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ABSTRACT

Urban form matters in assessing the energy consumption of buildings. This chapter introduces three use-

ful tools to assess the environmental impact of the urban form and to define possible energy scenarios.
These outcomes can be used to inform the redevelopment or the new design of urban districts, or simply
to evaluate the overall energy performance of different urban fabrics. The tools presented comprise:
(a) simplified indicators of energy-dependent variables based on morphological information of the
urban form; (b) algorithms for the estimation of the heating energy needs of the urban fabric, based
on the implementation of European Standards; (c) algorithms for the assessment of the solar potential
of the urban form, computing the solar irradiance impacting on different sloped urban surfaces. The
techniques introduced are based on an innovative approach that makes use of Digital Urban Surface
Models (DUSMs) and Digital Image Processing (DIP) techniques.
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PART 1: ESSENTIAL CONCEPTS
AND KNOWLEDGE

1. Introduction

We argue that site layout planning and the ar-
rangement of buildings are crucial in assessing
the energy consumption of the urban form. For
instance, both the relationship between buildings
(e.g., solar access and reciprocal overshadowing)
and the geometry of the single buildings (e.g.,
compactness and heat loss) affect the overall
energy performance of the urban fabric. The
energy performance of buildings — and conse-
quently its computation — is directly related to
manifold factors that cannot disregard from the
morphological and climatic context where the
building is located. If correctly considered in the
design phase, an energy-conscious morphological
layout can lead to huge savings, thus anticipating
the benefits of implementing eco-technologies at
the building level.

Inrecent years, most of the research on energy
efficiency has been devoted to building technol-
ogy, aiming at increasing the performance of
buildings through a series of technical solutions
derived from the dictates of passive architecture
(e.g., improving thermal insulation, thermal in-
ertia, orientation of facades, natural ventilation).

“Learning from the past” is a common para-
digm in architecture and urbanism, and it refers to
pre-modern times when the city was not depen-
dent on mechanical facilities. In fact, during the
centuries, buildings had been skilfully adapted to
places by using different materials and typological
solutions depending on the locations. As a matter
of fact, traditional northern Europe construc-
tions — where the climate is very cold and rigid
for the major part of the year — are characterized
by materials (such as wood, straw, stone) with a
good thermal inertia and high insulation proper-
ties. Furthermore, numerous solutions capable to
capture and store solar gains were developed. In
addition, buildings are generally box-shaped to
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minimize heat losses (i.e. low surface-to-volume
ratio). Conversely, places where the climate is
very hot and dry are traditionally characterized by
solutions that favour internal heat losses. Build-
ings’ plaster and wall paint are very bright and the
materials used (such as wattles, terracotta bricks)
tend to delay the thermal wave. The openings are
tiny and oriented such to create internal air flows
or to tap the natural ones that are already pres-
ent. Not only building design but also traditional
city design relied upon the optimization of local
natural resources, and the form of the city as a
whole was the major clue of a wise understanding
of modalities for rational use and energy saving,
through a series of rules derived from “passive
urbanism” principles. Street orientation on coastal
areas allowed to invite pleasant breezes to pen-
etrate or to stop cold winds; the tight disposal
of buildings made it possible for heat and mass
transfer control, as opposed to porous environ-
ments with detached housing that enabled to cool
down building surfaces and interiors. In short,
sun, wind and soil (geothermic energy) assumed
the role of urban-form generators.

The majority of traditional knowledge has been
abandoned during the 20th century. Modern tech-
nologies have enabled to overcome local hurdles
due to the specific climatic context, thus contribut-
ing to the wide spread of the International Style
architecture, which could be replicated everywhere
in the world. During the second half of the last
century, the necessity of a rapid reconstruction
after World War II and the increasing availability
of standardized technologies lead to the diffusion
of new building typologies, obviously divergent
from the traditional ones. That trend was justified
by the necessity of providing affordable housing
for everyone, speeding up the building process
and containing the expenditure, frequently at the
expense of quality (i.e. rapid obsolescence, scarce
thermal performance). In fact, starting from the
Fifties, the new building technologies tended more
and more to decrease the thermal inertia properties
of the building envelope, by reducing the amount of
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insulating materials and the overall wall thickness.
An improper and immoderate use of the heating
plant-system was concurrently used to cope with
the problems caused by the deficiency of thermal
insulation. Still today, the globalization and ““spec-
tacularization” of architecture tends to prioritise
the aesthetical value of building design, indepen-
dently from its location and climatic context (the
numerous buildings signed by renown architects
are a clear demonstration for this trend). The oil
crisisin the Seventies and the recent concerns due
to climate change led to a new awareness about
the implications of design choices in architectural
and urban planning. In the last decades numerous
improvements have been carried on, and nowadays
carbon-neutral housing is a reality. Although the
design of new constructions have been inspired
by energy efficiency principles, the same has not
happened yet for refurbishment of existing urban
fabric, especially the constructions from the Fifties
to the Eighties. For instance, two main research
gaps remain: firstly, the improvement of the en-
ergy performance of the existing urban fabric by
means of technological solutions (i.e. insulation,
eco-friendly equipment) and secondly, a morpho-
typological redesign of urban districts. This latter
investigation is the motivation for the work pre-
sented here. Restarting from the quantification of
urban morphology indicators of past — and also
more sustainable — environments represents a
useful modality for posing the discipline of urban
morphology back at the centre of planning and
decision making. Evaluating the performance of
the urban layout in respect to solar accessibility,
wind exposure and thermal and mass balance can
be carried on based on morphological investiga-
tions. As a matter of fact, we argue that both the
reshaping of the urban form and the assessment
of the proper eco-technologies, depending on the
typo-morphological characteristics of the build-
ings’ layout, can happen if well-grounded on a
series of tools and indicators for the prediction of
the energy consumption. Three tools are presented:
(a) simplified indicators of energy-dependent

variables based on morphological information of
the urban form; (b) algorithms for the estimation
of the heating energy needs of the urban fabric,
based on the implementation of European Stan-
dards; (c) algorithms for the assessment of the
solar potential of the urban form, in order to define
possible energy scenarios for local production of
renewable energies.

