2005).

Vegetation can also help limiting infiltration losses 
from buildings; trees and/or shrubs near the 
windward wall and vertical green reduce the wind 
speed near the wall. Living wall systems further have 
the advantage of increasing the R-value of a building 
through the substrate (Wong et al., 2010).





A numerical study using Building Energy 
Performance software EnergyPlus
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Building energy simulation (BES) models are 
commonly used to predict space heating and cooling 
demands of a single building. In this research BES’s 
are conducted to predict and compare the energy 
demand of a residential building in a suburban area 
with different spatial conditions.  There exists a large 
number of BES models (e.g. TRNSYS, EnergyPlus, 
DOE, IDA-ICE, ESP-r), that use different numerical 
approaches. More information on BES models can 
be found in the paper of Crawley et al. (2008). This 
paper of Crawley gives an overview of the 20 major 
BES programs and compares their features and 
capabilities. 

For the purpose of this study, dynamic thermal 
simulations are conducted using the state-of-the-
art building performance simulation software 
EnergyPlus (EnergyPlus, V8-1). EnergyPlus is a 
comprehensive transient simulation tool including 
detailed accounting of energy inputs and energy 
losses. EneryPlus is validated through the BESTest 
(Building Energy Simulation TEST), developed 
under supervision of the International Energy 
Agency (US Department of Energy).

Several options are available to generate the 
geometrical data of the simulation model. In this 
study the Legacy Open Studio Plugin for Google 
SketchUp is used (Google SketchUp Plugins, 
2011). Input files are created by the IDF Editor and 
simulated directly from the EP-Launch program. 

The simulation takes, among others, solar heat 
gains, heat conduction and convection between 
different zones and the energy applied or extracted 
by mechanical systems into account.

Section 3.2 describes the overall concept of the 
model, including the suburban parameters that are 
investigated. The ambient conditions, buildings 
construction and internal gains are described 
in Section 3.3 and a summary of the settings is 
provided in Section 3.4.

Results and the analysis of the effect of suburban 
design principles on the energy demand is presented 
in Section 4 “Results” and are based on an extensive 
study of 92 different configurations of suburban 
street canyons. With the proposed model, the effect 
of several suburban design principles is captured 
and quantified on street canyon scale.

3.1 Introduction
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During the last three decades the simulation model, 
of research that focusses on the assessment of the 
environmental behavior of the urban form, is often 
based on the archetypal urban forms developed 
by Martin and March (see Figure 3.1). The 
attractiveness of these generic urban forms mainly 
lies in their simple and repeatable characteristics, 
thus eliminating the complexities found in real 
urban sites and allowing for a more systematic 
comparative analysis of geometry and built form.

Ratti et al. (2003) analyzed the built form efficiency 
(measure of thermal performance in a certain 
climate) and solar exposure with respect to key 
form parameters, such as building height, street 
width and facade orientation using the archetypal 
urban forms of Martin and March (Martin & 
March, 1972). Steemers et al. (1979) addressed the 
relationship between urban microclimate and form, 
identifying key environmental characteristics. Again 
employing Martin and March’s generic urban forms, 
comparative analysis allowed the objective isolation 
of specific morphological descriptors due to the 
simplified generic urban forms, and linking these 
form descriptors to environmental performance 
(e.g. density related to energy use). More recent,  
Taleghani et al. (2012), simplified the categories of 
Martin and March to three urban layouts. These 
urban layouts shape almost all urban layouts: single 
shape like villa and free standing buildings, linear 
shape like all urban canyons and streets, and finally 
courtyard form which is visible in all urban blocks 
and plazas. Taleghani studied the heating and 
lighting energy demand and thermal comfort of 

3.2 Simulation model

Figure 3.1 | Generic urban forms, based on Martin 
and March (1972) and environmentally reviewed by 
Steemers et al. (1979). With: a) pavilions, b) slabs, 
c) terraces, d) terrace-courts, e) pavilion-courts, and 
f) courts.

a)   b)   c)   

f)   e)   d)   

dwellings in these urban forms  for the climate of 
Rotterdam in the Netherlands.

This study focusses on the urban street canyon 
that forms an urban form/typology.  In order to 
conduct this research, a symmetrical urban street 
canyon, in an urban form with linear strokes of  
residential buildings (slabs),  was selected to assess 
the effect of suburban design principles on the 
energy demand for space heating and cooling of the 
adjacent residential buildings in the urban canyon. 
By using the geometry of a street canyon, one of the 
most important aspects of the urban microclimate 
elements with an effect on the energy demand is 
captured; namely, the radiation exchange between 
buildings. Furthermore, the potential of direct 
passive solar heating and shade cooling strategies on 
the adjacent buildings of the canyon is investigated. 
The building height and site’s terrain affects how the 
wind hits the building. The UHI effect cannot be 
modelled at street canyon scale and is therefore not 
included in this study. To simulate the UHI effect, 
the whole urban area of a city needs to be modelled, 
including all heat transfer processes and wind flows. 
This is computationally not feasible with the level of 
detail applied in this study. 

As stated, a street canyon geometry is chosen as a 
case of a typical urban configuration of a suburban 
area. Figure 3.2 shows this configuration. 

Figure 3.2 | Studied building surrounded by street 
canyon.

Energy simulations are performed for one 
residential building in a suburban street canyon (the 
more detailed building in the middle). The energy 
demands of the neighboring buildings are not 
evaluated. The studied building is directly enclosed 
by neighboring residential buildings at two sides 
of the building, situated in a row of buildings. This 
row of buildings is surrounded by two other rows 
of neighboring buildings in front and at the back 
side of the studied building. The row in front of the 
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building is defined as the neighbors across the street 
and the other row, situated behind the building is 
defined as the back neighbors. The distance with 
the back neighbors is set at 20 meters, which is kept 
constant. The distance to the neighbors across the 
street, the street width, is a variable in this study.  
The presence of neighboring residential buildings at 
the sides, in front, and at the back side of the studied 
building are needed to solve the radiation balances 
of the studied building in the middle. Additional, no 
heat transfer is present between the studied building 
and its direct side neighbors.

The building geometry of the evaluated building 
is based on the example residential building of 
a terraced house (row housing) as defined by 
Agentschap NL in the Netherlands (Agentschap 
NL, 2013). Surrounding objects in this model are 
indicated as surfaces. A detailed model description 
is given in Section 3.3.2.

This simulation study is divided into three main 
parts, each showing the effect of a different suburban 
design principle. The simulations of the first part 
include the effect of the aspect ratio (height-to-
width (hb/ws)), with the following street widths: 6 
m, 12 m, 18 m, 24 m, 30 m, and 36 m. In the second 
part, simulations are conducted to encounter the 
effect of different solar orientations in the urban 
canyon (i.e. street canyon orientation E-W, N-S, 
NE-SW and NW-SE). In this case the energy 
performance of the studied building on both sides 
of the urban canyon is investigated. This includes 
simulations for eight different building orientations. 
The third part evaluates the effect of shade provided 
by street trees.

Additional scenarios are performed to identify the 
effects of building typology (detached and semi-
detached housing).
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This section presents an outline of all the 
dimensions and settings that are used to simulate 
the model described in Section 3.2, using the 
building simulation program EnergyPlus. 

The following main parts are distinguished to 
define the dimensions and simulation settings, each 
described in a sepereate sub-section:

 1 | definition of the ambient conditions of  
 the model
 2 | dimensions and construction of the   
 studied building and its surroundings 
 3 | internal gains and other settings

First of all, general information is needed regarding 
the building model and its context. The first Section 
3.3.1, describes the global location with its own local 
climate and the corresponding weather file that is 
used. Additional the relevance of the location and 
how it is included in the calculations is described.

In the second part, the building dimensions and 
its surroundings are specified. Each surface of the 
building is defined by its construction. Besides 
the specification of the building construction, 
also the different zone’s that are used in the 
model are described. A “zone” is a thermal, not a 
geometric, concept with an air volume at a uniform 
temperature, plus all the heat transfer and heat 
storage surfaces inside that air volume and from 
and to other zones and the ambient. EnergyPlus 
calculates the energy required to maintain each zone 
at a specified temperature for each hour of the day. 

As a final part, all aspects (people, lights, equipment, 
outside air infiltration and ventilation) that 
constitute to the internal gains and heat losses/gains 
for the thermal zone are defined. These gains are 
described in EnergyPlus as schedules that specify a 
fraction of the peak for each hour. See Section 3.3.3 
for detailed information.

3.3.1 Ambient conditions

The location of the building that is analyzed 
is critical for the determination of energy 
consumption, heating/cooling loads, daylighting 
potential, and some other calculations. Both 
external (i.e, weather files supplied from others) and 
internal, calculated by the simulation program, (i.e., 

solar position, design day temperature/humidity/
solar profiles) data is used for the simulations by 
EnergyPlus

Location and climate
The global location is described by the following 
parameters: latitude, longitude, time zone, and 
elevation. These described parameters in the IDF 
correspond to the location parameters of the used 
weather file. The input of the location parameters 
allows EnergyPlus to calculate the solar position 
(using Latitude, Longitude and time zone) for 
any day of the year as well as supply the standard 
barometric pressure (using elevation). 

For this study a specific location within the 
Netherlands is chosen to conduct the simulations. 
The reference meteorological data that has been 
used to represent the Netherlands is what was 
measured in De Bilt, the Netherlands, see Figure 
3.3 (KNMI, 2006). The meteorological dataset has 
hourly data for each of the critical elements that are 
needed during/for the calculations (i.e., dry-bulb 
temperature, relative humidity, barometric pressure, 
direct normal radiation, diffuse horizontal radiation, 
sky cover, wind direction and wind speed).

3.3 Methodology

Figure 3.3 | Location of De Bilt (52°N, 4°E) in the 
Netherlands.

The climate of De Bilt (52°N, 4°E) is influenced 
by the North Sea and is known as a climate with 
moderate temperatures throughout the year. The 
Köppen–Geiger classification classified this climate 
as a temperate climate  (see Figure 3.4). 
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According to the Dutch standard, the Royal Dutch 
Meteorological Institute (KNMI) provides reference 
meteorological data where every month of the 
reference year is represented by a specific year, 
which is considered representative of the period 
from 1986 until 2005.

However, the already changing climate suggests that 
this metereological dataset does not correspond 
anymore as representative for research with a 
perspective on the future (KNMI, 2014). To get 
better results for a future perspective there are 
several options to obtain a weather file. The first 
method is the use of a predicted future weather file. 
However, these are not generally available and are 
subject to discussion. A second option is the use of 
weather data file from a year in the past that 
was (much) warmer than normal and therefore can 
be seen as a representation of the future climate. The 
second option is used in this research.

The same methodology has been used before by 
Porrit et al. (2012) and van Hooff et al. (2014) 

and is used throughout the Climate Proof Cities 
(CPC) consortium to make the results of the 
different studies within the research program 
intercomparable (e.g. Toparlar et al., 2014). The CPC 
consortium is part of the Dutch national research 
program Knowledge for Climate. 

The used weather data set is of the year 2006. This 
year is known for the occurrence of several heat 
waves and can therefore be seen as an example of a 
year with summer temperatures that will probably 
occur more often in the future as a result of the 
climate change (Scott et al., 2014). Figure 3.5 shows 
the measured air temperature during a year for both 
the average climate between 1986 and 2005 and the 
year 2006. Figure 3.6 shows the differences in two 
extremes of the year, a warm and cold month of the 
year. 

The measured air temperatures during July indicate 
that the temperatures are relatively high during 
this month, especially for the Netherlands, with 
air temperatures over 25 °C during 25 days (of the 

Figure 3.4 | World Map of Köppen-Geiger climate classification updated with mean monthly CRU TS 2.1 
temperature and VASClimO v1.1 precipitation data for the period 1951 to 2000 on a regular 0.5 degree 
latitude/longitude grid (Kottek et al., 2006).
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month July) and air temperatures above 30 °C on 
eight different days during the month of July. It 
can also be seen that the temperatures in July 2006 
are much higher than on average (dashed line), 
indicating that the summer of 2006 was indeed 
exceptionally warm.

Besides the influence of the global coordinates, there 
is also an influence of the local terrain conditions. 
The site’s terrain affects the wind velocity around a 
building (as does the building height). Wind ensures 
heat losses by convection during the winter. High 
wind speeds can occur on cold nights that could 
lead to higher heat losses due to air scrubbing the 
building facade increasing exfiltration, infiltration, 
and an increased convective heat transfer from the 
building envelope. Exfiltration is the loss of heated 
air trough building cracks and other openings and 
by infiltration wind if forcing their way in through 
cracks in the structure. The driving force for these 
exhanges of air is the difference between indoor and 
outdoor air pressures. Air pressure differences are 
caused by wind pressures and the “stack” effect of 
warm inside air that tends to rise.

Figure 3.5 | Yearly measured hourly air temperatures in De Bilt, the Netherlands of 2006 (solid line) and 
hourly air temperature for the period 1986-2005 (dashed line)(KNMI).
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The local wind speed is calculated according to 
chapter 16 of the Handbook of Fundamentals 
(ASHRAE 2005). The wind speed measured at 
a meteorological station is extrapolated to other 
altitudes with the Equation 3.1.

  [3.1]

Where:

Z  is the altitude, height above ground  
  [m]
Vz  is the wind speed at altitude Z [m/s]
α  is wind speed profile exponent at  
  the site [-]
δ  is wind speed profile boundary   
  layer thickness at the site [m]
Zmet  is height above ground of the wind  
  speed sensor at the meteorological  
  station [m]
αmet  is wind speed profile exponent at  
  the meteorological station [-]
δmet  is wind speed profile boundary   
  layer thickness at the    
  meteorological station [m]

The wind speed profile coefficients α, δ,  αmet, 
and δmet are variables that are dependent on the 
roughness characteristics of the surrounding terrain. 
Typical values for α and δ are shown in Table 3.1. 

The default value for Z_met for wind speed 
measurement is 10 m above ground. The default 
values for αmet and δmet are respectively 0.14 and 270 
m, as most meteorological stations are located in an 
open field.

This research includes a suburban street canyon and 
therefore uses as terrain value: suburbs. A sensitivity 
study is performed to indicate the impact of the 
different terrain type values. Figure 3.7 shows the 
results of the terrain’s roughness for both space 
heating and cooling. Results for space heating are 
conducted with a building orientation to the south 
(front facade of the building is directed to the 
south). Simulations for the effect on space cooling 
are performed for an East building orientation (front 
facade of the building is directed to the east). Results 
indicate higher energy demands for space heating of 
buildings located in a country side and lower energy 
demands for space cooling of buildings located in 

Figure 3.6 | Measured hourly air temperatures in De Bilt, the Netherlands for a month in 2006 (solid line) 
compared to hourly air temperature for an average month in the period 1986-2005 (dashed line) Left) 
February and Right) July [KNMI].
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a country side. The difference in roughness’s are 
slightly higher for space heating than for cooling. 
The differences for space heating are between the 1.2 
% and 1.4%. The differences for space cooling are 
between the 3.9 % and 4.8 %.

Terrain type value Terrain description Exponent, α (-) Boundary layer thickness, δ (m)
Ocean Ocean, bayou flat country 0.10 210
Country Flat, open country 0.14 270
Urban Urban, industrial, forest 0.22 370
Suburbs Rough, wooded 0.22 370

Table 3.1 | Wind Speed Profile Coefficients (ASHRAE Fundamentals 2005).
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Figure 3.7 | Sensitivity plots of terrain roughness
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Sky, solar and shading calculations
Sky calculations are performed with the input of 
the above mentioned global location parameters 
(latitude, longitude, and timezone). The solar 
position is calculated by the Sky Radiance Model. 
The calculation of diffuse solar radiation from 
the sky incident on an exterior surface takes the 
anisotropic radiance distribution of the sky into 
account.

The diffuse sky irradiance on a surface is given by 
Equation 3.2 (EnergyPlus, 2011) :

ISky  = Isurface * Isun  [3.2]

Where:

Isurface 
is determined by surface orientation and sky
radiance distribution, and accounts for the 
effects of shading of sky diffuse radiation by  
shadowing surfaces. It does not account for 
reflection of sky diffuse radiation from  
shadowing surfaces. The surface is the surface  
being analyzed.

Isun    
is the diffuse solar irradiance from the sky on the 
ground [W/m2]. 

The sky radiance distribution is based on an 
empirical model based on radiance measurements 
of real skies, as described in Perez et al., 1990. In this 
model the radiance of the sky is determined by three 
distributions that are superimposed (see Figure 3.8).

 1) An isotropic distribution that covers the  
 entire sky dome;
 2) A circumsolar brightening centered at the  
 position of the sun;
 3)A horizon brightening.

The proportions for the clearness factor and 
the brightness factor are dependent on the sky 
conditions, which are based on the sun position and 
the solar quantities from the weather file.

The total solar gain on any exterior surface is a 
combination of the absorption of direct and
diffuse solar radiation, given by Equation 3.3 (US 
Department of Energy):

[3.3]

Where:

α is solar absorptance of the surface [-]
S  is area of the surface [m]
Ss is sunlit area [m]
Ib is intensity of beam (direct) 
 radiation [W/m2]
Is is intensity of sky diffuse radiation [W/m2]
Ig is intensity of ground reflected diffuse   
 radiation [W/m2]
Fss is angle factor between the surface and the  
 sky [°]
Fsg is angle factor between the surface and the  
 ground [°]

If the surface is shaded, the program modifies 
Fss by a correction factor that takes the radiance 
distribution of the sky into account. Shading of 
ground diffuse solar radiation is not calculated by 
the program. 

EnergyPlus determines, based on the solar 
distribution input, how to treat the beam solar 
radiation and reflectance from exterior surfaces that 
strike the building and, ultimately, enter the zone. 
Since this research includes a research of the effect 
of (the) exterior design, it is important to include 
the effect of reflections in the public domain (the 
exterior space). The solar distribution is therefore set 

Figure 3.8. Schematic view of the sky showing 
solar radiance distribution as a superposition of 
three components: dome with isotropic radiance, 
circumsolar brightening represented as a point 
source at the sun, and horizon brightening 
represented as a line source at the horizon 
(EnergyPlus, 2011).
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3.3.2 Building description

The studied building will be based upon a terraced 
(row housing) residential building with a building 
envelope according to the Dutch Building code 
2015 regulations (Bouwbesluit online, 2015). It 
corresponds to a well-insulated building designed 
for a moderate European climate. A sketch of the 
building is given in Figure 3.9. 

Figure 3.9 shows the ground plans and building 
facades. The terraced house has a floor area of 54 m2 
for each floor and a total net indoor volume of about 
470 m3. The living room and kitchen are situated on 
the ground floor and the bedrooms on the first floor 
and second floor. For the purpose of this study each 
floor level will represent a separate zone. In order 
to simplify the simulation, each zone is constructed 
by its external walls, floor and ceiling/roof. Internal 
walls are left out in the simulation model. Each 
of these building components is represented as a 
surface in the model.  

on the Full interior and Exterior with Reflections. 
It includes the amount of beam radiation falling 
on each surface in the zone, exterior reflections are 
included as well.