2. Research Context

The literature on the analysis and quantification
of morphological features of the urban form rep-
resents a useful reference for this work. Urban
morphometrics represents an emerging concept;
hence literature on this topic is quite recent. Al-
ready applied in other disciplines such as biology,
zoology and medicine, morphometrics investigates
the variation and change in the form of objects. In
the urban context, the analysis concerns the shape
of the city itself (as a whole or subdivided into
a regular grid of cells), the urban block, the plot
or the street. Those latter elements compose the
image and structure of the urban form which is the
result of local identity and historical processes,
and has continuously changed through time by
adapting to the evolution of technologies, such as
building technologies and transport means. For
this reason, we cannot ignore the tradition of urban
morphology studies, which represent a great and
inspirational resource for better understanding the
mutual relations among the basic urban elements
and types. Introducing urban morphology litera-
ture goes beyond the scope of this work, but see
forinstance Conzen (1988) and Whitehand (2007).

The increasing interest on urban measurements
isnotonly relevant to urban historians and analysts,
but also to designers, since the introduction of
evaluation criteria and certification systems in the
urban planning discipline more and more push to
anticipate the performance of the design choices,
thus changing the overall approach to urban de-
sign. Thanks to its adaptability, urban geometry
plays a crucial role in assessing the energy and
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environmental performance of cities. For instance,
extracting data from urban shapes, solely from
geometry and urban materials (building technolo-
gies) already enables a series of considerations in
terms of environmental and energy performance.

Urban morphology studies investigating the
relation of the urban form to energy and environ-
mental aspects are not a novelty. UK had a lead-
ing role in this type of scientific studies. Starting
in the Sixties, the Martin Centre at Cambridge
University founded by Leslie Martin and Lionel
March represents the pioneer centre for the analysis
of the energy and environmental performance of
the urban form. For instance, Martin and March
(1972) started systematic studies about the physical
structure of the city by modelling existing relations
and extracting rules for a good environmental ur-
ban design. Topics such as density and typology
in relation to environmental variables, compara-
tive analysis of solar irradiation and illuminance
conditions, prediction models about energy con-
sumption at the urban scale deal explicitly with
the topic energy and the urban form.

About ten years later, the Centre for Configu-
rational Studies in Milton Keynes, directed by
Philip Steadman, started a series of studies about
the energy performance of a group of buildings by
applying thermal dispersion and insolation mod-
els (Owens, 1986). An important contribution of
that period is the book “Energy and Urban Built
Form” (Hawkes et al., 1987), which collects all
the studies previously conducted on this topic.

Finally, at the end of the Nineties, tools for the
environmental prediction of the urban texture were
implemented at the University of Cambridge by
Nick Baker, Carlo Ratti, Paul Richens and Koen
Steemers and further developed at the Senseable
City Laboratory at the Massachusetts Institute of
Technology (Baker & Steemers, 1992; Baker &
Steemers, 2000; Ratti & Richens, 2004; Morello
& Ratti, 2007). The approach is based on a novel
technique of image processing for the analysis of

176

Urban Morphology and Energy Consumption

simple raster images representing the urban form.
For instance, it is possible to map and analyse
the environmental and energy performance of
the urban texture, focusing on several selected
indicators. This technique is promising thanks to
the increasing availability of 3-D information of
the urban fabric (CAD models or remote sensing
imagery), and is presented more in detail in the
next section.

In particular, the use of remote sensing imagery
and Light Detection and Ranging (LiDAR) datain
urban studies, already gave some relevant feedback
tourban planners. The extraction of morphological
properties of city blocks using an urban landscape
model, constructed from a large LiDAR dataset,
was introduced by Yoshida and Omae (2005).
Moreover, Koomen and Bacdo (2005) proposed
a new methodology for the calculation of urban
volumes and density properties of an entire urban
system. Morerecently, ahybrid approach that uses
urban model construction from LiDAR and 2-D/3-
D vector data was proposed to compute (based on
Digital Image Processing (DIP) techniques) the
morphological properties of buildings (Carneiro
et al., 2009; Carneiro et al., 2010).

PART 2: METHODOLOGY DESIGN
AND IMPLEMENTATION

3. The Technique: Processing
Digital Urban Models

The method of analysis presented here is based
on the use of urban models constructed from Li-
DAR and 2-D/3-D vector data stored in common
Geographic Information Systems (GIS), combined
with other databases containing specific informa-
tion about the urban fabric (for example an energy
cadastre with building information) (Figure 1).
These models have to be constructed in order to
be applied for the environmental analysis of cit-
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Figure 1. Block diagram of the steps necessary to assess the energy performance of the urban form,
starting from LiDAR data and geo-referenced databases

4. Simulations using

LRawData 2.Database _ 3.Model = _ DiPtechniques _ _S-Results

|I ........... H_A .......... |-|‘; ................. !| | || |

|: . | » . i
' I Digital | Normalized :I | ' .

I; | l|  Terrain Digital Urban | | L |

I | Models IF Surface Models I ope e oo | I
' A om0 @ouswy) A L

I Raw LiDAR | || pusm I 1L ENERGY 1 chart. !
. ' »

I data (| B. I 1 INDICATORS |l tables, ... [
: Digital | . A

I Iy Surface I 10 .. \J A I‘ I

|' 11 Models ' | i - HEATING i | Numerical |

I | (OSM) || !I : ., dLoutputs |,

(| DUSM Comstruction hee v v

Ik- ........... l-_--iI_B. ............... .I T SOLAR .II 2Dand3D I
- I | IRRADIATION maps

I C. |, IDofbuildings "I 2 |
; = I Structured | « Masks ' l Construction of 1

|t General | patabase '| 'l |- energy scenarios |l I

I buildings ~ » containing |, C. IR | |
i informations | the info about ASSUMPTIONS g l I

|- | thebuildings l k " | 2D, 2.5D and |
; | P and INPUTRS L I 3D ENERGY

I I ARAMETERS || | | © maps |
' assignment - '
: I : I
! Database Cl)lllstruction [ il l I I
=Ll i S Rl it it bttt int] ([ PSSR | [ —— I

ies. Outputs are both visual (maps) and numerical
(charts and tables) and can be used to inform the
delivery of urban or district energy plans.

The use of raster images of the urban form is
the prerequisite for this work. The technique
presented here refers to the use of Digital Surface
Models (DSMs) — in this study defined as Digital
Urban Surface Models (DUSMs) - as the main
source of information. DUSMs are raster images
representing the distribution of the elevations of
a 3-D surface such as a landscape. The area under
study is sampled using an equal-spaced grid where
the side of each cell is small enough that the el-
evations within each cell can be considered con-
stant. Then, the digital image is obtained by
creating a numerical matrix where each element
Zi,j is proportional to the elevation value inside

the cell (i, j) of the grid. This way, it is possible
to store 3-D information in a 2-D support: as a
matter of fact, a DUSM is a top view of the area
analysed.

In order to be applied for environmental
analysis, DUSMs have to be carefully prepared.
The first step consists in the model construction,
where a model with specific characteristics has
to be prepared in order to permit the second step,
which is the analysis based on DIP techniques.

3.1. Model Construction
Two types of DUSMs are used in this study: (1)
— the normalized DUSM of buildings (without

vegetation), also called Digital Height Model
(DHM), and (2) — the DUSM of buildings with
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vegetation. Those are constructed on a step-by-
step basis: LIDAR points corresponding to ter-
rain, buildings and vegetation are independently
analysed and interpolated. A hybrid approach,
combining LiDAR data and 2-D cadastral vector
data of building outlines, is applied to improve the
final quality and reliability of the constructed urban
models (Hofmann, 2004; Schwalbe et al., 2005).

Firstly, a Digital Terrain Model (DTM) is
interpolated by classifying the LiDAR points
according to the following sequential operations:

e  Using GIS software, LiDAR points con-
tained within the 1 meter buffer generated
from building outlines are eliminated.

e  Using the algorithms initially presented by
Axelsson (1999):

° LiDAR points for which the eleva-
tion value varies significantly from
surrounding points are considered
artefacts and are therefore removed.
Examples of artefacts include: aerial
points (e.g., if the laser beam touches
a bird) and vehicles;

° LiDAR points classified as vegetation
are also removed.

Following the elimination of artefacts and
vegetation, a DTM can be interpolated only from
ground points. Indeed, there is no significant dif-
ference among some of the existing gridding inter-
polation methods, such as the nearest neighbour
binning, inverse distance weighting, triangulation
with linear interpolation, minimum curvature,
kriging and radial basis functions, which can be
employed (using LiDAR data with a density of at
least 1 point per m2, such as in the two case-study
areas highlighted in this investigation) to generate
this type of models (Gongalves, 2006). All these
interpolation methods are accessible in common
GIS software available on the market. Due to its
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generalised use by the scientific community for
DTM interpolation, the triangular interpolation
was chosen.

Afterwards, a value for each pixel correspond-
ing to a building value is interpolated (using only
LiDAR points classified as being contained within
building outlines). Thus, a triangulation with lin-
ear interpolation is also applied to each building.
For each building and more specifically for each
pixel contained within, its height is taken to be
the value of subtraction of the terrain elevation
(calculated in the DTM interpolated) from the
building elevation. Hence, anormalized DUSM of
buildings (without vegetation) with height infor-
mation is constructed. It allows, for instance, the
calculation of two main morphological properties
of the urban fabric: volume and area of external
facades of buildings.

Subsequently, each building is added to the
DTM as a column (the borders are defined from
the building outlines), using the building height
found previously for each pixel contained within.
As aresult, DUSM of buildings is built, which is
composed only of information on terrain and roof
altitudes. Finally, the incorporation of LiDAR
points classified as vegetation (mostly trees) allows
to construct a DSM of vegetation with elevation
information. For each pixel, the height is taken
to be the value of subtraction of the terrain eleva-
tion (calculated in the DTM interpolated) from
the DSM of vegetation with elevation informa-
tion. Thus, the height of vegetation is added to
the DUSM of buildings previously built. The
final result allows the construction of a DUSM
of buildings with vegetation, which is composed
of information on terrain, roof and vegetation
altitudes. It allows, for instance, to compute the
solar irradiance impacting on the urban surfaces.

A synoptic outlook of the process of con-
struction of both Digital Urban Surface Models
(DUSMs) used in this study is shown in Figure 2.
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Figure 2. General overview of the process of construction of both Digital Urban Surface Models (DUSMs)
used in this study. From above: (a) the original LiDAR survey data; (b) the removal of LiDAR points
corresponding to buildings, trees, cars and other minor details, and the selection of LiDAR points
corresponding to the terrain; (c¢) the construction (based on a TIN interpolation) of the DTM; (d) the
construction of the normalized DUSM of buildings (without vegetation) and the DUSM of buildings with
vegetation (image highlighted in this figure), where: (1) — the detection of building is based on a hybrid
approach using both LiDAR data and 2-D vector data, and (2) — the detection of trees is based on the
classification of LiDAR points proposed by Axelsson (1999).
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3.2. Digital Image Processing of Urban
Models

Once the digital image is constructed from LiDAR
data, the models can be analysed with Digital
Image Processing (DIP) techniques, using the
Matlab® environment in this case. For instance,
the models are processed as mathematical arrays,
whereby each number (i.e. the intensity value
of the matrix) corresponds to the height of the
model in that point. For further description of
the technique see Ratti and Richens (2004). The
three applications presented in the next chapter

are all based on routines that were implemented
in Matlab®, and are based on the analysis of the
pure geometry of the urban form.

By importing the models into the Matlab®
environment, a series of calibration instructions
have to be performed in order to create a direct
correspondence between the real dimensions of
the case-study site and those of the raster image.
In this sense, it is necessary to define the image
resolution and the vertical calibration. Considering
input LiDAR data (density of points per square
meter), the image resolution (the length of the
pixel side) for the representation of urban areas
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varies in the range from 2 to 0.5 meters. Higher
resolutions are only possible with very high quality
raster images, but this affects the computational
time of the analysis.