Due to the inclusion of the effect of reflections, the 
program calculates beam and sky solar radiation 
that is reflected by exterior surfaces and then strikes 
the building. These reflecting surfaces are defined by 
shadowing surfaces, exterior building surfaces, and 
ground surfaces. Shadowing surfaces are used for 
the surrounding buildings of the studied residential 
building. The reflectance values of these surfaces 
is assumed 0.2. Exterior building surfaces are used 
for parts of a building that reflects solar radiation 
onto another section of the building.  Due to the 
use of with reflections for the solar distribution, 
the shadowing by the building itself or neighboring 
buildings on the ground surface is taken into 
account.  In this study a ground reflectance value is 
set at the default value of 0.2.

Figure 3.9 |  Facades, floor plans and building dimensions of the terraced house (modified from Agentschap 
NL). Dimensions in mm.
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such as neighboring buildings across the street and 
trees. Attached shading surfaces are often used for 
elements attached to the building model, but with 
not enough thermal mass to influence the heat 
transfer of surfaces. Because no shading devices 
are present in/at the building, no attached shading 
surfaces are used (this is fairly common for newly 
built residential buildings in the Netherlands). 

To simulate reflections of shading surfaces, the 
setting  “Full interior and exterior with reflections” 
in the building object (see Section 3.1) is used. The 
reflectance properties of the shading surfaces are 
specified for the surrounding building to be 0.2 
and for the trees to be 0.0. Additionally, a shadow 
transmittance schedule can be used when a shading 
surface has a changing transmittance. For example, 
this schedule can be used for deciduous trees.

Different surfaces to consider are:

 - Building surface | base surfaces such as a  
 wall, roof, ceiling, and floor
 - Fenestration surface | sub-surfaces such as   
 a window and door
 - Shading site or building | shading devices  
 external to the building (other buildings,  
 trees, etc.)
 - Shading zone | shading devices attached to  
 the building (overhang)

Within the (simulation) model, the building 
surfaces and fenestration surfaces are used to 
represent the studied building. The shading surfaces 
are used to represent the surrounding buildings. 
Within the building surfaces there are surfaces, such 
as the roofs, the groundfloor and the external walls 
that divide temperature-controlled spaces from the 
outdoor conditions (wind, air temperature, solar 
radiation, etc). Additional there are also building 
surfaces, the lateral walls of the buildings,  that 
are not sun or wind exposed, those are assigned as 
adiabatic assuming that they share an internal wall 
with adjacent terraced buildings. Adiabatic surfaces 
are internal surfaces that do not transfer heat out of 
the zone but do store heat in thermal mass.

The external walls are defined by its construction. 
The construction of the building is of a heavy-weight 
construction, i.e. the floors are made of concrete and 
stone materials are used for both sides of the cavity 
walls. An insulation value according to the building 
regulations in the Netherlands for 2015 with high 
thermal resistance values is used. (Bouwbesluit 
Online, 2015). Table 3.2 gives an overview of the 
main thermal properties (thickness, conductivity, 
density, and specific heat) of the used materials.

Besides the surfaces of the studied residential 
building, surrounding buildings and objects are 
also simulated in this study. These surfaces are 
not defined as building heat transfer surfaces and 
are simulated als shading surfaces. These shading 
surfaces are entities outside of the building that may 
cast shadows on the building’s heat transfer surfaces. 
The most important effect of shading surfaces is to 
reduce solar gain. However, they can also reflect 
solar and thereby increase the solar gain. 

Detached shading surfaces are used for the objects 
that are not connected to the modelled building; 
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Construction Material Properties
Roughness 
(-)

Thickness 
(m)

Conductivity 
(W/mK)

Density 
(kg/m3)

Specific heat 
(J/kgK)

External wall
Rc value: 4.5 m2K/W

Outside Brickwork Rough 0.1 1.3 2100 840

Air cavity Smooth 0.04 0.169 1.23 1007

Insulation Medium 
smooth

0.09 0.023 40 1500

Inside Limestone Medium 
smooth

0.1 1 1900 840

Ground floor
Rc value: 3.5 m2K/W

Outside Insulation Medium 
smooth

0.06 0.023 40 1500

Inside Concrete Medium 
rough

0.2 2 2300 840

Roof
Rc value: 6.0 m2K/W

Outside Bitumen Medium 
rough

0.02 0.2 1050 1840

Insulation Medium 
smooth

0.13 0.023 40 1500

Inside Concrete Medium 
rough

0.18 2 2300 840

Ceiling/floor

Inside Concrete Medium 
rough

0.18 2 2300 840

Double plane glazing
U value: 1.65 W/m2K

Table 3.2| Building envelope and interior properties.
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3.3.3 Internal gains and other settings

As a final step, all aspects that constitute to 
the temperature setpoints, , heat gains/losses 
(ventilation and infiltration), and internal gains 
for the thermal zone need are defined. Each of 
these elements is entered in EnergyPlus by means 
of a compact schedule. In this schedules all the 
components are accessed in a single command, each 
entry must cover all days of the year. Furthermore, 
as recommended by EnergyPlus (EnergyPlus, 2011), 
the simulations are preformed using six time steps 
per hour.

Temperature setpoints
The heating system that is considered for this model 
is based on an ideal load system. Additionally, a 
cooling system is included. While in practice most 
residential buildings in the Netherlands are not 
provided with a cooling system, they are included in 
the model with a perspective on the future. Due to 
an increasing temperature, a trend has been detected 
concerning the implementation of cooling devices 
in residential areas (Van Hooff et al., 2014).

For the heating of indoor spaces different types 
of air temperature behavior patterns can be 
distinguished, as shown in Table 3.3. These patterns 
are defined through a questionnaire, where people 
were asked to write down the temperatures of a 
typical week (Ministerie van VROM, 2010). 

Table 3.4 indicates two patterns that are commonly 
used. The first pattern “standard” appears to be 
the most common pattern for heating in the 
Netherlands. At night (between 21.00h and 23:00h) 
the thermostat is set at temperature of 16 °C. In 
the morning (between 6:00h and 8:00h) the air 
temperature increases to 19 °C, which is set/stays 
the same/ for the rest of the day. Between 16:00h and 

19:00h a slight increase in temperature is found of 
approximately 1 °C (see Figure 3.10a). 

Although the first pattern is used by 48% of the 
population that filled in the questionnaire, the 
second pattern is still used by a large part of the 
Dutch society (almost 20%). Characteristic for this 
pattern is that the temperature during the day is set 
at 15 °C, with a small increase in temperature in the 
morning between 6:00h and 8:00h of approximately 
1 °C. From 4 pm the thermostat is set at temperature 
between 18 °C and 19 °C and between 22:00h and 
24:00h the temperature is set back to 15 °C (see 
Figure 3.10b).

Although the “standard” pattern seems to be used 
most in our population, the pattern may differ for 
other residential types. This pattern is relatively 
often used in the larger detached residential 
buildings (built since 1990), with a positive energy 
label. The “low morning peak” pattern, which 
mainly heats in the evening, is relatively often used 
in single family houses with a private ownership (see 
Table 3.4) (Ministerie van VROM, 2010).

The “standard” profile is a pattern that occurs 
more often with higher incomes, two person 
households with age 55+, two income households 
and at homes where people work partly at home. 
The “low morning peak” profile is a pattern that 
is typical for families with children, with an above 
average income (double income families). Since the 
building construction that is used in our model is 
more typical for a family with a double income and 
children, the temperate setpoint will be simulated 
according to this profile (Ministerie van VROM 
2010). 

The air temperature heating and cooling setpoints 
are listed in Table 3.5.

Table 3.3 | Air temperature behavior patterns (Ministerie van VROM, 2010).

Pattern Schedule Portion
1 Standard At night 16 °C; daytime 19 °C; evening 20 °C 48%
2 Low morning peak At night and daytime 15 °C; evening 18-19 °C 19%
3 Very low morning peak At night and daytime 10-12 °C; evening 14-16 °C 6%
4 High temperatures At nigh 16 °C; daytime 21 °C 8%
5 Large amplitudes At night 10 °C; daytime and evening 17-20 °C 6%
6 Incidental heating Standard position: 5 °C 8%
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Table 3.5 | Temperature setpoints.

Time interval [hours]
06:00 - 08:00 08:00 - 16:00 16:00 - 23:00 23:00 - 06:00

Heating
Based on low morning 
peak pattern

16 °C 15 °C 19 °C 15 °C

Cooling 25 °C 25 °C 25 °C 25 °C
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Figure 3.10 | Temperature behavior patterns with a) the “standard pattern” and b) the “low morning peak” 
pattern (Ministerie van VROM, 2010).

Table 3.4 | the occurrence of the different temperature behavior patterns within different ownerships 
(Ministerie van VROM, 2010).

Pattern Private ownership Social rent Private rent
1 Standard 59 % 32 % 9 %
2 Low morning peak 68 % 26 % 6 %
3 Very low morning peak 51 % 41 % 8 %
4 High temperatures 49 % 39 % 12 %
5 Large amplitudes 21 % 59 % 20 %
6 Incidental heating 41 % 44 % 15 %

57 % 34 % 9 %
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(Liddament, 1986). Wind is an important driving 
force for infiltration and ventilation. Wind pressure 
on the building envelope is usally expressed by 
the pressure coefficients (Cp), which are defined as 
follows:

     [3.4]

Where:

Px  is the static pressuce at a given point on the  
 building façade (Pa)
P0  is the static reference pressure (Pa)
Pd is the dynamic pressure (Pa)
ρ is the air density (kg/m3)
Uh is the wind speed, which is often taken at  
 building height h in the upstream   
 undisturbed flow (m/s)

Wind pressure coefficients (Cp) are influenced by a 
wide range of parameters, including building
geometry, facade detailing, position on the facade, 
the degree of exposure/sheltering, wind speed and 
wind direction.

Mean wind pressure coefficients (Cp) are key input 
parameters for air infiltration and ventilation 
studies. As it is practically impossible to take into 
account the full complexity of pressure coefficient
variation, building energy simulation (BES) 
generally incorporate it in a simplified way using a 
limited amount of Cp data that is based on several 
assumptions. An important assumption consist of 
using surface-averaged Cp values instead of local Cp 
values. The paper of Cóstola et al. (2010) provides 
information on the uncertainty in the calculated 
airflow rate due to the use of surface-averaged Cp 
values and the airflow rate calculated using local Cp 
values. An overview of pressure coefficient data and 
the extent to which they are currently implemented 
in BES–AFN programs is given by Cóstola et al. 
(2009). 

This study included for the wind pressure 
coefficients surface average calculations performed 
by EnergyPlus. For the four vertical building facades 
and the roof are surface-average wind pressure 
coefficients vs. wind direction calculated. These 

Infiltration and ventilation 
Providing a comfortable and healthy indoor 
environment for building occupants is also partly 
depending on the air quality. Outdoor air that flows 
through a building is used to dilute and remove 
indoor air contaminants. The air exchange of 
outdoor air with air already in the building can be 
divided into ventilation and infiltration. Ventilation 
and infiltration differ significantly in how they 
affect energy consumption, air quality, and thermal 
comfort. Besides this they can also both vary with 
weather conditions, building operation, and use.

Ventilation is intentional air movement from from 
the outside of the builing into the inside of the 
building. It may be composed of mechanical or 
natural ventilation. Natural ventilation includes 
natural driven air flow through open windows, 
doors, grilles, and other planned building 
envelope penetrations. Mechanical ventilation is 
the intentional movement of air into and out of a 
building with the use of fans and intake and exhaust 
vents.

Table 3.6 shows a constant ventilation flow rate of 
0.051 m3/s (Bouwbesluit Online). This is the rate 
that will be used for the model, which means that 
for the simulations in this study the windows are not 
opened.

Infiltration is the flow of outdoor air into a building 
through cracks and other unintentional openings 
and through the normal use of exterior doors for 
entrance(s) and exits. Infiltration is also known as 
air leakage into a building. Exfiltration is leakage of 
indoor air out of a building through similar types of 
openings. Like natural ventilation, infiltration and 
exfiltration are driven by natural and/or artificial 
pressure differences. The infiltration flow rate for 
this study is set to 0.1 ACH (ISSO 32, 2011).

Table 3.6 | infiltration and ventilation.

Type Value
Infiltration Constant 0.1 ACH
Ventilation Constant 0.051 m3/s

Wind pressure coefficients
As mentioned have air infiltration and ventilation 
a profound influence on both the internal 
environment and the energy needs of buildings 
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calculations are based on the following entries: 
building type, azimuth angle of long axis building, 
and ratio of building width along short axis to width 
along long axis (see Figure 3.11).

Figure 3.11 | Footprint of a rectangular building 
showing variables used by the program to calculate 
surfaceaverage wind pressure coefficients. The angle 
α is the azimuth angle of long axis of building and 
wshort/wlong is the ratio of building width along 
short axis to width along long axis (EnergyPlus, 
2011).

Table 3.7 | Internal gains for people, lights, and equipment inside the building.

Zone Heat source
Time interval  [hours]
06:00 - 18:00 18:00 - 19:00 19:00 - 23:00 23:00 - 06:00

Living room Appliances 25 W 100 W 100 W 25 W
Kitchen 250 W 600 W 250 W -
Persons - 385 W 385 W -
Lighting - - 8 W/m2 -

Bedrooms Persons - - - 241 W

Long axis

Short axis

north

Building 
footprint

The surface convection algorithms
Research on building energy  is dependent  on 
detailed information of the local and mean 
convective heat transfer coefficient (CHTC). Using 
inappropriate models to calculate CHTC can lead to 
considerable errors in Building Energy Simulation 
(BES) (Mirsadeghi etal.,2013). 

The convective heat transfer coefficient (CHTC) at 
the facades of a building is complex and influenced 
by a wide range of parameters including: building 
geometry, building surroundings, position of the 
building façade, roughness, wind speed, wind 
direction, local airflow pattern, and surface-to-

air temperature differences (Blocken et al., 2009; 
Defraeye et al., 2010; Montazeri et al., 2015). 

The CHTC relates the convective heat flux normal 
to the wall qc,w to the difference between the 
surface temperature at the wall, Tw, and a reference 
temperature, Tref :

[3.5]

Where 

qc,w   is the convective heat flux (W/m2)
Tw  is the surface temperature (K)
Tref   is the reference temperature (K).

Convective heat transfer coefficients for external 
building surfaces are essential in building energy 
simulations (BES) to calculate convective heat gains 
and losses from building facades and roofs to the 
environment. The paper of Mirsadeghi et al. (2013) 
describes the BES programs analysed in the present 
research, and it provides an comprehensive review  
on these empirical correlations of the existing 
models implemented in these programs. The 
following default settings of the surface convection 
algorithms used for the interior and exterior 
building surfaces are used: TARP and DOE-2, 
respectively (EnergyPlus, 2011; Mirsadeghi et al., 
2013)

Internal gains
The indoor heat gains by people, lighting and 
equipment are specified for each of the zones; the 
ground floor (living room) and the first & second 
floor (bedrooms) based on ISSO 32 (2011) and on 
the ASHRAE handbook – fundamentals (2009). 
Table 3.7 shows the internal gains for this study. 
The internal gains for persons are based on four 
occupants; two adults and two children.
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Table 3.8 | Summary of settings

Building construction elements Ambient conditions
External walls 4.5 m2K/W Location De Bilt [52 °N, 4 °E]

Roof 6.0 m2K/W Meteorological 
data

2006

External floor 3.5 m2K/W Solar distribution Full interior and exterior with 
reflections

Internal floor -
Windows U value: 1.65 W/m2K Surroundings
External shading None Terrain Suburbs

Ground reflectance 0.2
Infiltration and ventilation Building reflectance 0.2
Infiltration Constant 0.1 ACH
Ventilation Constant 0.051 m3/s
Windows Always closed

Temperature setpoints
Time interval [hours]
06:00 - 08:00 08:00 - 16:00 16:00 - 23:00 23:00 - 06:00

Heating 16 °C 15 °C 19 °C 15 °C
Cooling 25 °C 25 °C 25 °C 25 °C

Internal gains inside the building
Zone Heat source

Time interval [hours]
06:00 - 18:00 18:00-19:00 19:00 - 23:00 23:00 - 06:00

Living room Appliances 25 W 100 W 100 W 25 W
Kitchen 250 W 600 W 250 W -
Persons - 385 W 385 W -
Lighting - - 8 W/m2 -

Bedrooms Persons - - - 241 W

3.4 Summary of settings
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This study was conducted for standardized 
terraced buildings in a symmetrical urban street 
canyon. Despite the fact that building and plot 
dimensions are based of realistic dimensions, 
still it is a simplified representation of a suburban 
street design. Often urban street canyons are not 
symmetrical, building facade lines are not always 
parallel, and building typologies could differ in one 
single street. Further the buildings is assumed to be 
situated in an infinite long street canyon. In practice 
passage are designed within the linear stroke of 
terraced buildings.

The building in the suburban street canyon does 
not include external shading devices, such as blinds, 
that will affect the cooling demand in the residential 
building. A correct use of blinds reduces the amount 
of solar radiation that (over) heats the residential 
building in a passive way during the summer. This 
could lower the indoor air temperature that could 
lead to lower cooling demands. However the effect 
of blinds are subject to human behavior.

Within in the simulation model of the residential 
building, the windows are assumed at all times 
closed and a constant ventilation rate is set. 
Occupants of the building usually open or close the 
windows for additional ventilation, affecting the 
energy demands for space heating and cooling.  

The study is conducted for a Dutch climate, 
temperate climate, space heating and cooling 
demand values will be quite different for cities in 
other climate zones.

The Dutch climate is represented with 
meteorological data from a year that was much 
warmer than normal and therefore can be seen as a 
representation of the future climate. Throughout the 
Climate Proof Cities (CPC) consortium the year of 
2006 is used. Within this weather file a suggestion 
for the outdoor air temperatures in future is 
included, but the local Urban Heat Island due to 
paved materials is not included.  The paved canyon 
surfaces will immediately reflect part of the incident 
short-wave radiation back to the sky, but also by 
inter-reflections. These inter-reflections result in an 
increase in the total amount of solar radiation that 
is absorbed. The greater the hb/ws of the canyon, 
the more inter-reflections will occur, the more solar 
radiation is absorbed and how higher the outdoor 
air temperatures become. The reflection values that 

are defined in the simulation model are only used 
to calculate the amount of solar radiation that is 
received by a building surface. The effect of the local 
inter-reflections on the outdoor air temperature is 
not included.

Also the effect of wind is not included in detail, 
only a terrain roughness is defined. The windprofile 
is directed directly to the studied building without 
including the influence of surrounding obstructions. 
Computional Fluid Dynamics (CFD) could 
be needed to provide external convective heat 
transfer coefficients and to provide wind pressure 
coefficients (Cp) to use in the airflow network.

Finally, the simulations are conducted using the 
state-of-the-art building performance simulations 
software EnergyPlus. EnergyPlus is validated 
through the BESTest (Building Energy Simulation 
Test) technique. However there is no base case 
where the results for space heating and cooling are 
validated for.  Due to differences in dimensions and 
settings no other studied were found to compare 
the results to. Therefore the line of energy demands 
resulting from the simulations are compared to 
the energy demands given by energy suppliers in 
the Netherlands. These average values are based 
on a four persons household, living in different 
(dimensions, insulation values, percentage of glazed 
surfaces, orientations, etc.) residential buildings. 
Therefore the results will be presented in percentage 
difference between the different configurations. For 
an accurate validation on the energy demands of 
the model, measurements are needed of one of the 
configurations.