4. Three Applications: Assessing
the Energy Performance
of the Urban Form

Three tools are presented here to approach the
relationship existing between energy consump-
tion and urban form. A first investigation aims at
defining simplified indicators of energy-dependent
variables based on morphological information of
the urban form. These indicators are useful for the
recognition of different behaviours among urban
patterns, thus helping in the definition of alterna-
tive energy scenarios at the city level. A second
tool, with a higher level of detail, estimates the
heating needs of the urban fabric, on the basis of
European Standards on energy performance of
buildings. This tool represents a simplified and
accurate way to estimate the overall performance

Urban Morphology and Energy Consumption

of the urban fabric. A third tool assesses the solar
potential of the urban form by computing the solar
irradiance impacting on the urban surfaces (such
as roofs and open spaces in general).

Two case-study areas were chosen for this
investigation. The first one corresponds to a part
of the CERN campus in Geneva, while the second
oneisa 19thcentury districtin the city of Florence
(Figure 3). As the aim of this work is to show the
applicability of the proposed technique on very dif-
ferent datasets and environments, the two samples
chosen are very different each other in terms of
size, block layout, building typologies, etc.

4.1. Energy-Related Urban Form
Indicators

The first and computationally inexpensive tool
involves the calculation of morphological indi-
cators that have direct or indirect implications
for energy performance, or can help in defining
a general energy demand of the urban form, by
identifying a general set of involved quantities.

Figure 3. The two case-study areas: The CERN campus in Geneva (left) and the Piazza Leopoldo area

in Florence (right)
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The analysis can be conducted atdifferentlevels
of detail depending on the scope of the investiga-
tion. Forinstance, at the city level, aninvestigation
of the urban patterns is appropriate in order to
get an overall picture of the general performance
of different urban fabrics. In particular, a first
investigation could be conducted on urban tiles to
be derived from the subdivision of the city into a
regular grid (for example a mosaic with 800 m2
widetiles); otherwise, the “perimetration” of iden-
tified homogeneous urban districts characterized
by similar morpho-typological features represents
another possibility. Anyway, this latter modality
requires a supplementary work of reading and
clustering the territory into sub-areas, a task which
is often time-consuming and open to subjective
interpretation (e.g., the way to identify clusters,
or the number of urban morphology classes to
take into account).

Anotherlevel of analysis can be computed at the
scale of the urban block. The same set of indicators
can be applied on blocks, as far as those can be
easily identified on an urban map. For instance,
the traditional pre-modern city block was clearly
defined by a regular grid-like street network.
Conversely, in modern urban patterns based on
a car-dependent city design and characterized by
“cul-de-sac” street design, often the boundaries
of the city block dissolve. In fact, the two case-
study areas already show significant differences
in this sense.

We selected a number of indicators that are
relevant for two main reasons. Firstly, they enable
to get a rapid picture of the quantities involved in
the estimation of energy needs (e.g., from the cal-
culation of the volumes and urban densities we can
assume the theoretical number of inhabitants and
average consumptions); secondly, morphological
indicators can be related to passive architecture
principles (e.g., solar exposure, compactness). In

particular, we organized the indicators in three
categories, namely morphological properties,
density indicators and energy-related indicators.
The complete list of the indicators selected and a
short definition is reported in Table 1.

The calculation of simple morphological in-
dicators is carried out by using the normalized
DUSM of buildings (without vegetation) and the
mask with the identification of each building (i.e.
raster information interpolated directly from 2-D
GIS vector data where each building is considered
a single polygon with a unique identifier). These
indicators provide a first picture of the urbaniza-
tion typology, and help in deriving the other sets
of indicators.

Aside from traditional measurements that do
not require specific insights, we chose to compute
six energy-related indicators that are usually ap-
plied to buildings but can be easily transferred to
the urban form as listed below:

e The Surface to Volume Ratio (S/V)
[1/m]: This is a typical measure of mor-
phological compactness — widely used in
biology — which refers to the capacity of
a body to conserve or disperse heat: the
lower the ratio the higher the energy sav-
ing performance in extreme climates; for
instance, buildings located in cold climates
do not disperse internal heat, whereas
buildings in hot climates do not expose too
many surfaces to solar irradiation.

e  The Passive to Non-Passive Zones Ratio
[0-1]: This is a measure initially proposed
by Baker and Steemers (1992). It is a more
suitable indicator for temperate climates
as opposed to the S/V ratio, since it takes
into account the quantification of potential
building spaces that can make use of pas-
sive architecture principles such as the use
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of natural light and ventilation. The higher
the ratio the higher the overall energy per-
formance of a building.

e  The Ratio of South Oriented Vertical
Surfaces [0-1]: This indicator represents
another passive architecture rule, aiming at
quantifying the amount of south oriented
surfaces on the total. In fact, indoor energy
consumption, both in summer and winter,
highly depends on the orientation of the
building facades.

e The Ratio of Southeast to Southwest
Oriented Vertical Surfaces [0-1]: The
sense of this indicator is similar to the pre-
vious one, but it considers a less restrictive
condition by including a wider spectrum of
facades orientations, ranging from south-
west to southeast.

e The Porosity Ratio [0-1]: Calculating
porosity is crucial in addressing the be-
haviour of the urban form towards natural
ventilation and consequently thermal com-
fort (or discomfort). The porosity factor
(p) (Balocco & Grazzini, 2000) is here ex-
pressed by the control volume (Vr) and the
effective volume of the considered urban
portion, such as the entire urban sample or
the urban block (Vbm):

-

whereby the control volume is the maximum
volume considered on site, i.e. the reference area
multiplied by the reference maximum height on
site plus 10 meters. This last value is the standard
height for measuring wind speed in urban areas
and is usually quantified by a “roughness profile,”
which depends on the height of the frontal area
divided by roughness height zO (BRE, 1985).

° The Roughness Length [m]: It is an ex-
pression of the resistance of the urban sky-
line against natural ventilation, and can
provide a global indication of the different
canopy layers in the built-up area studied.
The computation of the roughness length
used in this work refers to the concept in-
troduced by Macdonald et al. (1998) and
is a function of the plan area ratio, the
frontal area ratio and the average height of
the buildings. Another way of calculating
the urban roughness refers to the standard
deviation of building volumes of an urban
portion from the average volume of the ref-
erence area (Balocco & Grazzini, 2000).