3.5 Discussion
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An overview of the simulation model used in this 
study is shown in Figure 4.1. The space heating 
and cooling demand of one residential building 
of this simulation model is analyzed. In Figure 4.1 
this residential building is highlighted in dark and 
has the following dimensions: 5.4 m, 10 m, 8.1m 
(wRB, dRB, hRB). The building is enclosed on the left 
and right side by direct neighbors and is situated 
in an infinite row of residential buildings. These 
surrounding buildings are shown as white surfaces 
in Figure  4.1 and have the same dimensions as the 
studied residential building.

This row of residential buildings is situated in an 
urban neighborhood with surrounding rows in 
front and at the back side of the studied buildings. 
The distance of the neighboring row of residential 
buildings at the back side of the studied building 
is set at a constant distance of 20 meters (in this 
study). The distance of the neighboring row 
of residential buildings in front of the studied 
building is a variable in this study and is described 
as the street width [ws]. The surrounding rows of 
residential buildings in front and at the back side of 
the studied building are shown as grey surfaces in 
Figure 4.1. 

Ninety-two configurations are simulated to analyze 
the influence of three urban design parameters 
on the space heating and cooling demand of a 
residential building. Each of these urban design 
parameters are represented by a variable in the 
model (see Figure 4.2). 

The variables are:
 - Building/street orientation
 - Aspect ratio due to a changing street width
 - The use of street trees in urban designs

The simulation results of each of these variables are 
discussed within the different sections, 4.2 – 4.4  
answering sub-questions 1(a), 1(b), and 1(c). Each 
of these sections discusses the most interesting 
results as well as general trends in relation to the 
changing variable.

Section 4.5 will cover the results of a changing 
building typology. Finally an indication of a profit in 
energy costs is given in Section 4.6.

4.1 Introduction

Figure 4.1 | Overview of simulation model. Studied building is highlighted in dark green.

Figure 4.2 | Simulation variables
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Basic configuration
To analyze the results, a basic configuration is used 
to describe the impact of the variables. The basic 
configuration represents the urban configuration 
with the highest space  heating and cooling demands 
(the most negative situation) for a street canyon 
without trees and is shown in Figure 4.3.

This basic configuration equals a residential building 
with a west orientation in a street with a street 
width of 6 meters without trees. A west building 
orientation refers to a building where the variable 
street width and therefore the front facade of the 
building is orientated to the west. The street has a 
north-south orientation.

The configuration with the highest total energy 
demands is the one with high space heating 
demands as well as high cooling demands. High 
heating demands are mainly found during the 
winter season (from December up to February), 
due to surrounding buildings obstructing the sun, 
standing at a low sky dome position, and therefore 
preventing it to heat up the building in a passive way 
(see Figure 4.4).

During the summer season (from June up to 
August) high cooling demands are found. Due to 
a high sun position at the sky dome, less shadow is 
provided by the surrounding buildings. This shadow 
would normally prevent the sun from heating the 
building (see Figure 4.5).

Figure 4.2 | Simulation variables.

Figure 4.4 | Residential building in the most negative 
configuration, west orientation, at 16.00 hours on 
the 21st of December (shortest day of the year. 
Studied building is highlighted in dark green.

Figure 4.5 | Residential building in the most 
negative configuration at 18.00 hours on the 21st of 
June (longest day of the year). Studied building is 
highlighted in dark green.

Impact of surrounding buildings 
Surrounding buildings at the left and right side 
and neighboring rows in front and at back side 
of the studied building are included in the basic 
configuration model. The surrounding buildings are 
of influence on the energy demand for space heating 
and cooling of the studied building.

The effect of these surrounding residential buildings 
on the studied residential building can be seen in 
Table 4.1 and Figure 4.7. Three configurations of 
an increasing amount of surrounding buildings are 
analyzed (see Figure 4.6)
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The lateral side walls of  the residential buildings 
without surroundings are exposed to sun and 
wind.  Compared to a residential building without 
surrounding buildings, a decrease of 7.4% on the 
total energy demand of space heating and cooling is 
found for a residential building that is enclosed by 
surrounding buildings, including side neighbors and 
neighboring rows in front and at the back side.

A great part of the reduction on the total energy 
demand can be explained by adding the side 
neighbors at the left and right side of the studied 
residential building. The side neighboring buildings 
explain 5.5% of the total decrease. These direct 
side neighboring buildings reduces the amount of 
building surfaces exposed to outdoor conditions, 
thereby decreasing the transmission losses.

The urban configuration with direct side neighbors 
at the left and right side of the studied residential 
building and neighboring rows of residential 
buildings in front and at the back side of the studied 
building is used for further analyzes of the effect of 
orientation (Section 4.2), street width (Section 4.3) 
and trees in the street (Section 4.4) on the space 
heating and cooling energy demand of the studied 
residential building.

Figure 4.6 | Four different configurations with an increasing amount of surrounding building: 1) without 
surrounding buildings, 2) direct side neighbors, 3) neighboring row at the back side, 4) neighboring row in 
front. The studied building is highlighted in green.

1) 2)

3) 4)

Table 4.1 | The impact of surrounding residential 
buildings on the energy demand for space heating 
and cooling of the studied building [x1000 kWh].

Space heating
[x1000 kWh]

Space cooling
[x1000 kWh]

Total
[x1000 kWh]

1 13.4 2.8 16.2
2 12.5 2.8 15.3
3 13.1 2.0 15.1
4 13.3 1.7 15.0
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Figure 4.7 | The impact of surrounding residential 
buildings on the energy demand for space heating 
and cooling of the studied residential building. 
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This section discusses the results corresponding to 
sub-question 1(a): What is the impact of the street/
building orientation on the energy demand for space 
heating and cooling of a residential building in a 
suburban street?

The results are divided into two different scales: 
building scale and street scale. At building scale 
eight building orientations (N, N-E, E, S-E, S, S-W, 
W, and N-W) are studied. For the street scale four 
street orientations (N to S, N-E to S-W, E to W, 
and S-E to N-W) are analyzed. A street canyon 
includes buildings with two opposite building 
orientations. For example a north to south street 
canyon, see Figure 4.8, has residential buildings with 
a west orientation (shown in dark green) and east 
orientation (shown in light green).

Building scale
The influence of the building orientation on its 
energy demand for space heating and cooling of a 
residential building is shown in Table 4.2 and Figure 
4.9. The studied residential building is situated in a 
street canyon with a width [ws] of 6 m.

The lowest total energy demands are found for a 
building situated in an east to west-orientated urban 
canyon with a north building orientation. The front 
facade of the building is orientated to the north, see 
Figure 4.10.

4.2 Solar orientation

Figure 4.8 | North-south street canyon orientation 
including residential buildings in two opposite 
orientations; west orientation (dark green) and east 
orientation (light green).

Table 4.2 | The influence of the building orientation on the energy demand for space heating and cooling of 
a residential building in urban canyon with a width of 6 m  [x 1000 kWh].

Street width Energy demand Building orientation
N N-E E S-E S S-W W N-W

6 m Heating [x1000kWh] 12.5 13.2 13.7 13.7 13.6 13.7 13.3 12.6
Cooling [x1000kWh] 1.0 1.1 1.2 0.9 0.7 1.2 1.7 1.6
Total [x1000kWh] 13.4 14.3 14.9 14.6 14.3 14.9 15.0 14.2

Figure 4.9 | The influence of the building orientation 
on the annual space heating and cooling for a street 
width of 6 m.
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Figure 4.10 | North-orientated residential building 
in an east-west-orientated street canyon. Studied 
building is highlighted in dark green.

Compared to the basic configuration, where the 
front facade is orientated to the west, a decrease 
of 10.4% is found for the total space heating and 
cooling demand. A reduction of 6.1% in space 
heating and a reduction of 44.1% in space cooling is 
found.
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As a result of the Dutch climate, where the sun 
rises in the east and sets in the west, the studied 
residential building with a north orientation is 
exposed directly to the sun for the longest period 
of time  (see Figure 4.11). This results in the highest 
amount of natural heating by the sun and thus less 
additional heating is needed. 

Figure 4.9 shows that the total energy demand for 
space heating and cooling consist for approximately 
90% of energy used for heating the residential 
building. Therefore changes in the heating demand 
have a bigger impact on the total energy demand 
than changes in the cooling demand. The building 
with the lowest energy demand for space heating is 
therefore also the building with the most optimal 
total energy demand. While for space cooling 
another optimal orientation is found.

The most favorite building orientation for space 
cooling is found for a south orientation. Compared 
to the most negative orientation, a west orientation, 
a decrease of 58.9% is found. The monthly cooling 
loads for the studied building with a west and south 
orientation are provided in Table 4.2.

Table 4.3, shows that additional cooling is needed 
for a longer period of time for the west-orientated 
building compared to the residential building with 
a south orientation. Cooling was already needed in 
the month May for the west-orientated building. 
Furthermore, the monthly cooling loads are higher 
for the west-orientated residential building.

Figure 4.11 | Residential building with a north 
orientation, front facade of the building is orientated 
to the north, at 16.00 hours on the 21st of December 
(shortest day of the year). Studied building is 
highlighted in dark green.

Table 4.3 | The influence of the buildings orientation 
on the monthly cooling demand of a residential 
building in a urban canyon with a width of 6 m 
[kWh].

Building orientation
Month West South
January 0 0
February 0 0
March 0 0
April 0 0
May 31.8 0
June 166.1 17.7
July 1467.1 678.5
August 13.72 0.8
September 23.21 1.9
October 0 0
November 0 0
December 0 0

Simulations are performed for the year 2006, 
between 05/8 and 05/14 several days above 25 °C 
occurred. The indoor air temperature of the south-
orientated residential building did not rise above 
25°C, thus no additional cooling is needed (see 
Figure 4.12).

Figure 4.13 indicates the cooling demand for a 
residential building with a west orientation for 
the month May. In this situation, the indoor air 
temperature did rise above 25 °C degrees and 
additional cooling was needed.

It seems that the increase in cooling demand for 
the west orientation is caused by the time directly 
exposed to the sun, the amount of building surface, 
and the percentage of glass in the facade. For the 
studied building the surface of the front facade is for 
24% glass and the surface of the back facade consist 
for 34% of glass. 

Due to the highest cooling demands in July a more 
detailed description of the studied building with a 
west and south orientation is given for the 21st of 
July (see Figure 4.14, 4.15, and 4.16) .

Although the back facade of the residential building 
with a west orientation is exposed for the longest 
time to direct sun radiation, the front facade of the 
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south-orientated residential building receives the 
highest amount of sun radiation. The combination 
for the west-orientated building of a back facade that 
is exposed during almost all day to solar radiation 
and a higher percentage of glass in the facade could 
lead to higher indoor air temperatures and thus to 
higher cooling loads. 

Simulations with changing orientations are also 
performed for residential buildings situated in 
different street widths. No significant differences are 
found for changing orientations. The impact of the 
orientations varies between 11.8% and 11.5%. The 
results of these analyses are provided in appendix A.
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Figure 4.12 | Cooling demands of the studied 
residential building with a south orientation, front 
facade of the building is orientated to the south, in 
the month May of 2006.

Figure 4.13 | Cooling demands of the studied 
residential building with a west orientation, front 
facade of the building is orientated to the west, in 
the month May of 2006.
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Figure 4.14 | Residential building with a west 
orientation, front facade of the building is orientated 
to the west, at 18.00 hours on the 21st of July. 
Studied building is highlighted in dark green.

Figure 4.15 | Residential building with a south 
orientation, front facade of the building is orientated 
to the south, at 18.00 hours on the 21st of July. 
Studied building is highlighted in dark green.

Figure 4.17 | The influence of orientation on the solar radiation on the residential building with a west and 
south orientation on July 21st at a) 7.45h b) 11.30h c) 14.30h d) 19.00h. Studied building is highlighted in 
dark green.



74

Chapter 4

Street scale
In urban design it is impossible to orientate all 
residential buildings in the same directions. A 
residential area consists mostly out of streets where 
buildings on one side of the street have an opposite 
orientation compared to the building on the other 
side of the street, since both buildings are oriented 
with their front facade to the street. 

Therefore different street orientations are compared 
using the total energy demand for space heating and 
cooling of two opposite buildings in the street, see 
Figure 4.18 and Table 4.3.

The most optimal street orientation is found to be 
an east-west street orientation (see Figure 4.20), 
which means the buildings have a north or  south 
orientation. In this case the North orientation is also 
the most optimal building orientation.

The most negative street orientation is found to be 
the north-south street orientation. This includes 
buildings with a west and east orientation (see 
Figure 4.19). In this case the West orientation results 
in the highest total energy demand.

A decrease of 7.4% is found for the most optimal 
orientation (east – west), compared to the most 
negative street orientation (a north-south street 
orientation). This decrease is based on the sum of 
the total energy demand of two opposite buildings.

However, in the urban structure of an area it is 
impossible to design all streets in that area with the 
same orientation. Street orientations with an angle 

Figure 4.18 | Impact of street orientation on the 
sum of the annual energy demand for two opposite 
buildings in a street canyon with a width of 6 m 
[x1000 kWh].

of 45° to the most optimal street orientation show 
an increase in energy demands of 3.7% (see Figure 
4.20).

The impact of the street orientation, when two 
opposite buildings are considered, increases when 
ws (street width) increases . For a street width of 
36 meters a decrease of 9.9% is found for the most 
optimum street orientation (E-W), compared to 
the most negative street orientation (N-S). The 
results of different street orientations for different 
street widths can be found in Appendix B and are 
discussed in detail in Section 4.3.

Table 4.3 | Effect of the street orientation combined 
with the energy demand of its adjacent building 
orientations in a street canyon with a width of 6 m 
[x1000 kWh].

Building 
orientation

Street orientation

E-W SE-NW N-S NE-SW
north 13.5
south 14.3
north-east 14.3
south-west 14.9
east 14.9
west 15.0
south-east 14.6
north-west 14.2

Figure 4.19 | Two opposite building orientations in 
a) an east-west-orientated street canyon b) a north-
south-orientated street canyon. Studied buildings 
highlighted in green.
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Figure 4.20 | Differences in percentages (%) between 
the street orientation with the lowest (E-W), the 
second best (NE-SW), and the highest (N-S) energy 
demand for a street width of 6 m.
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This section discusses the results corresponding 
to sub-question 1(b): To what extent does the 
aspect ratio (height-to-width ratio, hb/ws) affect the 
energy demand for space heating and cooling of a 
residential building in a suburban street?

To evaluate the influence of the aspect ratio this 
study uses a variable street width [ws] and the 
building height of the residential buildings that form 
the street canyon is set constant at 8.7 m (see Figure 
4.1). For ws the following dimensions are used: 6 
m, 12 m, 18 m, 24 m, 30 m, and 36 m.  For a street 
width of 36 m the results are close to the results 
for a building with no neighboring row in front of 
the building (see Figure 4.22), and thus no street 
canyon is present (see Figure 4.21). The effect of the 
street width [ws] depends on the street orientation 
and thus is only of influence some  of the building 
orientations (see Figure 4.23 and Table 4.5). 

Table 4.4 provides the increase or decrease for the 
total energy demand for space heating and cooling 
of different street and building orientations. For 
two building orientations S-E and S a significant 
decrease of- respectively 4.1% and 4.9% - on the  
total annual energy demand for space heating and 
cooling is found. 

4.3 Aspect ratio

Figure 4.21 | (a) the studied building in a street 
canyon and (b) without a neighboring row of 
buildings in front. Thus no street canyon is present 
[∞].

Table 4.4 | Effect of the street width for different 
street and thus building orientations [x1000 kWh].

Street orientation
E-W NW-SE N-S NE-SW
Building orientation
N N-E E S-E

6 m 13.4 14.3 14.9 14.6
36 m 13.6 14.5 15.0 14.0
% 1.5 1.4 0.7 -4.1

S S-W W N-W
6 m 14.3 14.9 15.0 14.2
36 m 13.6 14.6 15.1 14.3
% -4.9 -2.0 0.7 0.7
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Figure 4.22 | Impact of the street width on the 
heating demand for the basic configuration with a 
west-orientated residential building.

The next subsection on buildings evaluates the 
impact of the street width [ws] for a south-orientated 
building in more detail. First the results on building 
scale are described in more detail after which the 
results on street scale are presented.
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Table 4.5 | The influence of the street width [ws] combined with its orientation on the energy demand for 
space heating and cooling of a residential building in urban canyon [x 1000 kWh].

Street width Energy demand Building orientation
N N-E E S-E S S-W W N-W

6 m Heating [x1000kWh] 12.5 13.2 13.7 13.7 13.6 13.7 13.3 12.6
Cooling [x1000kWh] 1.0 1.1 1.2 0.9 0.7 1.2 1.7 1.6
Total [x1000kWh] 13.4 14.3 14.9 14.6 14.3 14.9 15.0 14.2

12 m Heating [x1000kWh] 12.5 13.1 13.5 1.2 13.1 13.4 13.2 12.6
Cooling [x1000kWh] 1.0 1.3 1.5 13.2 0.8 1.3 1.9 1.7
Total [x1000kWh] 13.5 14.4 15.0 14.4 13.9 14.7 15.1 14.3

18 m Heating [x1000kWh] 12.4 13.1 13.3 12.9 12.9 13.3 13.2 14.3
Cooling [x1000kWh] 1.1 1.4 1.7 1.3 0.8 1.3 1.9 1.7
Total [x1000kWh] 13.5 14.4 15.0 14.2 13.7 14.6 15.1 16.0

24 m Heating [x1000kWh] 12.4 13.0 13.2 12.8 12.8 13.3 13.2 12.5
Cooling [x1000kWh] 1.1 1.4 1.8 1.3 0.8 1.3 1.9 1.8
Total [x1000kWh] 13.5 14.5 15.0 14.1 13.6 14.6 15.1 14.3

30 m Heating [x1000kWh] 12.4 13.0 13.2 12.7 12.7 13.3 13.1 12.5
Cooling [x1000kWh] 1.1 1.5 1.8 1.3 0.9 1.4 2.0 1.8
Total [x1000kWh] 13.6 14.5 15.0 14.1 13.6 14.6 15.1 14.3

36 m Heating [x1000kWh] 12.4 13.0 13.1 12.7 12.7 13.3 13.1 12.5
Cooling [x1000kWh] 1.1 1.5 1.9 1.4 0.9 1.4 2.0 1.8
Total [x1000kWh] 13.6 14.5 15.0 14.0 13.6 14.6 15.1 14.3
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Figure 4.23 | Impact of different street widths for different building orientation on the energy demand for 
space heating and cooling of a residential building [x1000 kWh].
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Building scale
The street width of a street canyon is most relevant 
for a south-orientated building, the street canyon is 
situated at the south side of the residential building 
(see Figure 4.24). With increasing the street width 
from 6 m to 36 m a reduction of 4.9% on the total 
annual energy demand for space heating and 
cooling is found, see Figure 4.25 and Table 4.4).

For space heating a decrease of 6.7% is found for 
increasing the street width from 6 m to 36 m of a 
street canyon orientated at the south side of the 
residential buildings. However for space cooling an 
increase of 24.9% is found by increasing the width of 
the street canyon. Despite an increase in the cooling 
demand, a wider street canyon lowers the total 
energy demands (see Table 4.5 and Figure 4.25). 

Thus the advantage of lower heating demands in 
the winter due to a wider street, are bigger than the 
increasing cooling demands in the summer.

The higher energy demands for space heating in 
the winter for the residential building situated in 
street canyon with a width of  6 m could be caused 
by the shadows of surrounding buildings on the 
studied building. These shadows are the result of 
surrounding buildings that prevent the sun beams to 
reach the studied building directly. Less direct sun 
on the studied building means that the sun cannot 
heat the building in a natural and passive way, and 
that an additional heating system is needed to rise 
the indoor air temperature to a comfortable level. 
When the width of the street canyon is increased, 
surrounding buildings obstruct the sun less from 
reaching  the studied building and the sun is able to 
heat the building more in a natural and passive way 
(see Figure 4.26).   

Appendix C provides graphs of the impact of an 
increasing width of a street canyon on the space 
heating and cooling demand for all building 
orientations.

Figure 4.24 | South-orientated residential building 
in a street canyon, with a variable width, at the south 
side of the building. Studied building is highlighted 
in dark green.
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Figure 4.25 | Impact of street canyon width [ws] 
on the annual energy demand for space heating 
and cooling of a residential building, for a south-
orientated building.
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Street scale
At street scale, a south-orientated residential 
building is always situated in a street canyon with 
an east to west orientation. This street canyon 
is formed through a building opposite from the 
studied  building. In an urban plan of a residential 
neighborhood, a street canyon is almost always 
enclosed by two residential building that both are 
orientated with its front facade to the street canyon. 
Both buildings have an opposite orientation (see 
Figure 4.27). 

Thus, in case of an east to west street orientation, the 
street canyon is enclosed with a south-orientated 
building and a north-orientated building.

Section 3.3 described the north-orientated building 
as the most optimal building orientation for the 
annual energy demand of space heating and cooling 
in a street canyon of 6 m. Increasing the width of 
the street canyon for the north-orientated building 
increases the total annual energy demand for space 
heating and cooling with 1.5% (see Table 4.6).

Figure 4.26 | The studied residential building with a south orientation situated in street canyons with 
different street widths. a) At 18.00 hours on the 21th of July (longest day of the year),  b) At 16.00 hours on 
the 21th of December (shortest day of the year). Studied building is highlighted in dark green.

Figure 4.27 | An east to west orientated street 
canyon with a south-orientated residential building 
highlighted in dark green and the north-orientated 
residential building light green.
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Table 4.6 | Annual energy demands for space 
heating and cooling of a residential building situated 
in an east to west orientated street canyon with 
different widths.

Building 
orientation

Street width - ws [m]

6 36 %
north 13.4 13.6 1.5
south 14.3 13.6 -4.9

total 27.7 27.2 -1.9

To conclude, the optimal street canyon has a east to 
west orientation (see Section 4.2) and is formed by 
two residential buildings with opposite orientations, 
north and south orientation. For a street canyon 
with a width of 6 m, the north-orientated residential 
building is found to be the most optimal building 
orientation and the south-orientated building has 
a higher total annual energy demand for space 
heating and cooling of 6.7%. This higher demand 
is due to a less optimal solar orientation. For the 
south-orientated building the street canyon width 
is of influence. By increasing the width of the 
street canyon to 36 m, a decrease is found for the 
south-orientated building. This results in lower 
total annual energy demands for space heating and 
cooling of residential buildings in the E-W street 
canyon, including both orientations (see Table 4.6).
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This section discusses the results corresponding to 
sub-question 1(c): What is the effect of street trees 
in a suburban street on the energy demand for space 
heating and cooling of a residential building in a 
suburban street?

Section 4.2 described a street canyon with a width of 
36 m, as the most favorable width for reducing the 
total annual demand for space heating and cooling. 
Therefore, the impact of street trees is firstly studied 
on building scale for a street width of 36 m with 
eight building orientations (N, N-E, E, S-E, S, S-W, 
W, and N-W).  A deciduous street tree is situated 
in front of the studied residential building. The 
dimensions are based on Klemm et al., (2015) and 
shown in Table 4.7 and Figure 4.28. A deciduous 
tree loses its leaves during the different seasons. 
Transmittance values are based on Simpsons,  
(2002), see Table 4.7.

Table 4.7 | geometric dimensions and street tree 
properties

Geometric dimensions
Crown diameter 5 m
Tree height 10 m
Distance to facade 5 m

Transmittance value
Winter 0.8
Spring 0.5
Summer 0.2
Fall 0.5

The analyzes of sub-question 1(c) include several 
simulations for the street widths of 6 m, 12 m, 18 m, 
24 m, 30 m, and 36 m, with a street tree in front of 
the studied building. Simulations are performed for 
N-S and E-W street orientations, with trees in fron 
front of a west-, east-, north- or south-orientated 
building.

Building scale
The influence of a street tree, in front of the front 
facade of the studied residential building, on the 
space heating and cooling demand is shown in Table 
4.8.

A positive effect on the energy demand for space 
heating and cooling of a street tree in front of the 
residential building is found for an east- and west-

orientated building. Compared to a street canyon 
with a width of 36 m without a street tree in front 
of the studied building, a residential building with a 
street tree in front of the building has a decrease of 
2.67% on the total annual energy demand for space 
heating and cooling. For a west-orientated building 
a decrease of 1.33% is found (see Table 4.8).

Table 4.9 shows the monthly energy demands for the 
configuration in which the design of a street tree has 
the biggest positive effect on the total annual energy 
demand for space heating and cooling compared 
to the same configuration without the tree. This 
configuration consist out of east-orientated 
residential building situated in a street canyon with 
a width of 36 m. Lower cooling demands are found 
in case a tree is situated in front of the studied 
building. 

These lower cooling demands are due to additional 
shade that is provided through the street tree on the 
studied residential building, see Figure 4.30

4.4 Street trees

Figure 4.28 | Geometric dimension of street canyon 
with deciduous tree in front of the studied building. 
Studied building is highlighted in dark green and 
street tree is highlighted in light green.
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Table 4.8 | Impact of a deciduous in front of a residential building on the total annual energy demand for 
space heating and cooling. The residential building is situated in a street canyon with a width of 36 m in 
different orientations [x1000 kWh].

Orientation Without tree With tree %
Heating 
[x1000 kWh]

Cooling 
[x1000 kWh]

Total
[x1000 kWh]

Heating 
[x1000 kWh]

Cooling 
[x1000 kWh]

Total
[x1000 kWh]

N 12.4 1.1 13.6 12.5 1.0 13.5 -0.74
N-E 13.0 1.5 14.5 13.1 1.3 14.4 -0.69
E 13.1 1.9 15.0 13.3 1.3 14.6 -2.67
S-E 12.7 1.4 14.0 13.0 1.1 14.1 +0.71
S 12.7 0.9 13.6 13.0 0.8 13.8 +1.47
S-W 13.3 1.4 14.6 13.5 1.5 14.7 +0.68
W 13.1 2.0 15.4 13.2 1.7 14.9 -1.32
N-W 12.5 1.8 14.6 12.6 1.7 14.3 0.00

Table 4.9 | Monthly space heating and cooling 
energy demands for an east-orientated residential 
building situated in a street canyon with a width of 
36 m, with and without a street tree in front of the 
building [kWh].

Month Without tree With tree
Heating 
[x1000 
kWh]

Cooling 
[x1000 
kWh]

Heating 
[x1000 
kWh]

Cooling 
[x1000 
kWh]

Jan. 3529.8 0.0 3530.8 0.0
Feb. 2723.6 0.0 2727.8 0.0
March 2402.0 0.0 2449.8 0.0
April 692.6 0.0 763.7 0.0
May 9.8 35.7 11.7 6.5
June 21.9 212.2 40.8 93.7
July 0.0 1586.1 0.0 1164.0
Aug. 0.1 21.5 3.1 5.2
Sept. 0.0 32.5 0.0 13.2
Oct. 255.7 0.0 274.1 0.0
Nov. 1260.9 0.0 1265.4 0.0
Dec. 2132.5 0.0 2131.5 0.0

Total 13108.9 1888.0 13304.2 1282.7

The results of an increasing street canyon width are 
presented in Table 4.10. In case of the smallest street 
canyon with a width of 6 m, a street tree does not 
provide additional shadows on the studied building 
compared to the shades that are already provided 
by surrounding residential buildings. By increasing 
the street canyon width, less shade is provided by 

the surrounding buildings on the studied building 
and the street tree provides additional shade on the 
studied residential building (see Figure 4.31). These 
additional shades front the street prevent the sun 
from heating the building in the summer and thus 
less cooling is needed.

Figure 4.30 | Residential building with a west 
orientation and a street tree in front of the building, 
at 08.00 hours on the 21th of July. Studied building 
is highlighted in dark green and street tree in light 
green.
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Table 4.10 | Impact of a deciduous tree in front of an east- orientated residential building on the total annual 
energy demand for space heating and cooling. The residential building is situated in a street canyon with 
different street canyon widths [x1000 kWh].

ws Without tree With tree %
Heating 
[x1000 kWh]

Cooling 
[x1000 kWh]

Total 
[x1000 kWh]

Heating 
[x1000 kWh]

Cooling 
[x1000 kWh]

Total 
[x1000 kWh]

6 m 13.7 1.2 14.9 13.8 1.0 14.8 -0.67
12 m 13.5 1.5 15.0 13.6 1.2 14.8 -1.33
18 m 13.3 1.7 15.0 13.5 1.2 14.7 -2.00
24 m 13.2 1.8 15.0 13.4 1.3 14.7 -2.00
30 m 13.2 1.8 15.0 13.3 1.3 14.6 -2.67
36 m 13.1 1.9 15.0 13.3 1.3 14.6 -2.67

Figure 4.31 | Impact of a deciduous tree in front of an east- orientated residential building on the total 
annual energy demand for space heating and cooling on July 21th at 08.00 hours. The residential building is 
situated in a street canyon with different street canyon widths.

Street scale
An east-orientated building is situated in a north to 
south orientated street. Besides the east-orientated 
building this street canyon orientation also includes 
a west-orientated residential building. As mentioned 
before, the reduction on the total annual energy 
demand for space heating and cooling of a street tree 
in front of an east-orientated residential building in 
a street canyon with a width of 36 m is 2.67%. For a 
west-orientated building in the same configuration a 
decrease of 1.32% is found (see Table 4.8).

Compared to the north-south-orientated 36 m street 
canyon without trees , the east-west-orientated 

36 m street canyon without trees has lower energy 
demands for the sum of two opposite building 
orientations of 9.6% 

If street trees are designed at both sides of a north to 
south orientated street canyon this gives advantages 
for both building orientations in the street. In the 
east to west orientated street canyon a positive 
effect on the energy demand is found for the north-
orientated residential building with street trees in 
front of the building (see Table 4.11 and Figure 
4.32).

When comparing the most optimal design with 
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street trees  for both street canyon orientations, 
a decrease of 8.1% is found for an east to west 
orientation compared to a north to south orientation 
(see Table 4.10 and Figure 4.33).  

In conclusion, for an east to west street canyon 
orientation a small decrease in the annual energy 
demand for space heating and cooling is found 
due to the advantage of street trees for the north 
orientated building. For the north to south 
orientated street canyon a positive effect is achieved 
for the residential buildings with both orientations 
by designing street trees in the canyon. This reduces 
the difference between the north to south and the 
east to west orientated street canyon with almost 2% 
(see Table 4.11 and Figure 4.33).

Table  4.10 | Impact of street trees in a 36 m width 
street canyon on the annual space heating and 
cooling demand of a residential building [x1000 
kWh].

North to south street orientations
Building orientation
east west
Without 
tree

With
tree

Without
tree

With
tree

Heating 
[x1000 kWh]

13.1 13.3 13.1 13.2

Cooling
[x1000 kWh]

1.9 1.3 2 1.7

Total 
[x1000 kWh]

15.0 14.6 15.1 14.9

East to west street orientations
Building orientation
south north
Without 
tree

With
tree

Without
tree

With
tree

Heating 
[x1000 kWh]

12.7 13.0 12.4 12.5

Cooling
[x1000 kWh]

0.9 0.8 1.2 1

Total 
[x1000 kWh]

13.6 13.8 13.6 13.5

Figure 4.33 | Impact of optimal street tree design for 
an east to west orientated street canyon with a street 
tree in front of the north-orientated building and 
for a north to south orientated street canyon with 
street trees in front of the east- and west-orientated 
building on the sum of the annual energy demand 
of space heating and cooling for two opposite 
buildings. Street canyon includes a width of 36 m 
[x1000 kWh].
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Although this study focusses on a terraced building 
this section provides in addition to sub-question 
a), b) and c) an indication of the influence of the 
building typology in a street canyon.

Table 4.12 provides results on the annual energy 
demand for space heating and cooling of a 
residential building with different typologies. All 
building volumes are kept constant to make a 
comparison between the different typologies (see 
Figure 4.34). The lateral sides of the building are 
changed from adiabatic to outdoors (sun and wind 
exposed). For the semi-detached typologies two 
variants are simulated. Left semi-detached has a 
sun and wind exposed lateral wall at the left side of 
the front facade and the  right semi-detached at the 
right of the front facade. For the detached building 
typology, both lateral sides of the residential 
building have outdoor conditions and are thus sun 
and wind exposed.

By increasing the surface area of sun and wind 
exposed walls (from attached to semi-detached 
to detached) higher energy demands for space 
heating and cooling are found. An increase of 12% 
on the annual energy demands for space heating 
and cooling is found for the residential buildings 
with a north and south orientation and increase of 
10% is found for the residential buildings with an 
east and west orientation. This increase is mainly 
a consequence of an increasing heating demand 
caused by higher heat losses through the increase in 
surface area of the external walls. 

4.5 Building typology

Figure 4.34 | Building typologies; a) detached, 
b) attached, c) left semi-detached, d) right semi-
detached.

a) (b

c) (c
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Table 4.12 | Impact of building typology on total annual space heating and cooling demand for residential 
building with different orientations in street canyons with a width of 6 m and 36 m [kWh]

Orientation Street 
canyon 
width [m]

Energy 
demand 
[kWh]

Building typology [%]

Attached Semi-
detached 
(right)

Semi-
detached 
(left)

Detached

north 6 Heating 12494 13250 13336 14075
Cooling 950 1006 936 986
Total 13444 14256 14272 15064 12

36 Heating 12428 12428 13272 14011
Cooling 1136 1136 1114 1178
Total 13564 13564 14386 15189 12

east 6 Heating 13747 14456 14622 15681
Cooling 1183 1194 1136 1150
Total 14931 15650 15758 16461 10

36 Heating 13108 13797 13978 14689
Cooling 1889 1883 1808 1767
Total 14997 15681 15786 16456 10

south 6 Heating 13591 14440 14369 15196
Cooling 699 698 759 758
Total 14290 15139 15127 15954 12

36 Heating 12682 13528 13428 14260
Cooling 873 866 936 929
Total 13555 14394 14364 15189 12

west 6 Heating 13308 14176 14002 14850
Cooling 1702 1628 1702 1633
Total 15009 15804 15703 16483 10

36 Heating 13141 14014 13837 14687
Cooling 1976 1885 1969 1884
Total 15117 15899 15806 16570 10
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In general, future designs should focus on both the 
winter situation for space heating and the summer 
situation for space cooling. The results are therefore 
presented for the annual total space heating and 
cooling demands. Where design principles can reach 
a positive effect on the space heating performance 
in the winter, they can have a negative effect on the 
space cooling performance in the summer. In the 
current residential building designs cooling systems 
are still rare, but are becoming more frequent due to 
increasing outdoor air temperatures. It is important 
that despite the increasing outdoor air temperature 
the indoor air temperatures are kept comfortable in 
summer. Therefore the effect of the passive design 
principles on the cooling demand is included 
resulting in heating demands.

Concerning the first research question on the 
building orientation are eight building orientations 
studied. The results are not symmetrical due to a 
difference in the percentage of transparent surface 
in the building facade between two opposite 
orientations (for example, north-south). The front 
facade of the residential building includes 24% of 
windows and the back facade of the residential 
building includes 34% of glazed surface. By 
changing the building envelope design, also the 
effect of the orientation changes.

Concerning the second research question on the 
effect of the aspect ratio with a changing street 
width, six different street widths are compared. The 
influence of the street width is also depending on 
the street orientation. The smallest canyon is defined 
by a width of 6m, the is an extreme small dimension 
which is rarely seen in suburban neighborhoods. 
The results of the decreases or increases in energy 
demands for space heating and cooling are therefore 
in reality less extreme.

Concerning the third research question on the effect 
of street trees in a urban street canyon is researched. 
The effect of a street tree is depending on not only 
depending on the street width and its orientation, 
but also on the location of the tree in relation the 
studied residential building. In a suburban street 
trees are present, but not in front of every residential 
building, therefore the impact of the tree differs 
between the residential buildings. Also the distance 
of the tree to the building facade and the crown 
diameter are variables that influence the effect of the 
street tree. This study includes only one situation. A 

street tree in front of the residential building with a 
distance of 5 m and a crown diameter of 5 m.

Additional, within the section building typology, the 
effect of the amount of the building envelope that is 
exposed to outdoors conditions, and therefore, their 
potential for interacting with climate, is evaluated. 
More building envelope is exposed and therefore 
more heat transfer is possible between the building 
and the outdoors conditions. These difference are 
based on building volumes of the same size, in 
reality also the building volume often increase if 
the building typology changes from terraced to 
semi-detached or detached housing. This increases 
the amount of building envelope that is exposed 
to outdoors condition only more, and the higher 
energy demand for a detached building will increase 
even more. Also in practice, a different building 
typology includes different buildings shapes and 
window positions influencing also the energy 
demand of the building.

To conclude, the differences are small. Due to 
all assumptions made within the model and 
uncertainties, the results need to be interpreted with 
some caution.

4.6 Discussion
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5.1 Introduction

In order to achieve integration of knowledge from 
the field of urban physics into the field of urban 
design, a successful transfer of information from the 
expert to the urban designer is needed. To be able 
to transfer this information it is important to have 
knowledge on content- and context-related aspects 
of the urban design first.  To start, it is important to 
know what is actually being designed in the field of 
the urban design (Section 5.2). With that knowledge 
a street typology, based on the street width, is 
developed. Furthermore, Section 5.2 combines this 
street typology also with an energy label for different 
street widths. The various ingredients of these 
suburban street design are discussed in Section 5.3. 
Secondly, it is important to consider the context 
of urban design; who are the other actors in the 
design process and what is the position and role of 
the designer (Chapter 5.4). Urban design could be 
described as followes:

Urban design is concerned with shaping the 
physical environment to facilitate urban life and 
all the processes associated with it. Urban design 
combines and translates the interests of different 
stakeholders into spatial requirements and formulates 
a proposition for the realization of physical-spatial 
constructs in the urban environment (Van Esch, 
2015).