Computation of Energy-Related Indicators
In order to tile the urban samples tessellation, we
make use of GIS methods to create new maps of
the existing urban blocks, which are based on 2-D
vector street network. Shaping vector information
individually by urban block (single polygon with a
unique identifier) allows to interpolate amask. This
last one and the normalized DUSM of buildings
(without vegetation) represent the sole input data
needed for the calculation of the principal indica-
tors for each urban area under study. Afterwards,
we apply DIP routines to compute the indicators
in the Matlab® environment.

Firstly, the analysis on the entire urban sample
(the tile) is conducted. Secondly, the indicators
are computed for the urban blocks. In this latter
case we have to take into account the edge effect.
In fact, blocks on the boundary of the urban tile
are discarded because they are cut and can falsify
the outcomes of the analysis.

Considerations on the Outcomes

The analysis of morphological indicators is use-
ful as a preliminary step in order to map urban
diversity and identify different urban types and
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potential energy performance at the city level.
For instance, different urban patterns correspond
to different energy patterns and thus site specific
guidelines can be proposed, depending on the
local potential. In particular, different technolo-
gies for energy production (e.g., solar thermal,
photovoltaic, geothermal) and different urbaniza-
tion strategies (infilling or re-naturalization) can
be applied according to the analysis presented in
the following sections.

Urban Morphology and Energy Consumption

Inparticular, from the numerical outputs (Table
1) and the corresponding visualizations (Figure 4),
differentenergy performances of blocks emerge at
first glance. Forinstance, elongated south-oriented
urbanblocks with higher compactness show higher
potentials in terms of energy savings, since they
could eventually integrate passive architecture
solutions together with solar energy production
on site. In general, from these sample investiga-
tions we cannot derive significant conclusions

Figure 4. Energy related morphological indicators computed on a block basis for the Florence case-

study: (a) The Surface to Volume Ratio [1/m], (b) the passive zones to non-passive zones ratio [0-1],
(c) the ratio of south oriented vertical surfaces [0-1], (d) the ratio of southeast to southwest oriented
vertical surfaces [0-1].
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at the city level, and urban strategies should be
derived from a larger investigation able to define
the peculiarities of each urban pattern.

4.2. Estimation of the Heating Demand
of the Urban Texture

The goal of this section is to present a tool for
the estimation of the heating energy needs at the
district level, highlighting the weight that each
single component has on the final result. Such
tool is of particular importance because it enables
designers to control and choose — since the first
steps of planning—which one of the proposed solu-
tions is also the most energy efficient. In addition,
the tool could also be used by policy makers to
adopt strategies that make the best use of public
financing committed to building rehabilitation or
installation of renewable energy plants.

The aim of this projectis obtained by develop-
ing some software algorithms (in Matlab®) that,
starting from both Digital Urban Surface Models
(DUSMs) of the urban area under study, implement
the current European Standard for the evaluation
of the energy performance of buildings (UNI EN
ISO 13790:2008 and its Italian version UNI/TS
11300-1:2008) taking into account the effects of
mutual shadowing by the surrounding urban fabric.

The seasonal heating energy need of the
whole area analysed is obtained by summing up
the monthly energy requirements for each build-
ing belonging to the area under study. For this
purpose, the urban fabric is sliced at constant
intervals in order to simulate the building storeys
(Gorti, 2010; Gori et al., 2011). In particular, in
this work the height of each slice was considered
3 meters high. This subdivision is useful to take
into account possible gradual restrictions of the
building shape or to assign different uses to the
spaces (in this study, only the residential use was
considered in both case studies). The heating pe-
riod is determined referring to the climatic data
of the location analysed.

According to the procedure suggested by the
Standard, we impose the energy balance between
the heat gains and the heatlosses through the build-
ing envelope (both opaque and glazed surfaces) of
each thermal zone corresponding to each storey of
each building. Then the monthly thermal needs are
computed taking into account the intermittency
and the efficiency of the heating system and the
utilization factor of total heat gains.

The heat losses are represented by the heat
exchanges for ventilation and transmission through
the building components and the extra-flux due
to the infrared radiation toward the sky vault.
The thermal gains are represented by the internal
gains — due to the presence of people and equip-
mentinside the thermal zone considered —and the
solarradiation intercepted by the external building
envelope, according to the surfaces orientation
and inclination and the presence of surrounding
buildings and vegetation. Results can be visualized
for the whole area under study, for each building
or for each storey of each building.

The effects of surrounding buildings and
vegetation are accounted for by the computation
of two shadowing factors: (1) - the shadow cast
by the sun at different times of the day; (2) - the
Sky View Factor (SVF), which represents the
visibility of the sky vault from each pixel belong-
ing to the built envelope and the streets (Ratti &
Richens, 2004) (Figure 5). More details about the
computation and use of these two elements for
the assessment of the solar potential in the urban
form are given in section 4.3.

Besides both DUSM of the urban area inves-
tigated, the input parameters necessary to perform
the simulations include:

e  Climatic and geographical data of the ana-
lysed site, e.g., the latitude, the monthly
global and diffuse solar irradiation on
horizontal surfaces (from which the di-
rect or beam component can be deduced),
the direct solar irradiation on vertical sur-
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Figure 5. Sky View Factor (SVF) for the CERN case-study. Unobstructed horizontal surfaces have a SVF
equal to 1, while unobstructed vertical surfaces have a SVF equal to 0.5. Partially obstructed surfaces

have a SVF smaller than the above values.

faces (normal beam) for North, South,
West and East orientations, and the mean
hourly external temperature (please refer
to section 4.3 for more details about these
parameters);

e  Thermal parameters of the building ele-
ments, e.g., the thermal capacity of the
walls, the thermal transmittance of the
opaque and glazed surfaces, the solar
transfer coefficients of the windows;

e  Constructive characteristics of the build-
ings, e.g., the glazing ratio (i.e. the ratio
between the opaque and the glazed sur-
face on each orientation), the external wall
thickness.