An urban design plan consist of different scales. On 
each scale different aspects need to be considered 
and different plan elements play a role. This 
study focusses on the realization of the physical 
and spatial construction of new developed street 
canyons and how they form together an urban 
plan. A street canyon consists a public space design 
where profiles are made defining aspects such as 
symmetric or asymmetric, mixing of separation of 
modes of transport , sidewalks, parking,  junctions 
and interchanges, and the layout of enclosed spaces 
such as squares and greenery. Paving materials, 
vegetation and street furniture, such as benches and 
lamppost, are also decided upon.

Throughout history different concepts of how to deal 
with an urban design and its streets have passed. 
Most recent developments fall within the VINEX 
context, but how did urban design transform 
from  Middle Ages settlements into these VINEX 
neighborhoods.  The restrictions and limitation of 
the Middle Ages settlements started to change, in 

Figure 5.1 | Urban design concepts throughout 
history. a) Middle Ages settlement, b) living 
conditions at the beginning of the Industrial 
Revolution, c) Garden city movement, d) 
Parendrecht, Modernism, e) Cauliflower district, f) 
Brandevoort, VINEX.

a rapid pace, due to extensively use of coal at the 
beginning of the nineteenth century. In that period 
urban areas started for the first time depending 
on fossil fuels. The emergence of this new energy 
source gave rise to the Industrial Revolution in the 
late eighteenth century and changed the landscape 
and shape of the city radically into horrible and 
smoggy living environments. An initial reaction to 
these overcrowded and polluted urban centers was 
utopian and was initiated in 1898 by E. Howard as 
the garden city. This urban concept provided an 

a) b)

c) d)

e) f)
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are used as basis for the analyses in this study. The 
analysis of Lörzing et al. (2006) indicates that within 
the VINEX context green urban residential living 
environments are most common within the VINEX 
context. Therefore the  focus in this research, 
within the different residential living environment, 
lies on the suburban expansion areas. Thus the 
streets analyzed in this chapter are suburban streets 
in VINEX neighborhoods with a green urban 
residential living environment.

Table 1 gives an impression of various living 
environment categories based on two different 
classifications.  These two classifications of 
residential living environments frame together 
an overview of the living environments such as 
those that are found in the urban design of the 
twentieth century. The first classification is based 
on the Housing Demand Survey (WBO) and the 
second classification is based on a report of Urhahn 
from 2003. Both commissioned by the Ministry of 
Environment. While both sources are closely related, 
there is a difference in options: where to ABF public 
housing stands central, Urhahn looks more with a 
designer views to the home (Lörzing et al, 2006). 

Table 5.1 | Classification of living environments for the purpose of the WBO (ABF research, 2002) and from 
Urhahn Urban Design (Wonen a la carte, 2003).

WBO Urhan Urban design
Urban - centrum Urban - centrum plus Historical inner city centers

Urban - centrum New city centers
Centers of new cities

Urban - outside centrum Prewar urban Prewar urban - flats
Prewar urban - with own plot
Prewar urban town houses
Prewar garden villages

Postwar urban compact Postwar urban - flats
Post war urban - with own plot Postwar urban - with own plot

Green urban Green urban Expension neighborhoods
Expending centers

Small urban Small urban - centrum -
Small urban -
Small urban - green -

Villages Village centrum Historical centrums
Village Small centrums

Rural Rural with good connection Villa neighborhoods
Rural Living in green

Country houses

alternative to the overcrowded cities. In Howards 
proposition green satellite cities would surround 
a larger industrial city. A second movement arose 
from a scientific approach, the Bauhaus and CIAM 
community introduced Modernism where efficiency 
became a central definition existing out of simple 
and efficient zones. As a reaction against these large-
scale uniformity of the overdeveloped far-reaching 
Modernism the Dutch Cauliflower district emerged 
in 1974. In urban planning the emphasis came more 
on small scale and visibility. The recent  ‘VINEX’ 
neighborhoods has been a response to this chaotic 
Cauliflower district. A more detailed elaboration 
of this transition is written down in a separate 
essay, provided in appendix D. Neighborhoods 
built within the VINEX context are built between 
1995 and 2005. VINEX is a contraction of the term 
Fourth Paper on Spatial Planning, 1988. In, on and 
around the cities many residential areas of different 
sizes were developed (Lörzing et al., 2006).

The passive suburban street design principles 
researched in this study are only relevant in the 
beginning of a design process, therefore streets 
designed within the VINEX design and timeframe 
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5.2.1 Physical and social design elements

To get grip on the practice of street designs in 
suburban VINEX residential living environments, 
a catalogue with in total 36 suburban streets design 
examples is made. Figure 5.3 gives an overview of 
all streets included in this collection. The complete 
catalogue is provided in appendix E. 

The collection of streets represent the following 
neighborhoods in the Netherlands:
- Meerhoven, Eindhoven
- Carnisselande, Barendrecht
- Nieuw Wolfslaar, Bavel
- Reeshof, Tilburg

The streets are analyzed by its profile, including the 
dimensions and materials of each spatial element 
in the street, urban form, orientation, parking 
solution, presence and dimensions of street trees, 
and building typology.

Based on the street width of the collection of 
different suburban street profiles in the catalogue, 
a street typology is established (see Figure 5.2). 
With an increase in street width different side issues 
that provide physical and social activities, could be 
integrated in the design of the street profile. This 

could increase the spatial quality of the street design 
in the urban environment. 

For suburban VINEX streets with a street width 
dimension of approximately 12 m, it is seen that it 
is common to design these streets with only space 
for the pedestrian in the public domain between the 
buildings. Neighborhood designs with 12 m street 
widths have large parking areas outside the street 
profile. Elements to provide social - and sports and 
play activities are also designed outside the street 
profile. However these street profiles provide space 
for greenery, this could be as the private - or as 
public space.

When the street width is increased to 18 m, this 
provides space for the automobile. The street profile 
is often divided in a private and public domain. 
Within the public domain, besides a road for the 
automobile, there is also space for perpendicular 
parking spaces at one side. The private domain 
could be designed both as a green front yard as an 
extra private parking place.

A street width of 24 m is a common street width, 
where two sided parking in the public domain 
is introduced.  Additionally, also street trees are 
introduced in the street profile. The choices in depth 

5.2 Suburban street typology

Designed for 
pedestrians

12 m

Space for the 
car in the 
public domain

18 m

PublicPrivate

Two sided 
parking

24 m

Sports and 
play

36 m

Ecological 
systems

30 m

Sports and
play

36 m

Ecological 
systems

30 m

Figure 5.2 | Suburban VINEX street typology.
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provide space for ecological elements or to facilitate 
social contacts and sports and play activities. Within 
these widest street profiles the urban designer has 
the most freedom to integrate all elements. The 
combination of choices determines to what extent 
different elements could be designed in the street 
profile.

To conclude the defined street typology for the 
suburban VINEX street, by an increase in street 
width the freedom of the urban designer increases 
to integrated also side design elements with a social 
or ecological context in the design.

of the front yard determin if space is available for a 
small amount of low greenery.

Streets with a street profile width of 30 meters 
are quite often designed with extra low greenery 
elments, such a grass, in the streets. These green 
elements are in addition to the presence of street 
trees. When the car is seen as more important than 
space for the ecological system, low greenery could 
be exchanged for extra-large front yards that provide 
space for an extra private parking place. 

The widest street widths included in this study 
range from 36 meters to wider.  These street profiles 

Figure 5.3 | Overview of the studied collection of 36 suburban streets.
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5.2.2. Energy label of a street width

Increasing the street width of a street profile has not 
only an effect on the freedom of the urban designer 
for the integration of physical - (sports and play - 
and ecological elements) and social elements, but it 
also influences the energy demand of the residential 
building that form these street canyons. Figure 5.4. 
and 5.5 show the influence of the street width and 
street trees on the energy demand of the residential 
buildings for street canyons formed by terraced 
residential buildings for two street orientations 
(E-W – and N-S orientation). The influence of these 
aspects is presented at yearly basis and is expressed 
in percentages, based on an equally amount of 
terraced residential buildings at both sides of the 
street (two building orientations). These increases/
decreases are thus an average of residential buildings 
with opposite building orientations. An east-west 
street orientation includes residential building with 
a north and a south orientation. The percentages 
for the street width are based on the comparison of 
each street width with a street canyon of  6 m. The 
percentages of the effect of a street tree in a street 
canyon is based on the comparison of the same 
street width with and without trees.  
For street canyons with an east-west street 
orientation it can be seen that lower average 
energy demands are found by increasing the 
street width. Designing street trees at the south 
side in east-west-orientated street canyons gives 
(almost) no advantages for the average energy 
demand in the street. As mentioned above these 
average percentages indicated an increase/decrease 
of buildings with two different orientations. 
A distinction can be made for each building 
orientation in this street.  Chapter 4 provides a 
detailed analysis of these results. 

An increase in street width for north-south street 
orientations does not provide an advantage on the 
average energy demand of the residential buildings. 
However, in street canyons with this north-south 
orientation a positive effect on the average energy 
demand can be achieved by designing street trees. 
Both building orientations have an advantage by 
a street tree in front of the residential building. 
Therefore, when at both sided of the street a tree 
is placed a reduction in the energy demand can be 
achieved. This reduction is limited and can be 2.3% 
on the annual average energy demand in the street.
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Figure 5.4 | Infographic of the influence of an east-west-orientated street design on the energy demand for 
space heating and cooling of its residential buildings.
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Figure 5.5 | Infographic of the influence of a north-south-orientated street design on the energy demand for 
space heating and cooling of its residential buildings.
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Based on the analyses of the collection with 
suburban VINEX streets (Appendix E), a design 
framework is developed that includes plan elements 
within the context of mobility, social activities and 
ecology.

Nowadays, the street includes all tree elements: 
mobility, social activities, and attention for ecology. 
However, throughout history the public domain 
of the street served to one or a combination of 
two of these elements facilitating space for social 
interaction and space for transportation. In the early 
history, the space between buildings, the street, was 
as a place that facilitated interaction between people, 
to meet or to trade goods. Since the industrial 
revolution motorized transport became more 
dominant in the street. Where the primary function 
of the street was based on a domain for social 
activities this became repressed by the car. Since the 
industrial revolution the main function of a street 
design is based on mobility. The essay provided 
in Appendix D, describes this in more detail. The 
last decades, due to a changing, more sustainable, 
mindset, more attention is paid to the ecology of the 
built environment.

Despite todays presence of all tree elements, there 
still is an imbalance between those elements. In 
the ultimate design none of these three elements 
is more important than the other. Practice 
commonly  reveals a hierarchical setting between 
these elements, with as most important element the 
infrastructure, secondly attention is paid for space 
that facilitates interaction between people, and at 
the end, if still possible, green is integrated in the 
design. Slowly, society is becoming more aware of 
the importance of space that is designed to enable 
social contacts and the positive effect of greenery in 
the public domain. Society’s mindset is changing to 
a more healthier way of live, to a society where it is 
important to stimulate active transport and to spent 
time in the outdoor environment.

Depending on the requirements of different actors 
in the design process choices are made for the 
structure of the neighborhood and therewith also 
the dimensions of the street canyon are defined. 
Depending on the width of these streets and the 
additional requirements street profiles include a 
combination of these elements. By an increasing 
street width the urban designer could integrate more 
of these elements. However choices within one of 
these elements could restrict the implementation of 
other elements.

5.3 Design framework for the suburban VINEX street
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SOCIAL
Sport and play

MOBILITY
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ECOLOGY
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Figure 5.6 | Framework with elements for an urban design of a suburban VINEX street canyon
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One actor that is always involved in the urban 
design process is the government, either local, 
provincial or national or all three. They are often 
clients – although increasingly stepping back 
as direct principals – and furthermore they are 
responsible for the policy regulations that urban 
design plans have to comply with. Project developers 
and (housing) corporations have also become 
important clients over the last decade (Van Rossum 
et al., 2010). 

Social organizations, interest and pressure groups 
as well as individual citizens are often stakeholders 
in the design process. They are usually given the 
opportunity to ask questions and give feedback on 
one or more occasions, but are more and more often 
also actively participating in the design process.

Other actors involved in the urban design process 
are experts, commissioned either by the client 
or the designer himself/herself. They inform the 
urban designer by providing information on 
possibilities as well as restrictions. The amount of 
experts/fields of expertise involved has increased 
over the last decades. This evolved out of the 
fact that urban design has become increasingly 
integrative, trying to include as many fields of 
importance as possible. More topics have emerged, 
such as environmental impacts of urban areas, the 
conservation of historical developments, nature 
and landscapes, networks, etc. In order to achieve a 
successful integration of all fields into one design, a 
good exchange of information between expert and 
designer is crucial. The inclusion of more topics 
and the democratization of the decision-making 
process have resulted in an increase in the number 
and type of actors that influence the process and its 
outcome. As a consequence, designing for the urban 
environment has become increasingly complex (Van 
Esch, 2015).

For the urban designer a lot of effort and time goes 
in establishing consensus between all participants 
(Hajer & Sijmons, 2006), which results in more 
emphasis being placed on the process than the 
outcome: the design. Because of the complexity of 
the process and the multitude of actors involved, the 
urban designer more often sits in only on a part of 
the planning process, which reduces the influence 
of the designer on the outcome (Van Rossum et al., 
2010).

In order to approach the increasingly complex 
design problems in an integral way, urban designers 
more often work together with professionals from 
related design fields: urban planners, landscape 
architects, architects and interior designers. 
Furthermore, urban designers need to acquire 
knowledge and skills from these design fields, 
making the distinction between the different design 
fields less clear.

5.4 Actors and the position and role of the urban designer in an urban design
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The passive energy efficiency guidelines for 
suburban street designs are translated in an urban 
design proposal for a new development in the 
Netherlands. The main strategy of the design is 
based on these guidelines, however an attractive, 
pleasant, and sustainable urban design is also 
influenced through other economic reasons, such 
as the location history, its target market, the project 
requirements and the future resident demands. 
Urban planning must take within an understanding 
of the factors shaping the 21st century challenges 
(demographic challenges, environmental challenges, 
economical challenges, and social-spatial 
challenges). 

The passive energy efficiency design guidelines 
contribute to the environmental challenges of 
this century. Achieving sustainable urban designs 
requires planned change to the way in which cities 
are spatially configured and serviced. 

First of all, in Section 6.2 these guidelines are 
presented for the urban designer by means of an 
info-graphical representation. For a good translation 
of the guidelines in an urban design suggestion, 
first an understanding of all the design elements at 
the scale of an urban design are needed. Therefore, 
Section 6.3 provides firstly a design framework for 
an urban design, based on a layer approach after 
which an urban design suggestion is made for the 
new development of Aarle in the Netherlands.

6.1 Introduction
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Based on the results discussed in Chapter 4, an 
info-graphical represention of the passive energy 
efficiency guidelines for the suburban street is made 
(see Figure 6.1). With this info-graphical summary 
the results are simplified and gives a fast and clear 
overview for the urban designer. These guidelines 
should encourage urban designers to design with 
an awareness of the effect of their neighborhood 
design on the energy demands for space heating and 
cooling of the residential buildings. The guidelines 
provide information at the scale of the urban street. 
Optimizing the street design could contribute to low 
energy demands in residential buildings.

These passive energy efficiency design guidelines 
focus on three different design elements of a street, 
the orientation, the street width, and street trees. 
For the urban designer it is important to know 
that the street orientation is of importance on 
the energy demand of the residential buildings in 
the street. Where the highest energy demands for 
space heating and cooling are found for residential 
buildings in north-south street orientations, a 
reduction of 7.4% is found the east-west street 
orientation. Street orientations in between have 
a smaller reduction depending on their angle. 
The street width is of influence for an E-W street 
orientation and a NE-SW street orientation. The 
difference between a SE-NW street orientation 
and a NE-SW street orientation is due to a higher 
percentage of glass surfaces in the back façade of 
the building compared to the front façade of the 
building. For the most optimal street orientation a 
decrease in the energy demand for space heating 
and cooling can be found by increasing the street 
width. When increasing the street width (distance 
between two building facades) from 6 m to 36 
m a decrease of 2.2% can be reached. Street trees 
are of positive influence for less optimal street 
orientations. By designing street trees at two sides of 
the street this could lead to lower energy demands of 
2.3%, if the tree is located in front of the residential 
building.

Thus the largest effect on the energy demand 
is achieved by designing in the optimal street 
orientation, an east-west street orientation. An 
additional reduction on the energy demand could 
be reached by increasing the street width of this 
optimal orientation. Finally the shade of street trees 
in less optimal orientations, for example north-
south street orientations, have a positive effect on 
the energy demand of the residential buildings.

6.2 Passive energy efficiency guidelines for suburban street designs
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Figure 6.1 | Passive urban street design guidelines to contribute to low energy demands in residenital 
buildings
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6.3.1 Design framework for an urban design

When the translation from street design to a 
design for an urban plan design is made, additional 
physical and spatial elements need to be addressed. 
These can be placed into different categories or 
layers according to their characteristics. In the 
Netherlands different examples of such ‘layer 
approaches’ are used. The former Ministry of 
Housing, Spatial Planning and the Environment 
has developed a layer approach (see Figure 6.2), 
in which three layers of space are distinguished: 
the primary layer, which consists of the soil and 
the water system, the infrastructure networks, and 
the occupational patterns of living and working 
(Rijksplanologische Dienst, 2001). Choices 
regarding location and/or design of functions in 
one layer should therefore be based on the layer 
underneath it.

Based on the Layer approach by the Dutch Ministry 
a second framework (see Figure 6.3) is defined at 
scale of the urban design. 

Within the subsurface layer aspects with regard 
to the abiotic, biotic, and the underground water 
system are included. Before an urban design 

6.3 Design proposal

Figure 6.3 | Plan elements for an urban design

SUBSURFACE

Land use Street pattern and 
Orientation

Green and Blue Infrastructures

Groundwater Biotic Abiotic 

NETWORKS

OCCUPATION

FSI/GSI

Cables and Pipes

Figure 6.2 | The layer approach by the former Dutch 
Ministry of Housing, Spatial Planning and the 
Environment (VROM) distinguishes three layers of 
spatial planning tasks for the: subsurface, networks,  
and occupation.(Reprinted from Rijksplanologische 
Dienst, 2001).
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is made an inventory on these aspects should 
be made to make sure that these aspects are of 
quality, such as the soil quality, a healthy livable 
environment underground, and if there is presence 
of a large water system that could restrict spatial 
developments. 

The second layer, network layer, consist out of 
plan elements that are essential for the area and 
shape a direct and concrete structure for the plan. 
These networks involve green and blue structures, 
infrastructures, and cable and pipe systems. 
Green areas contribute to the livability of both the 

ecological system as the human being. Within the 
infrastructure networks the accessibility and the 
environmental situation are of major importance. 
The cable and pipe systems are often designed under 
the ground surface, but has a great influence on all 
aspects of the daily life that make life comfortable. 

The third and top layer represents all patterns of 
human live. The occupation layer is a reflection of 
human behavior such as how people live, work, 
produce food, recreate, etc.
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6.3.2 Design suggestion

Location
With the passive urban energy efficiency design 
guidelines, resulting out of the simulation study, 
an urban neighborhood plan suggestion is made 
for an area that still is in development; Aarle in the 
Netherlands. The passive urban energy efficiency 
design guidelines for the suburban street are 
mainly relevant at the beginning of a design phase. 
Therefore the location of Aarle, where its design is 
still in a preparation phase, is chosen. This means 
that the urban plan for this location has not yet 
been approved, but that an initial plan is already 
presented and discussed with different people and 
organizations. It is expected that in the beginning of 
2016 a preliminary urban plan is available for open 
access.

The plan area for this neighborhood is located on 
the north-west side of Best (see Figure 6.4), with as 
mean goal to create an informal, green environment. 
It should be a place where people not only have a 
green experience when coming home, but also when 
they are at home.

The project area is surrounded by the Kapelweg, 

Aarlesweg, Mosselaarweg, Broekstraat, and Sint 
Antoniusweg (see Figure 6.5). On this route pictures 
are taken to give an impression of the current 
situation of the project area (see Figure 6.6). As can 
be seen it consist mostly out of farmland, with one 
walking trail from north to south and a few small 

Figure 6.4 | Edges of project area Aarle (Best), the Netherlands.

Figure 6.4| Location of Aarle in relation to 
Eindhoven, the Netherlands. Aarle is indicated with 
the orange point.

N

N

2 km

500 m



111

 Chapter 6

Figure 6.6 | Photo views of the project location.
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Program of requirements

With the passive suburban street energy efficiency 
design guidelines as main requirement for the 
design of Aarle additional requirements, expanding 
the context, are formulated. Within the perspective 
of the passive suburban energy efficiency design 
guidelines the main goal of the urban design 
for Aarle is a climate-friendly suburban living 
environment.

“A climate-friendly suburban living environment”

The ‘green’ way of thinking regarding energy is 
extended to its widest range of its definition. It 
includes a sustainable way of living with green 
and blue elements. A place where active transport 
is stimulated, where adults and children are 
activitated to sport and play outdoors, and where 
space is designed to facilitate personal contacts. 
The neighborhood should motivate people to go 
outside, enjoy the place, and increase their physical 
movement.

This complete mindset is needed to achieve a CO2 

reduction of 80% by 2050, set by the European 
Roadmap (European climate foundation, 2010). 
The passive suburban energy efficienct design 
guidelines are one step in achieving this target, but 
it asks a complete change in society’s mindset before 
a widespread energy change becomes visible in 
the environment. The design should facilitate this 
change in mindset.

The requirements defined for the urban design of 
Aarle are presented according to the established 
design framework for an urban design (see Figure 
6.3). The requirements are based on the actual 
requirements of the municipality of Best.

SUBSURFACE

Land use Street pattern and 
Orientation

Green and Blue Infrastructures

Groundwater Biotic Abiotic 

NETWORKS

OCCUPATION

FSI/GSI

Cables and Pipes

SUBSURFACE

Land use Street pattern and 
Orientation

Green and Blue Infrastructures

Groundwater Biotic Abiotic 

NETWORKS

OCCUPATION

FSI/GSI

Cables and Pipes

SUBSURFACE

Land use Street pattern and 
Orientation

Green and Blue Infrastructures

Groundwater Biotic Abiotic 

NETWORKS

OCCUPATION

FSI/GSI

Cables and Pipes•	It	should	be	investigated	if	there	
is soil pollution in the project 
area. If soil pollution is presence 
remediation of the ground should 
be realized.

•	The	project	area	consists	out	of	a	
large green area with its own biotic 
system. Lot of live is presence in 
this ground. By building on this 
ground this should be taken in 
consideration. A compromise 
should be included for destroying 
this live by building on this 
ground.

•	Within	the	project	area	the	
underground water system does 
not provide any restrictions for 
building in this area.
•	In	the	surrounding	area	a	part	
of the water system is revealed 
at surface level. These locations 
should be used to their advantage 
and the water designed in the 
project area could be connected to 
these locations.
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SUBSURFACE
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•	Space	for	infiltration	areas	and	
water storage
•	Adequate	amount	of	green	to:	
a) prevent overheating of the 
outdoor space by shading and 
evaporation, b)  provide space for 
recreation, relaxation, and sports 
and play activities, and c) a visual 
contribute to a green- and eco-
friendly environment.
•	Street	trees	in	front	of	north-
orientated buildings.
•	Large	trees	at	main	access	routes.

•	Emphasis	on	slow	traffic	routes	
(bicycle and pedestrian) to: a) 
stimulate physical movement 
and b) promote the use of 
none-environmental damaging 
transport means.
•	Main	access	routes	have	a	
seperate bicycle lane.
•	District	road	have	a	shared	
bicycle and car lane with a 
seperate pedestrian area.

•	The	design	should	provide	a	
possibility for a central solar 
energy system (for example, solar 
panels on the building roofs) 
to gain renewable energy and 
to reduce the neighborhoods 
contribution to fossil fuel use.
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•	The	project	area	covers	a	total	
area of 40 ha with a) 60% issuable 
(24 ha), b) 25% consist out of a 
green/blue area (10 ha), and c) 
15% of the project area is paved (6 
ha).
•	It	includes	a)	residential	
buildings and b) space in the 
public domain for recreation, 
relaxation, and sports play 
activities.

•	The	project	area	should	include	
1000 residential buildings 
resulting in 
25 dwellings/ha.
•	Different	building	typologies	
should be represented in the 
neighborhood with a) 60% 
terraced housing, b) 25% semi-
detached housing, and c) 10% of 
detached housing. The terraced 
housings consist out of 20% 
semi-detached and 80% attached 
residential buildings.

•	A	east-west	street	orientation	
should be the most frequently 
used street orientation including 
north- and south-orientated 
residential buildings.
•	Street	widths	of	30	m	or	wider	
should be used.
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The design commissioned by the municipality 
versus the design based on the passive energy 
efficiency guidelines for the suburban street.

Two different designs are compared at level of 
energy efficiency and urban design quality. A 
schematically representation of both designs is 
presented in Figure 6.7. As mentioned before the 
municipality of Best commissioned an external 
design office to make an urban design for the new 
development Aarle in Best. This design represents 
the first design (see Figure 6.7a). The second 
design represents a design based on passive energy 
efficiency guidelines for the suburban street (see 
Figure 6.7b). These guidelines result out of the 
study of the effect of three suburban street design 
principles (orientation, street width, and street trees) 
on the energy demand of residential buildings. 

Thus the design suggestion based on the passive 
energy efficiency guidelines for the suburban street 
is compared at level of energy efficiency and urban 
design quality to the design proposal of the external 
design office.

At level of energy efficiency the main street 
orientation, street width, street trees design, and 
building typologies are compared. At level of urban 
design quality the following aspects are compared: 
the amount of area that is issuable, the green and 
blue structures, the attention for active mobility, 
and to what extent the area is a sports and play 
friendly environment. These four elements give an 
impression to which extent the area is designed as 
a sustainable living environment with a pleasant 
townscape. Both designs try to achieve such a living 
environment. Where the design commisisoned 
by the municipality represents a relaxed suburban 
living environment the design based on the passive 
energy efficiency guidelines for the suburban 
street represents a climate-friendly suburban living 
environment.

Figure 6.7 | Schematically representation of a) the design commissioned by the municipality and b)  the 
design based on the passive energy efficiency guidelines for the suburban street.

a) b)

A relaxed suburban living environment A climate-friendly surburban living environment
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Elements that structure the design 

Based on the urban design requirements presented 
with respect to the design framework for an urban 
design, spatial elements that structure the design are 
identified and drawn in Figure 6.8.  

Visualization 6.8 a, show all boundaries of the 
project area. Initially the passive energy efficiency 
suburban street design guidelines are drawn in the 
project area, resulting in grid structure that feels as 
an uniform, strict, none interesting, and stamped 
structure (see Visualization 6.8 b). 

To create an livable urban design, other plan 
economic aspects need to be integrated in the 
design. These plan economic aspects are based on 
the design requirements and form the structure 
of the design proposal. The elements that form 
the basic structure of this design suggestion are 
presented in Figure 6.9

First of all in Visualization 6.9 a, the main 
access routes are defined that are used to enter 
or exit the neighborhood. Secondary streets are 
connected to these main access roads. Providing 

the neighborhood two extra entrances. For the 
pedestrians a more intricate structure is present 
between the buildings (see Visualization 6.9 b) and 
6.9 c).Between these roads different building blocks 
are distinguished (see Visualization 6.9 d). The 
building blocks are based on the most optimal street 
orientations.

Finally the main green and blue elements in 
the neighborhood are clustered in a green strip, 
from north to south through the project area 
(see Visualization 6.9 e and 6.9 g). This central 
green/blue axis branches out in the streets (see 
Visualization 6.9f  and 6.9 h). Based on these main 
structures the plan is developed in more detail.

Figure 6.8 | Photo views of the project location.

a) b)
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Figure 6.9 | Design structures based on the project requirements.

a) b)

c) d)
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e) f)

g) h)
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Design
The main structure elements of the neighborhood 
as presented in Figure 6.9 are developed in more 
detail resulting in the design presented in Figures 
6.11 and 6.12. The design represents a climate-
friendly suburban living environment for Aarle in 
the Netherlands.

Figure 6.10 shows by means of a framework with 
elements a summary of what the climate-friendly 
suburban living environment of Aarle (Best) should 
represent. These elements are an employment 
of the framework for a suburban street design 
(see Figure 5.6) and the framework for an urban 
design (see Figure 6.3).  At street level, a pleasant 
streetscape is tried to be achieved by intergration 
of different social - and physical elements such as: 
space for the pedestrian and the bicycle, a sports 
and play friendly environment, space to facilitate 
social contacts, green elements, and less attention 
is paid to motorized transport. At the level of the 
neighborhood, a pleasant and economic favorite 
townscape is carried out with attention to the 
amount issuable area, infrastructure,  green and 
blue structures, and sufficient amount of space for 
human behaviour. 

The design is elaborated in more detail at level 
of infrastructure, public space, green and blue 
structures, and building typology.

Infrastructure
The infrastructure is based on main access routes 
and district roads. Where the main access roads 
enable the main access to the neighborhood and 
the district roads enable people to enter and leave 
their home by car, bicycle, and as pedestrian.  The 
neighborhood is accessible through two main access 
routes, one at the east side of the plan and one at 
the west side of the neighborhood.  Two additional 
district roads provide access to the neighborhood, 
on at the east side of the plan and one at the south 
side of the plan. Based on the passive energy 
efficiency design guidelines for the suburban street, 
the district roads have large street widths. The large 
stree widths provide public space that encourage 
people to social outdoor activities in the street 
and that includes green and blue structures that 
contribute to a decrease in the UHI effect, infiltrate 
water, and contribute to the ecological system.  

Green and blue structures
A green and blue strip passes right through the 
middle, from north to south, of the neighborhood. 
The strip broadens in the middle of the project 
plan creating a small central green park in 
the neighborhood. The main green and blue 
strip provides space for the inhabitants of the 
neighborhood to undertake outdoor activities 
such as to recreate, to walk (the dog), to run, to 
relax, and to play. To encourage people to a more 
healthier way of life the strip diverges at the edges 
into the districts roads, to extent the green image of 
the  neighborhood into the streets. In front of the 
residential buildings, small green strips are designed 
that provide space for natural water infiltration 
and bioswales. These green strips strengthen the 
individual green character of the front yards. Trees 
are designed in the main green and blue strip and 
in the district roads between the parking places in 
front of the north-orientated buildings. The parking 
places are design with porous pavement materials 
to reduce the amount of paved surfaces in the 
neighborhood and therefore increase the capacity of 
water infiltration.

Public spaces
The main public space is found in the green and 
blue strip through the middle of the neighborhood. 
Additional at the corners of some district roads, 
public space is designed for sports and play activities 
in the neighborhood. The type of sports and play 
facilities is differentiated for every age. For the 
youngest group of inhabitants of the neighborhood 
different playgrounds are located at the corners of 
the district roads in front of residential buildings. 
These are located at strategic central places, to 
enable all children in the residential buildings 
to play outdoors at close distance to their home.  
By designing these places with a view out of the 
residential buildings on them the social control of 
the neighborhood makes it more save for children 
to go play outdoors. Places to hang out for the 
adolescents are located at more central places of the 
neighborhood and are combined with sport fields. 
Finally, the neighborhood includes throughout the 
green strip  sports equipment to motivate people to 
increase their physical movement. It should be fun 
to go outside and to be able to sport, play, recreate, 
etc. outdoors.
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Building typology 
Four different building typologies are built 
in this neighborhood. At the east edge of the 
neighborhood, (left from the main access route) 
the area provides space for detached housing with 
the freedom of designing your own house. The 
other three building typologies are mixed through 
the neighborhood. Row housing, is situated in the 
middle of bordered building blocks. These strokes 
of 8 to 12 buildings include 2 corner buildings. 
The corner buildings have an additional façade 
compared to the attached houses in the middle. 
These façades enables the buildings to extent their 
view into the public domain to the sides of the 
residential building. Part of these building have a 
bigger yard, due to extra space at one side of the 

home.  At the edges of the building blocks semi-
detached residential buildings are designed with 
larger front yards then the attached houses and have 
the space for an private parking place on their own 
ground.

STREET 
scale

Small scale green 
experiences

Facilitating social 
contacts

Sports and play 
friendly 

environment

Walkable and 
bicycle area

Less attention for 
parking in the 
public domain

NEIGHBORHOOD
scale

Green structures 
with a high 
biodiversity

Space for 
sustainable water 

systems

Maximum space for 
human behavior

Minimum space for 
infrastructures in 

the public domain

Ratio between the 
private and 

public domain 

A pleasant
Townscape

Street festival

A pleasant
Streetscape

Figure 6.10 | Framework with design elements for the design of Aarle (Best), the Netherlands
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Figure 6.11 | Masterplan of design suggestion for Aarle (Best), the Netherlands.

N 150 m
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Figure 6.12 | Birdsview of design suggestion for Aarle (Best), the Netherlands.
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Two hierarchical types of roads are distinguished 
in this design. The first type of road is the main 
roads that are characterized by its separate bicycle 
lane (see Figure 6.14 and 6.15).  For the main road, 
entering the neighborhood from the Broekstraat, 
the bicycle lane is separated through parking spaces. 
The rest of the main roads separate the bicycle lane 
from the road through a green strip. The east-west-
orientated main road, entering the neighborhood 
from the Broekstraat, is enclosed by front facades 
of residential building. Where this road crosses 
the green belt of the neigborhood it divides to the 
north and the south side of the neighborhood. This 
green belt is slightly lower with respect to the rest 
of the neighborhood with special attention for the 
pedestrian. Both directions bend to the east side of 
the neighborhood after two blocks untill both roads 
cross a central road of the neighborhood (from 
north to south).

The second type of roads are district roads (see 
Figure 6.16, 6.17, and 6.18), enabling people to 
reach or leave their home by car. These roads have 
a shared space for the car and the bicycle. However 
through a differentiation in materialization a 
difference is made between the space reserved for 
the car and the bicycle. The district roads of this 
neighborhood, characterize the neighborhood 
through there wide dimensions. These district 
streets in the neighborhood are not only designed 
to enable people to go from A to B, but they also 

integrate side design elements to support social 
activities and ecological features.  Where in the 
street canyon space is designed for sports and play 
activities, the residential building are designed with 
a small strip to provide a private entrance. The rest 
of the street designs include large front yards and 
ecological features such as bioswales and nature 
friendly infiltration areas. These green strips in the 
street not only provide space for extra water storage 
but are also complementary to the front yards of the 
residential buildings. 

Figure 6.13 | Location of street profile sections

Figure 6.14 | Section AA’; main access route enclosed with residential buildings at both side of the street
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Figure 6.15 | Section BB’; main access route on the edge of the central neighborhood parc

Figure 6.16 | Section CC’; district road with a recreation area for social activities in the street
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Figure 6.17 | Section DD’; district road with green infiltration areas

Figure 6.18 | Section EE’; district road on the edge of the central neighborhood parc
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The design proposal for Aarle, the Netherlands, 
is based on energy efficiency guidelines for 
suburban street designs regarding orientation, 
street width, and trees.  These suburban energy 
efficiency guidelines concern the study of only three 
design principles that are of influence, however in 
practice more design principles are of influence. 
Assumptions are made regarding those others 
design principles. A framework with urban design 
elements that are of influence on the energy demand 
of buildings can be seen in Figure 7.1. These 
elements concern at building scale (building type, 
roof type, and façade design), street scale (position 
on envelope, street width, and street layout), 
and at neighborhood scale (street orientation, 
surroundings, and sustainable systems). 

The design proposal for Aarle resulted in a 
suggestion where some additional qualities still 
need some refining. This refining can partly be 
found in more variations/freedom in the suburban 
energy efficiency guidelines.  With the gained 
knowledge in the end of this study it could be 
interesting to develop a more generic simulation 
model concerning the position of the studied 

building on the building envelope. This could result 
in more design freedom when a translation of these 
guidelines to a design is made. 

Additional refining can also be found in the 
physical, social and economic elements place 
constraints and quality demands on the design of 
the urban environment. The design proposal is 
based on the results of the numerical study where 
assumptions concerning multiple design elements 
are made (see Figure 7.1). These assumptions led 
to restrictions in the freedom of designing the 
masterplan of Aarle.

Building scale
A attached, semi-detached or detached building 
type is not only of influence for the energy demand 
of the building but also defines the character of the 
neighborhood. Firstly, the difference in building 
type could reduce a monotonous character of a 
neighborhood. Secondly, difference in  building 
type attracts people that are in different phases of 
their live (elderly, families, starters, etc.) resulting 
in a higher social cohesion in the neighborhood.  
Additional the design  of each building type, 

6.4 Discussion

BUILDING
scale

Street orientation Sustainable 
systems

Position on
envelope

Street width

Facade design Roof type Building type

STREET 
scale

NEIGHBORHOOD
scale

Surrouding 
buildings

Street layout

or 

Figure 6.16 | Framework with urban design elements that are of influence on the energy demand of 
buildings
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therewith the character of the neighborhood. 
The study is conducted for an attached building 
typology (row housing) in a suburban context. 
Therefor the surrounding buildings in the plan 
are to a great extent of a same typology. Within 
the neighborhoods scale there is place to include 
both passive and active sustainable systems. In 
the design of Aarle is chosen to integrate only a 
passive sustainable system, a large green and blue 
network. By integrating also the possibility to 
harvest locally sustainable energy this could lead the 
neighborhood to a next level  as a climate-friendly 
living environment.

concerning elements such as roof type and façade 
design, is of influence on the energy demand of 
that building. For this design the roof type and 
the façade design of the buildings are based on 
the simulation model and contributes to the 
monotonous character of the design.  However, 
to some extent some differentiation is made by 
designing semi -detached  and detached housing 
around public green places in the neighborhood 
and at the borders of the neighborhood. The larger 
envelopes of the semi-detached and detached houses 
with more private green and the green of public 
areas reinforce each other and enlarge the green 
character of the neighborhood.