It is worth noticing that these parameters are
very simple to retrieve and they are generally
known since the very first steps of the design
process. For this reason, such a tool can be very
useful for urban policy makers. A number of
boundary conditions are imposed to simulate
the intermittent regime of the heater and take
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into account the different use of the thermal zone
depending on the time of the day. In our setting,
three time spans (7 AM —7 PM; 7PM — 11 PM;
11 PM -7 AM) were introduced and two indoor
climatic conditions were imposed. A temperature
0f20°C and 50% of relative humidity was assumed
between 7 AM and 11 PM, while during the rest of
the night it was imposed a temperature of 18.5°C
and 50% of relative humidity. These conditions
were chosen according to the CEN Standards for
indoor air quality.

At first, the method was tested on simplified
urban configurations based on archetypal building
forms. Afterwards, it was tested on two real case
studies, corresponding to the Piazza Leopoldo
areain Florence and the CERN campus in Geneva.
In this second phase, additional geo-referenced
information about buildings (e.g., the Florence
Municipality Environmental Energy Program-
ming: PEAC) was also used: for instance, the year
of construction of each building allowed to set
the thermal parameters of the building elements
and its constructive characteristics. The seasonal
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heating energy needs for both case studies are of using this kind of information for urban and
shown in Figure 6, by using different visualiza- architectural planning. However, the transition
tion techniques. from a traditional urban planning approach to

In the last years, the increasing availability of another that makes use of these new technologies
3-D data of cities has opened up the possibility is still in an incipient stage.

Figure 6. The seasonal thermal energy needs per square meters [MJ/m2]. (a) The area of Piazza Leopoldo
in Florence, represented by using a 2-D visualization as obtained from Matlab; (b) the CERN campus in
Geneva, represented by using a 2-D vectorial data visualization, obtained by superimposing the results
obtained over an aerial view of the site; (¢) the area of Piazza Leopoldo in Florence, represented by a
3-D visualization that makes it simpler to read and easier to understand for lay people.
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4.3. The Assessment of the Solar
Potential of the Urban Form

The third tool proposed concerns the assessment
of the solar potential of the roofs in the urban area
under study. The solar geometry formula (given
below) allows deriving hourly global irradiation
on an inclined surface (Ig /) from the beam (Ib
h), diffuse (Id #) and ground reflected (Ir #) com-
ponents of hourly radiations for every orientation
and inclination of surfaces.

Igh=1Ibh*Sbh+1d h*Sd +Ir h

As meteorological input of radiation on hori-
zontal surface, we used the Meteonorm® data-
base that generates statistical data for the period
1980-2000 for many cities in the world, and thus
for Geneva and Florence. However, calculating
irradiation for each hour and for each pixel of a
high resolution DUSM models would result of
several days of computer time simulation. Conse-
quently, we reduced our solar irradiation dataset
by averaging hourly values for each month. We
compared the irradiation results from applying
strictly and average hourly values in Geneva: the
relative error is statistically very few significant
particularly for the south oriented surfaces. The
model of diffuse component on inclined surface
should be selected very carefully so as to take
into account the anisotropy of the phenomenon.
Among the numerous anisotropic models, those
of Perez (1990) and Hay (1979) are the most
common. The model of Hay was chosen as it is
particularly addressed to the use of average hourly
values as explained above.

Both of the main components of the global
irradiation (direct Ib / and diffuse Id /) are mul-
tiplied by a shadowing factor:

e  Shadowing on Direct Component (Sb h)
at a Given Hour [0, 1]: A shadow cast by
the sun at different times of the day routine
is applied to each pixel of the DUSM of
buildings with vegetation;
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° Shadowing on Diffuse Component (Sd)
[0, 1]: The calculation of the Sky View
Factor (SVF) of each pixel of the DUSM
of buildings with vegetation evaluates the
reduction of the sky visibility due to ob-
stacles (buildings and vegetation) in the
surrounding environment. It is thus not
time-dependent.

Afterdetermining the shadowing condition, the
SVF, the orientation and the inclination of each
pixel of the DUSM of buildings with vegetation,
we can assign the global incident solar radiation
calculated in W or J/m2 for various time scales
(i.e. hour, aggregation to month and aggregation
to year).

User requirements concerning the utility and
usability of 3-D urban models for communication
and visualization purposes are very important to
consider. Therefore, through GIS post-processing
onrasterirradiation outputs, itis possible to derive
useful indicators for different purposes.

The yearly percentage of shadowing is calcu-
lated as the ratio between the annual irradiation
taking into account shadowing and the irradiation
without shadowing. It allows the clearly differ-
entiation of which parts of the solar radiation
concerns the direct or diffusing components.
This indicator is considered to be very useful for
the analysis of shadowing along roofs. In fact,
Photovoltaic (PV) technology is very sensitive
to diffuse radiation, while PV mono-crystalline
is very sensitive to direct radiation.

The potential user of this tool would be inter-
ested in assessing which roofs’ sections would
be suitable or not for solar panels installation.
Grid pixel representation is not really appro-
priate for this purpose. Therefore, the transfer
of irradiation values of pixels to roof sections
vector layer enables to compute statistics like
minimum, maximum, average, median irradia-
tion pixels values on each roof section, as well
as the standard deviation. The average value
of irradiation enables to evaluate if the roof is
globally suitable for energy use. Visual results
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(3-D representation) of the average radiation
on roofs for the case-study area of CERN are
shown in Figure 7.

Additional statistics enable to consider how
far the irradiation is heterogeneous on roofs due
to local shadowing effects and to the accuracy of
LiDAR data, which involves heights variations
up to 20 centimetres.

A more detailed analysis can be also applied
concerning the most suitable roofs’ areas, for
the installation of solar PV panels. According
to Morello and Ratti (2009), appropriate roofs
for the installation of PV must present a yearly
irradiation higher than 1000 kWh/m2. Moreover,
by integrating the information derived from the
morphological analysis of the areas of roofs
(slope), it is also possible to derive the real area
of each of the selected parts of roofs. The method
applied is based on a mix approach combining
raster and vector formats: roof cells having an
irradiation greater than 1000 kWh/m2 and a
favourable orientation between 95° and 265° are
selected and then agglomerated as vector eligible
pieces of roof.