Street scale
The position of the residential building on the 
building envelope could be related to the street 
width. However in this study the simulation model 
included also back neighbors for the studied 
building. The distance to these back neighbors was 
set a constant distance, resulting in a fixed position 
of the residential building on the plot (building 
envelope).  Nonetheless, by increasing the street 
width of a neighborhood to dimensions around 
30 meters could lead to a high amount of public 
space in the neighborhood which is economical 
less attractive. This however, could be solved by 
separating the public domain of the street in a 
private and a public domain. By increasing the 
amount of private domain in the street by front 
yards or joint ownership the building envelope 
dimensions (plot) could be enlarged resulting 
in a different building position on the building 
envelope. The layout of these wider streets gives the 
urban designer the freedom of integration more 
design elements to enable social activities and to 
contribute to the ecological system. Choices made 
within these elements contribute to the character of 
the neighborhood and with variations in the street 
this could reduce the monotonous character of 
the neighborhood. Within the design proposal for 
Aarle, large street width of 30 meter are included. 
Variations in the streets are made by differentiation 
in integration of sports and play facilities, ecological 
structures and large front yards.
 
Neighborhood scale
The street layout and its corresponding street 
– and building orientation are of importance 
for the energy demand in the buildings but also 
determine to a great extent the structure and 
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The simulation model, the results, and the urban 
plan are discussed in more detail in each of the 
chapters, respectivily Chapter 3, 4, and 6. General 
point of discussion for both the numerical study and 
the urban design (see Figure 7.1) are discussed.

Numerical study
The passive energy efficiency suburban street design 
guidelines for lower energy demands in Dutch 
residential building are based on three urban design 
principles, orientation, street width, and street trees. 
However these three urban design principles are 
only a selection of the design principles that are of 
influence. More urban design elements, such as the 
allotment, the rooftyp, the facade design, and the 
surrounding buildings, are of influence. The effect of 
these urban design principles could also influence 
how an neighborhood could be designed with a 
focus on keeping the energy demands as low as 
possible.

The differiation on the studied suburban street 
design elements is only studied for one morphology 
structure. The model is based on street canyons 
formed by front façade of the opposite buildings. 
Within the urban design practice there are many 
variations on the morphological structure, such as 

linear building strokes all aligned with the same 
orientation to the street or courtyard forms. It could 
be that another urban form is more favorable for 
lowering the energy demands for space heating and 
cooling demands in the residential buildings. These 
other forms also ask a different perspective on how 
to handle the urban design to still achieve a high 
environmental quality.

Urban design
The passive urban design guidelines  for lower 
energy demands in residential building are based 
on three urban design principles, orientation, street 
width, and street trees. The employment of these 
guidelines could affect other urban qualities. For 
example, extensive employment of the optimal east-
west street orientation could result in monotonous, 
strict, and  a stamped urban design. Due to plan 
economic reasons it is desired to compromise in 
the grid structure of only east- to west-orientated 
streets. Wider streets widths could lead to more 
public space, resulting in less ground that is 
issuable, thus less attractive for municipalities 
when discussing new developments. However, 
if the design of the public space in the street is 
innovatively designed, this could result in less 
central open spaces in a neighborhood. 

BUILDING
scale

Street orientation Sustainable 
systems

Position on
envelope

Street width

Facade design Roof type Building type

STREET 
scale

NEIGHBORHOOD
scale

Surrouding 
buildings

Street layout

or 

Figure 7.1 | Aspects of discussion based on the numerical study and the urban design
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The extra space in a street canyon, due to wider 
street widths, could be used for social or health 
activities such as playgrounds, benches, or outdoor 
fitness devices. Another possibility lies in an 
ecological perspective, by designing among others 
nature-friendly bioswales, temporary rain buffersm 
or extra greenery to reduce the UHI effects.

Finally, it should be mentioned that these passive 
urban design guidelines are only interesting for new 
developments. The passive urban design guidelines 
that results out of this study are based on basic 
structuring elements of a neighborhood design. It is 
impossible to change the basic structure of  existing 
neighborhoods.



8
Conclusion and 

recommendations
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Conclusions
This study comprises out of two parts where 
the focus lies on the integration of two different 
disciplines within the field of built environment 
professions. The discipline of urban physics is 
integrated with the urban design profession.  The 
first has the aim to gain insight into the impact of a 
Dutch suburban street design on the energy demand 
for space heating and cooling of its buildings. It 
consists out of  a computational analysis of three 
different urban design principles on the energy 
demand for space heating and cooling of residential 
building in a suburban context using dynamic 
thermal simulations. The second part focusses on 
how the effects on the residential buildings energy 
demand by the urban design can be translated to 
passive design guidelines to help in the realization 
of reducing energy demands and what the 
impact of these passive design guidelines on the 
environmental quality will be. These guidelines 
should provide knowledge for urban designers that 
already needs to be considered in the initiation- 
and at the beginning of the design phase. In the 
final phase of this study the guidelines are used in 
a design proposal for a developing location in the 
Netherlands.

This study demonstrates that a number of useful 
relationships exist between the urban street canyon 
and the energy demands for space heating and 
cooling of its adjacent buildings. The order of 
magnitude of energy implications in relation to 
passive urban design principles is demonstrated for 
residential buildings in a suburban context in the 
Netherlands temperate climate.

Regarding the building and thus the street 
orientation is of  influence on the amount of solar 
radiation that yields over the building facades. For 
a street canyon with a north-south orientation the 
share of solar radiation on the building surfaces 
is longer than for street canyons with an east-west 
orientation. This is positive with regard to passive 
solar heating strategies. However it increases 
the cooling demands in the summer. Despite 
the increase in cooling demands an east to west 
orientated street results in the lowest total annual 
energy demands for space heating and cooling.
The influence of the aspect ratio, in this study the 
street width, is depending on the orientation. From 
the winter, thus heating, point of view, maximizing 
solar exposure of the building envelope can be 

best arranged in east-west street orientations with 
large street widths. When the plot is fixed and 
dwellings can only be arranged in north to south 
orientated streets, the street width becomes of 
minor importance (less influence on passive solar 
gains). Thus the for an east to west orientated street 
a positive effect on the energy demand for heating 
and cooling is found by increasing the street width. 
This positive effect is for the residential building at 
the north side of the street, with a south orientation. 
The solar gains of the building are then maximized 
in the winter.

To limit excessive heating on the building envelope 
in the summer, street trees could prevent the sun 
from heating the building. Lower energy demands 
due to street trees are found for east- and west-
orientated buildings, thus for a north to south street 
orientation.

Thus for the urban designer the largest effects on 
reducing the energy demands for the residential 
buildings is reached by the optimal street 
orientation, an east-west orientation. Even lower 
energy demands for the residential building can 
be achieved by increasing the street width. For 
the streets in the design that do not have the most 
optimal orientation east to west orientation but a 
north to south orientation a small reduction in the 
total energy demands for space heating and cooling 
can reached by street trees.

However, if these guidelines for an optimal solar 
energy situation are implemented this has also 
disadvantages for the environmental quality. A 
first disadvantage is found in its functionality, it 
is difficult to fit into most infrastructures which 
require a grid pattern. Secondly, it is visually a 
monotonous form in which it is difficult to well 
define open spaces.

The design of a neighborhood relies on three 
main factors: the subsurface layer, the network 
layers and the occupation layer. Additional 
considerations for the urban designer could be 
on the reduction in energy demands in a passive 
way and thus on an optimized solar design. While 
achieving this additional goal it is important 
that the environmental quality is of high value. 
This environmental quality can only be achieved 
when the above mentioned three main factors are 
considered as mutually important as the additional 



138

Chapter 8

goal. The translation of the passive energy efficiency 
guidelines to a design proposal shows that with 
smart solutions it is possible to maintain to a high 
extent the guidelines, but that also compromises 
need to be made. 

Recommendations
Study focused on only three urban design principles. 
Future work can also include other passive urban 
design principles such as the building height, low 
greenery, and other allotment forms. At building 
design scale also variation can be made by changing 
for example the roof type and percentage of glazed 
surfaces in the building facade.

Further this study can be extended to study the 
effect of the passive urban design principles on other 
building typologies, such as semi-detached and 
detached residential buildings.

To design neighborhoods in a passive energy 
efficient way is only the beginning of reducing the 
CO2 emission by residential buildings. It would also 
be interesting to see to what extent these passive 
optimized designs sites could also produce their 
own energy needed in that site.

At building scale the energy demands reviewed in 
this study include only space heating and cooling 
demands. The design of the urban layout also effect 
the lighting demands in the building. For example 
trees in front of the facade could decrease the 
amount of daylight that is entering the building and 
additional lighting is turned on earlier. Additional 
effects on the lighting demands could be interesting 
to study further on.

Finally, the research presented used the Dutch 
climate, which is a temperate climate according to 
the Köppen climate classification. The magnitude 
of the effect on the energy demands depends on 
the local climate and  therefore the study could be 
extended to other climates from the Köppen climate 
classification.
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How energy influences the urban design - from 
urban plan to street profile

Society did not wake up one day with the conviction 
that cars and green neighborhoods were sensible 
ideas. This emerged in response to the pressure 
on the city and the environment. Train and trams 
were developed to transfer people and goods faster. 
Urban planning was intended to minimize the 
impact of the dirty industries in residential areas. 
Cars were invented to get quickly away from the 
polluted city centers. The suburb was a dream of 
the middle class in order to escape life in crowded 
centers. Domestic appliances were designed to 
save time and increase efficiency. Due to those 
developments the demand for energy increased 
and at this moment the vast reserves of fossil 
fuels, which evolved for over millions of years,  are 
being consumed in an incomparable higher rate.  
Current society’s lifestyle is strongly connected 
with a high energy demand. The average individual 
energy consumption has risen from 10 to 100 to 
1000 MJ per day now. Multiply this by the equally 
unprecedented growth of the world population and 
society is witnessing an incomprehensible increase 
in the total amount of energy used. (add source 
Landschap en Energie). Throughout history there 
has been a close and shifting relationship between 
energy and urbanization, due to the fact that  society 
with its own energy behavior patterns gathers in 
urban areas.

To understand the present relationship, an 
understanding of how we arrived at this given point 
is needed, and this understanding is described 
in a historical development with the focus on 
industrialized areas that are in an advanced state 
of energy consumption at this time. Many areas, 
including India, China and parts of Africa, are 
currently making a similar sequence of changes that 
have taken place decades ago in North West Europe 
and North America.

Historical development

Natural resources have always abundantly been 
used, to provide well-being according to society’s 
culture and economic development. Until the 

beginning of the industrial era (1760) most of the 
work was based on biological fuels. Energy on non-
organic base, such as wind (windmills and boats) 
and water (watermills) were too sensitive to the 
prevailing weather conditions. Heating, cooking and 
building were based on locally available materials 
such as wood and peat, which were heavy and 
difficult to transport. These restrictions limited 
growth and only local available resources were used. 
At the beginning of the nineteenth century, a 
transition to extensive use of coal was made. In that 
period urban areas for the first time were dependent 
on the use of fossil fuels. The emergence of this 
new energy source, the fossil fuel, characterized by 
a much higher energy density, together with the 
discovery of the steam engine in the late eighteenth 
century, gave rise to the Industrial Revolution. 
With the steam engine coal could be converted into 
usable energy, and this energy was used to power all 
early locomotives, steamboats and factories. Soon 
after the beginning of the Industrial Revolution, 
and in a rapid pace, all kinds of new machines and 
technologies were introduced. Due to the higher 
energy yields, products could be made cheaper and 
faster, and larger volumes were transported in a 
smaller time frame. The global coal yield has since 
that time grown by a factor 800 and is still growing 
(Landschap en Energie). 

The emergence of coal has changed the landscape 
and shape of the city radically. Channels and later 
trains introduced new markets for industrially 
manufactured products and made the relationship 
between mining and the industry less tight. 
Early industrialization required a large and easily 
employable labor force. Due to limited mobility 
urban areas emerged rapidly around industrial 
areas. These areas where characterized by its long 
and small streets full of back-to-back dwellings 
with almost no sun access. Where streets until the 
beginning of the 19th century were designed as one 
shared space with the same material use, they then 
became divided into two zones; the street and a 
lane just in front of the dwellings, subdivided by the 
use of a different kind of material, which was more 
friendly for pedestrians. This differentiation became 
a first step towards a separate pedestrian area (add 
source straten maken).
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first time pedestrians were protected against faster 
and larger vehicles. These improvements marked 
the beginning of the dependence of the city on fossil 
fuels, for the purpose of improving the quality of 
life.

The increased wealth and improved technology 
had on the long term the side effects that energy 
costs became significantly lower for the individual, 
society received more influence, the social mobility 
increased access to education institutes, and 
people got more free time. Due to the chaotic 
presence of industry in urban areas, a collective 
desire arose for order, structure and justice. At this 
time the educated middle class paid increasing 
attention to the socio-environmental side effects of 
industrialization and was by the end of the century 
prepared to fight for a cleaner urban environment.
Eventually governments accepted their 
responsibility for managing the conditions in cities. 
Institutions for management of infrastructure, 
health, education, welfare, water and sanitation, 
public transport, security, defense and many other 
services were established. Meanwhile, urban areas 
changed significantly. At that time many cities 
were systematically designed, and society began to 
understand the city as a major metabolic system 
rather than an agglomeration of industry and 
housing with health and well-being as major issues. 

The initial reaction to the overcrowded and 
polluted urban centers resulted in utopian plans. 
A well-known example is the garden city, initiated 
in 1898 by reformer Ebenezer Howard. Howard 
was a reformist who provided an alternative to 
the overcrowded cities by creating self-contained 
communities, each surrounded by green belt of 
land. Howard wanted a place that balanced housing, 
industry and agriculture, finding a middle ground 
between town and country, and enjoying the 
benefits of each without the disadvantages. Howard 
proposed that “green” satellite cities would surround 
a larger city. The main goal was that industry, homes 
and government facilities were zoned in suitable 
locations, but through a transport system were 
accessible to all residents. It was clear that people 
needed a more people-friendly environment within 
the industrial complex life. The freedom of the car 
quickly overshadowed Howard’s early attempts 
for self-sustaining communities. However, the 
development of this model led to the construction of 
multiple garden villages in the Netherlands. Public 

The industrial dwelling area was no kind place 
to live, anyone who could afford tried to escape 
the poor living conditions between the factories 
for a new way of life; living in the suburbs. The 
combination of the industrial conditions and 
modern transportation facilitated a separation 
between living and working.
After this separation, three major different 
transition in “how to deal with cities” can be 
distinguished. A first transition arose under the 
awareness and improvement regarding health 
and welfare of the urban population. The second 
transition covers transportation, and the third 
transition focuses on the individual. All these three 
transitions are reactions based on new knowledge 
of energy resources and its associated technological 
developments. Each transition is indicated with a 
dashed line in figure XX.

The first transition: Health and welfare as main 
strategy

Spatial distribution of settlements was until the 
industrial revolution mainly determined by 
reachable distances, and their size of productivity. 
Industrial cities changed their city centers into 
a central place of activity. The acceleration of 
production and consumption came along with 
phenomena such as smog and sewage. In the 
late nineteenth and early twentieth century, 
cities became horrible living environments. The 
greatest invention of that time, the steam engine 
with coal stove, resulted in a thick layer of dirt 
on urban areas and their hinterland. Besides the 
unprecedented income from the industry and the 
therefor increasing prosperity it also contributed to 
negative circumstances; factory smokestacks spew 
sulfur dioxide, soot and other pollutants in toxic 
doses in the air. Waste treatment was hardly done, 
many diseases prevailed, the working days were long 
and heavy, education was voluntary and the public 
health was not good.

Only the wealthy people could escape the filthy 
conditions of the smog by living in the rural 
periphery. The majority had no choice but to try 
to do something about the existing conditions. 
Events such as the outbreak of cholera in 1854 led 
to improvements in urban hygiene, such as the 
development of a major sewerage network. The 
urban street design changed and elevated sidewalks 
were introduced on both sides of the street. For the 
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Figure 5.5 | Time line historical development
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The second transition: Domination of individual 
transportation 

The first transition from an agrarian to an industrial 
society led to transitions in the urban spatial 
design with improvement of the living standards, 
corresponding simultaneously with higher energy 
consumption. However, the introduction of the 
automobile was a major influence on the spatial 
conditions and therefor is the second transition 
of cities and urban planning. It had been coal-
based transportation planning that stimulated the 
industrial city, but it is oil that was responsible for 
the accessibility of motorized transport.
By the end of the nineteenth century, in the same 
period as the former mentioned garden city 
movement, the passenger train made it possible 
for the rich and the emerging middle class to live 
far beyond the congestion of the inner cities and 
to commute daily from their home in the neatly 
landscaped suburban areas, to work. 

The early history of the automobile starts in 1769 
with the first steam powered automobile capable of 
human transportation. In 1886 the first petrol or 
gasoline powered automobile was invented by Benz 
Ford) This automobile is considered to be the first 
‘production’ vehicle as Benz made several identical 
copies. At the turn of the 20th century electrically 
powered automobiles appeared but only occupied a 
niche market until the turn of the 21st century.
The car-based city was introduced after World 
War I, the first major war in which the engine 
played a key role, and acquired a permanent place 
in the urban scale after the Second World War. 
The reconstruction efforts after the war focused 
increasingly on the car, the main form of mobility, 
which led to a change in street designs. Where in 
earlier years the cars were parked along the sidewalk 
they now got special designed parking places. 
At a steady pace the car colonized the city and 
offered a higher quality of life by freedom of choice 
and independence. In the beginning of the 20th 
century the presence of the car in the city became 
increasingly prominent and dominated in space and 
speed. It did not take long before traffic chaos was 
a common phenomenon and the dominance of the 
car was complete. The old city offered too little space 
to let traffic flow and therefor streets congested.  An 
increased share of public space became reserved 
for driving lanes and parking spaces; a new form of 
spatial planning was acquired.  

streets were enclosed by low-rise brick dwellings 
with tiled roofs. Typical for these street designs was 
the use of green, which made it popular residential 
areas to live (add source straten maken).

A second reaction arose from a more scientific 
approach to industrial and institutional 
management. The Bauhaus and CIAM community 
introduced modernism in architecture, urban 
design and urban planning. Efficiency was a 
central definition: simple and efficient zones 
had to be created where specific activities were 
concentrated: live, work/industry, education, 
leisure, public facilities, and so on. It took thirty 
years before the message of the CIAM movement, 
established in 1928, was studied seriously. By 
that time the influence of CIAM merged into the 
postwar development boom. Cornelis van Eesteren 
translated those modernistic ideals in postwar 
planning practice with the design for the General 
Extension Plan of Amsterdam (AUP) and became 
copied throughout the Netherlands.

The postwar ideal of good living was based on 
the principle of light, air and space. Closed blocks 
were replaced by linear housing in green. Housing, 
employment and recreation were separated and 
connected to a large network of infrastructure. 
Each district had its own facilities such as shops, 
schools and churches. The districts were divided 
into neighborhoods with facilities within walking 
distance. Demographics, economics and mobility 
were of major influence on the urban design. 
The industrialized smog city began as a crowded 
and polluted center of productivity and developed 
into an organized and clean system with efficiency 
as key definition. As a reaction to the results of 
modernism, large-scale uniform systems, the 
‘Bloemkoolwijk’ emerged in 1974 (“Third Paper 
on Spatial Planning”). In urban planning the 
emphasis became more on small scale and visibility. 
The Bloemkoolwijk, translated as cauliflower 
neighborhood, is characterized as a labyrinthic path 
through the irregular structure. Typical features 
are the staggered building lines, the reintroduction 
of brickwork and tile roofs, and the changing roof 
shapes. The currently popular ‘Vinex’ neighborhood 
has been a response to this chaotic Bloemkoolwijk 
(Fourth Paper on Spatial Planning, 1988).



155

 Appendix D

clothing and building materials) an industry in 
itself. A consumption society arose from a complex 
web of social and cultural changes, which with 
increase influences the environment.

Two important factors for the increase of the 
consumer product market are time and money. In 
the twentieth century many industrialized countries 
established the law considering a workday should 
last no longer than 8 to 10 hours, providing for 
more spare time besides time spent working. In the 
Netherlands this decision, made between 1923 and 
1929, lead to an annual growth in personal spending 
of 3%. Due to increasing wages in the 1970s the 
consumer reached a really high level. This created 
a much higher disposable income and individuals 
were treated as a consumer for the first time.

This new society with an individual consumer 
resulted in several changes in day life. The 
emergence of devices decreased the amount of time 
in housework. Where the ownership of heating, 
radio, telephone, lights and a car was still a privilege 
of the wealthy it is now integrated to an extent that 
no angle remains unlighted, and each chamber is 
kept at a constant temperature of 20 degrees. The 
time that the industry delivered standard technology 
to meet a basic level of comfort and ease is already 
long gone. It is characterized by an increasing use 
and growing dependence on electrical appliances 
and communications with an increase in energy 
demand. This impact on urban areas is not so much 
of a physical nature but more of social nature.

In 1968, the Club of Rome stated that there were 
limits to this growth. They built a model that 
specifically investigated five major trends of global 
concern; the accelerating industrialization, the 
rapid population growth, widespread malnutrition, 
depletion of nonrenewable resources, and the 
deteriorating environment. The model was 
imperfect, oversimplified, and unfinished but the 
observed results were already so fundamental and 
general that they made the statement of Limits to 
Growth.  For the first time attention was paid to the 
effects of the evolving society with its increasing 
energy consumption. 

This development led to a change in planning policy 
in favor of the car, making it difficult for other 
vehicles to compete in terms of speed and price. 
The post-war period also connected important 
places in society through the creation of new roads 
in straight lines through the landscape, as it was 
the most effective route. Highways made driving 
efficient and simple, however it took not long before 
the highways were congested, especially at the exits 
to and from urban areas. In order to solve this 
problem, ring roads appeared around cities. For 
companies, accesibility was a reason to move from 
the physical center to the edge of a city.

This development resulted in radically diffuse urban 
areas during the twentieth century. Thanks to the 
car, people were able to decide for themselves how 
they wanted to live; in both the uncrowded suburbs 
(the garden city model) or in the densely populated 
residential areas (CIAM model).  At the end of the 
twentieth century, work and living were no longer 
interdependent - people had the whole city, or in 
the case of the Netherlands the entire metropolitan 
region, for choosing regarding housing and 
employment. Besides its positive effect on individual 
freedom the car city undeniably has also an opposite 
side and pays its price associated with an energy 
addiction. 

The main effect of the transformation in mobility 
is a collective increase of individuality, individual 
freedom and a strong focus on ones own 
environment. In short, the adjustment of the car to 
the city and the city on the car is a permanent and 
long-term phenomenon, which has its influence on 
energy consumption. 

The third transition: An individual consumer 
perspective

The third transition that influenced the idea 
about how to deal with cities, focusses on the 
individuality of a consumer and his influence. This 
began in the 1920s and 1930s, when housing was 
connected to the power grid and electrical devices 
were affordable and fashionable. Since the 1890s 
there was a growing abundance in the consumer 
product market. Cheap energy resulted in widely 
available energy consumption. The individual, 
in the twentieth century, is by its energy demand 
of consumer products (which contain significant 
amounts of integrated energy, such as appliances, 
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Residential typology a) row housing

Parking solution a) outside the street

a)

a)

Streetname Spinnerij
Nieghbourhood Smitshoek

District Carnisselande
City Barendrecht

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 12 m
Street orientation E-W

 
Streetprofile Spinnerij

 
Foto impression of SpinnerijSpinnerij highlighted in morphology structure of 

Smitshoek

Spinnerij
Carnisselande
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Residential typology a) row housing

Parking solution a) outside the street

Streetname Waardenburgstraat
Nieghbourhood Witbrandt
District Reeshof
City Tilburg

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 12 m
Street orientation NW - SE

 
Streetprofile Waardenburgstraat 1 - 45

Waardenburgstraat 1 - 45 highlighted in morphology 
structure of Witbrandt

 
Foto impression of Waardenburgstraat 1 - 45

Waardenburgstraat 1 -45
Reeshof
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Residential typology a) row housing

Streetname Zandvis
Nieghbourhood Zandrijk

District Meerhoven
City Eindhoven

Tree species Betula Pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 3 m

Street width 12 m
Street orientation NW - SE

Parking solution a) outside the street

a)b)

b) a)

 
Streetprofile Zandvis

Zandvis
Meerhoven

 
Foto impression of ZandvisZandvis highlighted in morphology structure of 

Zandrijk
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Streetname Rietdekkerij
Nieghbourhood Smitshoek
District Carnisselande
City Barendrecht

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 13 m
Street orientation NE-SW

Parking solution a) parking outside the street

a)

Residential typology a) row housing

a)

 
Streetprofile Rietdekkerij

Rietdekkerij
Carnisselande

 
Foto impression of Rietdekkrij Rietdekkerij highlighted in morphology structure of 

Smitshoek
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Parking solution a) outside the street

a)

Residential typology a) detached housing b) row 
housing

b) a)

Streetname Weerselostraat 
Nieghbourhood Witbrandt

District Reeshof
City Tilburg

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 14 m
Street orientation NE - SE

 
Streetprofile Weerselostraat 30 - 60

Weerselostraat 30 - 60
Reeshof

 
Foto impression of  Weerselostraat 30 -60Weerselostraat 30 - 60 highlighted in morphology 

structure of Witbrandt
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Grasmier
Meerhoven

 
Foto impression of Grasmier Grasmier highlighted in morphology structure of 

Graswijk

 
Streetprofile Grasmier

Streetname Grasmier
Nieghbourhood Grasrijk
District Meerhoven
City Eindhoven

Tree species Betula Pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 6.5 m

Street width 14.5 m
Street orientation E-W

Residential typology a) row housing

a)

a)

b)

Parking solution a) perpendicular to street b) parallel 
to street
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Residential typology a) row housing b) detached 
housing

Parking solution a) outside the street

a)

a)

Streetname Waardenburgstraat
Nieghbourhood Witbrandt

District Reeshof
City Tilburg

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 17 m
Street orientation NW - SE

 
Streetprofile Waardenburgstraat 2 - 28

 
Foto impression of Waardenburstraat 2 - 28Waardenburgstraat 2 - 28 highlighted in morphology 

structure of Witbrandt

Waardenburgstraat 2 - 28
Reeshof

b)
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Parking solution a) private parking

Residential typology a) row housing b) semi-detached 
housing

Streetname Riederveld
Nieghbourhood Riederhoek
District Carnisselande
City Barendrecht

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 18 m
Street orientation NE - SW

 
Streetprofile Riederhoek

Riederveld highlighted in morphology structure of 
Riederhoek

 
Foto impression of Riederveld

Riederveld
Carnisselande

b)a)
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Residential typology a) semi-detached housing b)row 
housing

Streetname Grasvink
Nieghbourhood Grijsrijk

District Meerhoven
City Eindhoven

Tree species Betula Pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 8.5 m

Street width 18.5 m
Street orientation E - W

Parking solution a) private parking b)perpendicular to 
street 

a)b)

b) a)

 
Streetprofile Grasvink

Grasvink
Meerhoven

 
Foto impression of GrasvinkGrasvink highlighted in morphology structure of 

Grasrijk
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Streetname Graskarper
Nieghbourhood Grasrijk
District Meehoven
City Eindhoven

Tree species Betula pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 8 m

Street width 19.5 m
Street orientation N - S

Parking solution a) parallel to street b) perpendicular 
to street

a) b)

Residential typology a) row housing

a)

 
Streetprofile Graskarper

Graskarper
Meerhoven

 
Foto impression of Graskarper Graskarper highlighted in morphology structure of 

Grasrijk
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Parking solution a) private parking b) perpendicular to 
street 

b) a)

Residential typology a) semi-detached housing

a)

Streetname Zandkrab
Nieghbourhood Zandrijk

District Meerhoven
City Eindhoen

Tree species Betula Pendula
Average crown diameter 5  - 7 m
Tree distrance to facade 8 m 

Street width 19.5 m
Street orientation NE - SW

 
Streetprofile Zandkrab

Zandkrab
Zandrijk

 
Foto impression of ZandkrabZandkrab highlighted in morphology structure of 

Zandrijk
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Grasplant
Meerhoven

 
Foto impression of Grasplant Grasplant highlighted in morphology structure of 

Grasrijk

 
Streetprofile Grasplant

Streetname Grasplant
Nieghbourhood Grasrijk
District Meerhoven
City Eindhoven

Tree species Betula Pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 7.5 m

Street width 20 m 
Street orientation E - W

Residential typology a) row housing

a)

a)

b)

Parking solution a) perpendicular to street b) private 
parking



171

 Appendix E

Residential typology a) semi-detached housing b) row 
housing

Parking solution a) parallel to street

a)

a)

Streetname Vossenlaar
Nieghbourhood Nieuw Wolfslaar

District -
City Bavel

Tree species Platanus X Hispanica
Average crown diameter 5 - 8 m 
Tree distrance to facade 6 m

Street width 21 m
Street orientation NW - SE

 
Streetprofile Vossenlaar

 
Foto impression of VossenlaarVossenlaar highlighted in morphology structure of 

Nieuw Wolfslaar

Vossenlaar
Bavel

b)
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Residential typology a) row housing

Parking solution a) parallel to street

Streetname Gravin v. Stauffenstr.
Nieghbourhood Nieuw Wolfslaar
District -
City Bavel

Tree species Platanus X Hispanica
Average crown diameter 5 - 8 m
Tree distrance to facade 8 m

Street width 22 m
Street orientation E - W

 
Streetprofile Gravin van Stauffenstraat

Graving van Stauffenstraat highlighted in morphology 
structure of Nieuw Wolfslaar

 
Foto impression of Gravin van Stauffenstraat

Gravin van Stauffenstraat
Bavel

a)

a)
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Residential typology a) row housing

Streetname Riedermeet
Nieghbourhood Riederhoek

District Carnisselande
City Barendrecht

Tree species Unknown
Average crown diameter Unknown
Tree distrance to facade 9 m

Street width 22.5 m
Street orientation NW - SE

Parking solution a) perpendicular to street

a)

a)

 
Streetprofile Riedermeet

Riedermeet
Carnisselande

 
Foto impression of RiedermeetRiedermeet highlighted in morphology structure of 

Riederhoek
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Streetname Grasplantsoen
Nieghbourhood Grasrijk
District Meerhoven
City Eindhoven

Tree species Unknown
Average crown diameter Unknown
Tree distrance to facade 12 m

Street width 23 m
Street orientation E-W

Parking solution a) perpendicular to street b) private 
parking

a) b)

Residential typology a) row housing

a)

 
Streetprofile Grasplantsoen

Grasplantsoen
Grasrijk

 
Foto impression of Grasplantsoen Grasplantsoen highlighted in morphology structure of 

Grasrijk
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Parking solution a) parallel to street b) private parking

b) a)

Residential typology a) detached housing

a)

Streetname Vordenstraat
Nieghbourhood Koolhoven

District Reeshof
City Tilburg

Tree species Prenus Serrulata
Average crown diameter 5 - 7 m
Tree distrance to facade 6 m

Street width 23 m
Street orientation NW - SE

 
Streetprofile Vordenstraat

Vordenstraat
Reeshof

 
Foto impression of VordenstraatVordenstraat highlighted in morphology structure of  

Koolhoven
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Egeltjeslaar
Bavel

 
Foto impression of Egeltjeslaar Egeltjeslaar highlighted in morphology structure of 

Nieuw Wolfslaar

 
Streetprofile Egeltjeslaar

Streetname Egeltjeslaar
Nieghbourhood Nieuw Wolfslaar
District -
City Bavel

Tree species Prunus serrulata
Average crown diameter 5 - 7 m
Tree distrance to facade 4 m and 8 m

Street width 25 m 
Street orientation NW - SE

Residential typology a) row housing

a)

a)

Parking solution a) parallel to street
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Parking solution a) perpendicular to street b) private 
parking

a)

a)

Streetname Stillendijk
Nieghbourhood Grasrijk

District Meerhoven
City Eindhoven

Tree species Betula Pebescens
Average crown diameter 5 - 7 m
Tree distrance to facade 13 m

Street width 27 m
Street orientation NE - SW

 
Streetprofile Stillendijk

 
Foto impression of StillendijkStillendijk highlighted in morphology structure of 

Grasrijk

Stillendijk
Meerhoven

b)
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Residential typology a) row housing

Parking solution a) parallel to street b) private parking

Streetname Gravin v. Stauffenstr.
Nieghbourhood Nieuw Wolfslaar
District -
City Bavel

Tree species Platanus X Hispanixa
Average crown diameter 5 - 8 m
Tree distrance to facade 6 m

Street width 28 m
Street orientation E - W

 
Streetprofile Gravin van Stauffenstraat

Graving van Stauggenstraat highlighted in morphology 
structure of Nieuw Wolfslaar

 
Foto impression of Gravin van Stauffenstraat

Gravin van Stauffenstraat
Bavel

a)

a) b)



179

 Appendix E

Residential typology a) semi-detached housing

Streetname Riederhoeve
Nieghbourhood Riederhoek

District Carnisselande
City Barendrecht

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 28 m
Street orientation N - S

Parking solution a) private parking

a)

a)

 
Streetprofile Riederhoeve

Riederhoeve
Carnisselande

 
Foto impression of RiederhoeveRiederhoeve highlighted in morphology structure of 

Riederhoek
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Streetname Guda v. Rennenbgstr.
Nieghbourhood Nieuw Wolfslaar
District -
City Bavel

Tree species Platanus X Hispanica
Average crown diameter 5 - 8 m
Tree distrance to facade 7 m

Street width 29 m
Street orientation E - W

Parking solution a) parallel to street b) private parking

a) b)

Residential typology a) row housing

a)

 
Streetprofile Guda van Rennenbergstraat

Guda van Rennenbergstraat
Bavel

 
Foto impression of Guda van Rennenbergstraat Guda van Rennenbergstraat highlighted in morphology 

structure of Nieuw Wolfslaar
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Parking solution a) parallel to street

a)

Residential typology a) row housing

a)

Streetname Voorschotenstraat
Nieghbourhood Koolhoven

District Reeshof
City Tilburg

Tree species Prunus Serrulata
Average crown diameter 5 - 7 m
Tree distrance to facade 4 m

Street width 30 m
Street orientation NW - SE

 
Streetprofile Voorschotenstraat

Voorschotenstraat
Reeshof

 
Foto impression of VoorschotenstraatVoorschotenstraat highlighted in morphology structure 

of Koolhoven
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Veenendaalstraat
Reeshof

 
Foto impression of Veenendaalstraat Veendendaalstraat highlighted in morphology structure 

of Koolhoven

 
Streetprofile Veenendaalstraat

Streetname Veenendaalstraat
Nieghbourhood Koolhoven
District Reeshof
City Tilburg

Tree species Prunus Cerasifera
Average crown diameter 5 - 7 m
Tree distrance to facade 8 m and 15 m

Street width 30 m
Street orientation NW - SE

Residential typology a) row housing b) semi-detached 
housing

a)

a) b)

b)

Parking solution a) parallel to street b) private parking
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Residential typology a) row housing b) detached 
housing

Parking solution a) private parking b) parallel parking

a)

a)

Streetname Koperslagerij
Nieghbourhood Smitshoek

District Carnisselande
City Barendrecht

Tree species Unknown
Average crown diameter Unknown
Tree distrance to facade 17 m

Street width 32 m
Street orientation N-S

 
Streetprofile Koperslagerij

 
Foto impression of KoperslagerijKoperslagerij highlighted in morphology structure of 

Smitshoek

Koperslagerij
Carnisselande

b)

b)
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Residential typology a) row housing

Parking solution a) parallel to street

Streetname Grasdreef
Nieghbourhood Grasrijk
District Meerhoven
City Eindhoven

Tree species -
Average crown diameter -
Tree distrance to facade -

Street width 38 m
Street orientation NW - SE

 
Streetprofile Grasrijk

Grasdreef highlighted in morphology structure of 
Grasrijk

 
Foto impression of Grasdreef

Grasdreef
Meerhoven

a)

a)
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Residential typology a) row housing

Streetname Koolhovenlaan
Nieghbourhood Koolhoven

District Reeshof
City Tilburg

Tree species Prunus Cerasifera
Average crown diameter 5 - 7 m
Tree distrance to facade 15 m

Street width 39 m
Street orientation E - W

Parking solution a) parallel to street

a)b)

a)

 
Streetprofile Koolhovenlaan

Koolhovenlaan
Reeshof

 
Foto impression of KoolhovenlaanKoolhovenlaan highlighted in morphology structure of  

Koolhoven
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Streetname Graskarper
Nieghbourhood Grasrijk
District Meerhoven
City Eindhoven

Tree species Betula Pendula
Average crown diameter 5 - 7 m
Tree distrance to facade 12 m

Street width 40 m
Street orientation NW - SE

Parking solution a) perpendicular to street

a)

Residential typology a) row housing

a)

 
Streetprofile Graskarper

Graskarper
Meerhoven

 
Foto impression of Graskarper Graskarper highlighted in morphology structure of 

Grasrijk

a)
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Parking solution a) parallel to street

a)

Residential typology a) row housing

a)

Streetname Pottenbakkerij
Nieghbourhood Smitshoek

District Carnisselande
City Barendrecht

Tree species Unknown
Average crown diameter Unknown
Tree distrance to facade 17 m

Street width 41m 
Street orientation NW-SE

 
Streetprofile Pottenbakkerij

Pottenbakkerij
Carnisselande

 
Foto impression of PottenbakkerijPottenbakkerij highlighted in morphology structure of 

Smitshoek
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Margareta van Brederodestraat
Bavel

 
Foto impression of Margareta van Brederostraat Margareta van Brederostraat highlighted in 

morphology structure of Nieuw Wolfslaar

 
Streetprofile Margareta van Brederostraat

Streetname Marg. v. Brederostr.
Nieghbourhood Nieuw Wolfslaar
District -
City Bavel

Tree species Unknown
Average crown diameter Unknown
Tree distrance to facade 18 m

Street width 42 m
Street orientation E - W

Residential typology a) attached housing

a)

a)

Parking solution a) private parking