Once identified the most suitable part of roofs
and calculated their real area, it is then possible
to estimate the solar energy production through
PV and thermal panels. The solar PV panels will
particularly address buildings that offer large roof
areaand thus significantelectric production power
(generally minimum 10 kWc that corresponds to
about 200 m2 of flat roof). For most of the com-
mon technologies of poly-crystalline and mono-
crystalline, an electrical production equivalent to
about 10% of the global irradiation is considered.
However, the thermal production generally cor-
responds to 40% of the global irradiation (with
glazed collectors).

Visual results (2-D representation) of the
potential thermal energy production on the suit-
able roof sections for the Florence case-study are
shown in Figure 8. The thermal energy potential
on a given building is compared to the energy
needs of this building for Domestic Hot Water
(DHW) and heating in order to evaluate how far
needs can be satisfied by this technology. PV and
thermal panels can be combined on a given roof
area of building that require heating needs (PV

Figure 7. Average yearly irradiation on building roofs for the CERN case-study
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Figure 8. Suitable parts of roofs with annual thermal energy production for the Florence case-study

panels are installed in the remaining part of the
roof after deduction from the thermal needs, if the
area of this part is enough in terms of significant
electric power).

5. Implementing Urban Energy
Scenarios

The proposed tools provide useful information
to attempt urban energy scenarios. The first tool
enable to derive simple quantities (morphologi-
cal indicators) involved at the district level; the
second tool computes the heating needs of the
urban fabric, whereas the third one provides the
potential energy production through solar energy.
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A series of energy scenarios can be derived by
assuming different levels of policy implementa-
tion, from strongly environmental-friendly poli-
cies toless ambitious urban targets. The scenarios
shown in Table 2 are only a very preliminary
attempt based on the case-study area of the urban
district in Florence. Of course, if implemented
over the whole city, this method could lead to site
specific policies and incentives.

Energy scenarios are built upon the quantifica-
tion of the urban volume which is derived from
the morphological analysis. Hence, the number
of inhabitants can be derived considering the
average volume per capita (in this case we chose
150 m3 per capita in Florence). Starting from this
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Table 2. Three energy scenarios considering energy needs and energy production from renewables for

the Florence case-study

SCENARIO 1 SCENARIO 2 SCENARIO 3
STRONG MEDIUM WEAK
use of 75% of suitable use of 50% of suitable use of 25% of suitable

areas for solar panels
(100% hot water, the rest
electric en from PV)

areas for solar panels
[100% hot water, the rast
electric en fram PV

areas for solar panels
(100% hot water, the rest
electric en from PV)

guantity unit
URBAN DATA INPUTS
built volure 3567400 m3 l | 3,587,400 3,587,400 3,587,400
i i {welume/150m3) 23,916 parson 23,916 23,916
_ENERGY NEEDS
ELECTRICITY
avarage eloctr. consumption por day per capita 315 kWhiday/person 315 315 315
yearly consumption per capita L151 kWhfyr/person 1,151 1151 1,151
yearly demand for electricity 27.523609 kWhyr 27523608 27,523,609 27,523 609
HOT WATER
average energy consumption per day per capita 2,18 kWh/day/person 218 218 .18
yearly consumption per capita 796 kWhfyr/person 795 796 796
yearly demand for heat water production 15029961 kWhfyr 19,029,961 19,029,961 19,029,961
HEATING I [ [ |
ion for heating 111071619 KWhiyr ]| 111,071,619 | 111,071,619 111,071,619
total energy needs 157,625,189 kWh/yr 157,625,189 157,625,189 157,625,189
I

total area of roofs 231623 m2 231,623 231,523 231,623
percentage of surfaces used for the installation of modules w00 % b a0 5
siltable susfaces for the instalfation of medules 102,838 m2 77129 51,419 25,710
percentage of surfaces suitable for modules 044 % 0.33 0.22 011
cormection factor (discarding parts of roofs, such as borders or superstructures) 1.20 120 120 120
total area of modules 85,698 m2 64,274 42,8439 21,425 |
SOLAR IRRADIATION
yearly selar irradiation en suitable rocfs 116,E70,000 KWh/yr 116,870,000 116,870,000 116,870,000
yearly solar ion on instalied panels aroa: 116E70.000 kwhiyr 87,652,500 58,435,000 29217500
SOLAR THERMAL ENERGY
area of the typecal solar thermal module 100 m2 100 oo 1.00
thermal energy needed to satisfy the hot water demand 19,020,061 KWhyr 19,029 961 19,029,961 19,029,961
energy to be produced by solar modules to satisty the demand 19,023,961 kWhjyr 19,029,961 19,029,961 19,023,961
tatal petential energy production from solar i ion (40% of solar A6,74B000  KWhjyr 35,061,000 23,374,000 11,687,000
percentage of roof areas neaded to satisfy the hot water production 4071 % 54.28 8142 162,83
total roof areas to use for solar thermal IEEE m2 34,886 34,886 34,485
nurmber of panels needed to cover the hot water derand 34.BE6 panels 34,886 34,886 34,885
remaining area available for M panels installation 50,813 m2 29,388 7.963 -13,461
percentage of roof areas to use to satisfy the electricity production 59.29 % 45.72 18.58 -62.83
nurmber of PV panels 42384 panels 24,490 6,636 -11,218

tal ehectric energy [consider 10% of solar irrad | £.829,500 gwhyr 5,343,680 2,172,019 -7,342,361

| SAVINGS

th g savings |c to hot water production) 19,029.961 KWhyr 189,029 951 19,029,961 11,687 000
% thermal heating savings (c ing heating + hat water 17.13 % 17.13 17.13 10.52
electric energy savings 6,929,510 kWhyyr 5,343,630 2,172,139 7342961
% glectric onorgy savings 2518 % 19.41 7.89 -26.64 |

inputand the heating calculation introduced above,
several assumptions are taken into account to
define the overall yearly needs (namely electric-
ity, hot water and heating) of the urban portion
investigated.

In parallel, the production of electricity and
hot water through renewables can be estimated
referring to the solar analysis computed on the

roofs. In particular, we propose three scenarios,
from a weak to a very strong energy production
depending on the surfaces available on urban roofs.
For instance, we can assume that only a percent-
age of the surfaces available will be used for the
installation of solar modules. Once the involved
surfaces for panels are estimated, we firstly use it
to cover the hot water demand with solar thermal
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panels; the remaining surfaces are employed for
electricity production, thus satisfying a percentage
of the overall demand.

A series of savings are finally computed on the
three scenarios by distinguishing thermal energy
for hot water production and electricity needs.
Results show that only the first two scenarios can
cover the total hot water production, whereas the
third one is undersized. This type of evaluation
really gives a clear sense of possible strategies to
be implemented on urban districts, enabling to
calibrate different energy productions according
to local peculiarities.

6. Conclusion and Future
Research Directions

Energy is a fundamental point when talking
about socio-economic well-being that provides
comfort, mobility and development. However,
energy production, energy consumption and the
different conversion processes place consider-
able pressure on the existing environment. These
weighty day-to-day social behaviors have a direct
impact on climate change, depletion of natural
ecosystems and resources, and tarnishing of the
built up environment. Furthermore, it also causes
adverse effects on human health.

Urban planning often has a concern for the
appearance of space. However, in many cases
the application of wrong actions gives rise to
disorganized land use practices and unsustainable
urban sprawl. Consequently, it increases traf-
fic congestion, air pollution, inefficient energy
consumption, loss of open space and habitat,
inequitable distribution of economic resources
and the loss of a sense of community. Nowadays,
planners cannot address spatial problems of cit-
ies without first understanding environmental
and energetic issues as well as socio-economic
dynamics. For this reason, they have to put effort
into coordinating transportation, energy and land
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use planning to create more “sustainable” cities. A
key-question for a sustainable and efficient energy
use is the role of urban form and energy use. Thus,
the shape, materials, and energy performance
of buildings, the configuration of urban space,
the use of green areas in different ways and the
microclimatic conditions are all important topics
that must be carefully studied. Moreover, they do
have a direct impact in the outdoor and indoor
thermal and visual comfort of people.

The analysis proposed here on the relationship
between urban form and energy indicators repre-
sents just a first attempt to quantify the potential
performance of cities. In this work we assume
urban geometry alone as the crucial parameter
for the investigation: for instance, assessing shape
characteristic of urban patterns, like compactness,
porosity, solar exposure and SVF, can give back
clues aboutapplicable energy strategies in order to
optimize efficient actions for energy conservation
and production in relation to the different layouts.

The public policies and strategies endorsed dur-
ing the presentenergy crisis are also critical points
when setting-up a more efficient and cost-effective
energy plan atlocal, municipal and regional levels.
The consequences of climate change and rapid
urbanization along with possible energy crisis
have once again brought energy issues forward
for policy makers and researchers. Moreover, new
technologies have redefined small-scale genera-
tion and distribution, and efficiency opportunities
at different urban scales. Thus, different public
administrations have responded with their own
energy strategies and plans. Indeed, two issues
are fundamental for any energy planning scenario:
firstly, how are energy programs institutionally/
programmatically organized and supported by
local, municipal and regional governments;
secondly, the effectiveness of local programs
and strategies. Although research projects in this
area may address both issues as part of the same
investigation, it is important to consider their
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particular aspects separately. Indeed, effectiveness
is a criterion used to evaluate the programs and
determine what is and is not working properly.

The crucial part of the proposed methodology
concerns an integrated urban energy use and sup-
ply, which is strongly based upon a sustainable
development concept. The use of the policies
proposed in this investigation allows the develop-
ment of different approaches, which incorporate
energy supply and infrastructure analysis into
existingregional housing, land-use and transporta-
tion planning processes. Furthermore, according
to the environmental demand for energy policy
implementing institution, this novel approach is a
useful tool that puts forward effective local energy
procedure proposals.

The methodology presented is also particularly
useful in order to get a general overview of energy
issues at different urban scales. Outcomes are two-
fold: on one hand, the mapping of energy-related
issues at city and district level with different level
of detail (urban patterns, urban blocks, buildings
and surfaces); on the other hand, the implementa-
tion of energy scenarios that consider the physical
layout of urban patterns. In general, this method
is suitable for both the analysis and the design of
urban environmental strategies. Thus, if applied
at the entire city level, the analysis could lead to
in-situ specific policies and incentives.

Future work will focus on three main areas:

e The integration of building renovation
strategies in the energy scenarios, which is
relevant to get effective reduction of urban
energy demand;

e  The computation of air-conditioning de-
mand during the summer season, which
is crucial to get a realistic picture of the
yearly energy consumptions;

e  The implementation of a more integrated,
comprehensive and user-friendly toolkit,
which is fundamental if the objective is to
diffuse the technique. Indeed, urban plan-
ners and policy makers have to be involved
in the energy assessment in all the phases,
from the analysis to the design.
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KEY TERMS AND DEFINITIONS

3-D Geospatial Data Analysis: The process
of gathering, reviewing and analysing (mostly
quantitatively) three dimensional geographical
data to form some sort of outcome or conclusion
when conducting a research experiment.

Digital Image Processing (DIP): Any tech-
nique that changes the digital values of an image,
such as slope interpolation or low/high-pass filter-
ing using DUSM.

Digital Urban Surface Model (DUSM): A
digital map (pixel values) of the elevation of an
urban area of the earth. DUSM are usually con-
structed using LiDAR mass point cloud datasets
and are grey scale images wherein the pixel values
are actually elevation real numbers. The pixels are
also matched to world space (usually projected
longitude and latitude coordinates), and each pixel
represents some variable amount of that space
(meter, kilometre, etc.) depending on the use of
the DUSM and area involved.

LiDAR Data: Light Detection And Ranging
(LiDAR) is an optical remote-sensing technique
that uses laser light to measure highly accurate
X,y,z points, thus allowing to model the surface
of the earth.

Renewable Energy Potential: The assessment
of possible energy production from renewable en-
ergy sources that can be obtained on the territory.

Urban Energy Performance: The energy
performance of the urban form, in terms of energy
conservation, efficiency and production.

Urban Morphology: The study of the urban
form, including the process of formation and
transformation of human settlements.
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