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Abstract: In coastal areas, the tourism sector contributes to the local economy, generating income,
employment, investments and tax revenues but the rapid urban expansion creates great pressure
on local resources and infrastructures, with negative repercussions on the residents’ quality of life,
but also compromising the visitor’s experience. These areas face problems such as the formation of
meteorological effects known as heat islands, due to the soil sealing, and increased energy demand in
the peak season. To evaluate the impact of urban growth spatial pattern and change, three strategic
sustainable challenges—urban form, urban energy, and urban outdoor comfort—were selected. The
progress towards sustainability was measured and analyzed in a tourist city in the Algarve region,
Portugal, for the period 2007–2018, using geographic information. A set of 2D and 3D indicators
was derived for the building and block scales. Then, a change assessment based on cluster analysis
was performed, and three different trends of sustainable development were identified and mapped.
Results allow detecting the urban growth patterns that lead to more sustainable urban areas. The
study revealed that a high sustainable development was observed in 12% of the changed blocks in
the study area. All indicators suggest that the growth pattern of the coastal area is in line with the
studied sustainability dimensions. However, most of the blocks that changed between 2007 and
2018 (82%) followed a low sustainable development. These blocks had the lowest variation in the
built volume and density, and consequently the lowest variations in the roof areas with good solar
exposition. The urban development also privileged more detached and less compact buildings. This
analysis will support the integration of 2D and 3D information into the planning process, assisting
smart cities to comply with the sustainable development goals.
Keywords: 3D urban indicators; urban growth; sustainable development; urban form; solar potential;
outdoor comfort
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1. Introduction
The patterns of urban growth influence urban sustainability and different patterns
of urban growth are expected to generate different impacts on the environment. Therefore, there is a need to understand the relationship between urban growth and the key
sustainable development goals identified by cities during the planning process.
Recently, the concept of Smart Cities emerged as a strategy for reconsidering our
perception of the built environment. According to [1] the concept of smart city is strictly
linked to the idea of a digital city, due to the similarity of the two designations. Conceptually,
smart cities represent a model of urban development, whose main function is based on the
effort to capitalize on the new information and communication technologies (ICTs). The
tendentious use of this statement makes one believe that any instrumental and technological
innovation transforms a city into smart: this is a mistake [2]. The purpose of the Smart
Cities also passes by ensuring prosperity, competitiveness, efficiency, and sustainability
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in various socio-economic levels. The Smart Cities agenda has gained real momentum
in Europe [3,4], with the European Committee for Standardization and the European
Committee for Electrotechnical Standardization proposing a more general definition on
smart cities: “A Smart City is a city seeking to address sustainability issues via ICT-based
solutions based on a multi-stakeholder, municipally based partnership”.
The “smart” notion points to the idea of intelligent growth, involving better urban
efficiency, by integrating conservation, economic development, and resources optimization
while improving citizen’s quality of life. The Big-Data era and the information-society life
paradigm offers stakeholders and urban planners improved conditions for studying urban
form and morphology. Thus, a diversity of both 2D and 3D spatial indicators have been
introduced into research on urban sustainability, supporting smart strategies.
Sustainable development means development that balances the needs of current and
future generations [5]. The study of urban sustainability is a multidisciplinary field of
research and englobes many concepts such as compact city, eco-city, resilient city, 15-min
city and sponge city. All these concepts seek ways for cities to meet the requirements
of sustainability. Sustainability is most often defined in three dimensions. The social
dimension is related to social fairness and equitable distribution of resources, the economic
dimension is related to resource distribution and growth and the environmental dimension
is related to protecting the environment and preserving natural ecosystems [5].
The rapid growth in cities and major agglomerations challenges sustainable urban
development, with a range of environmental impacts like soil loss, flora or fauna and habitat
fragmentation, and socio-economic impacts like heavy demand for new physical and social
infrastructure provision, increased energy demand for domestic services, traffic congestion
or poor sanitation conditions [6]. Spatial planning requires models and evaluation methods
to describe urban form and existing conditions, as well as to provide alternative scenarios
for the future development of the city [7]. According to [8], there are three main approaches
to measure and analyze urban development towards sustainability—accounts, narrative
assessments, and indicator-based assessments. The latter are generally organized around
a set of indicators that deal with different topics necessary to portray urban growth. By
using the same set of indicators over time, recent assessments can be compared with
previous ones, making indicator-based assessments more useful for decision-making than
other approaches.
2. Literature Review
Land Use and Land Cover (LULC) changes are the main challenges for sustainable
urban development [9]. Therefore, local governments should have at their disposal tools
to inform about the best strategies to mitigate the impact of urban morphology on the
local climate. To be effective, such tools should consider horizontal and vertical growth
of the built-up environment [10,11]. Earth Observation (EO) data provides an effective
source of geographic information for calculating urban indicators, due to its ability to
consistently obtain updated and detailed land cover information over large areas. For
sustainability assessment, different EO-based indicators need to be applied to capture
the distinct aspects of urban growth. The relevant literature has focused largely on the
evolution of two-dimensional urban areas [12–15], using other variables like demography
(e.g., population density) or other socio-economic factors (e.g., concentration, centrality,
proximity) to study the intensification process. This is mainly due to the difficulty of
obtaining elevation data in a fast, consistent, and replicable process. Nevertheless, urban
growth boosts higher densification of populations and built environments. This relation
results in vertical growth, typically through mid and high-rise buildings. 3D modeling
can be used to assess the differences between surrounding heights of less compact areas,
by showing where compactness may be occurring and to what vertical extent [16]. With
the advent of new sensors (e.g., LiDAR—Light Detection and Ranging or SAR—Synthetic
Aperture Radar) and image-processing algorithms, obtaining height information about the
urban environment is nowadays a much more efficient process. Such data allows studying
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the spatial aspects of verticality and volume of the built environment. Consequently,
more studies integrating 3D information in the spatial and temporal analysis of the urban
environment, are now available in the literature [12–17].
Nevertheless, to aid sustainable urban planning, there is a need for new methods,
spatial metrics, scenario-based models and tools for integrating and measuring in the three
spatial dimensions [16,18–22].
There are many indicators to assess sustainable development, that deal with distinct
aspects of cities like population, housing, economy, transportation, land use, energy,
etc. [23]. In this work, we selected three strategic sustainable challenges to measure
and assess urban growth towards sustainability at the local scale based on spatial analysis:
urban morphology and form, solar energy, and outdoor comfort. All three selected strategic
sustainable challenges are transversal to the three sustainable dimensions. Urban form
is not only related to many environmental impacts but also with economic development
and wellbeing. Urban form influences the land use, the provision of open spaces, the
commuting movements, the air quality, the noise pollution, or the urban heat island effect.
By providing building densities capable of minimizing the number and lengths of trips
by modes of transport also impacts the level of greenhouse gas emissions. However,
urban form also influences economic aspects, by impacting the energy consumption (for
heating, cooling, lighting, cooking) and the suitability for installing solar-based systems,
both with direct impact on the environmental quality of the urban area. Furthermore,
the urban form can promote the quality of life, including social interactions and ready
access to services and facilities. Urban solar energy is directly linked with economics
and environmental dimensions since renewable sources of energy are cleaner modes of
power generation that can also diminish the local dependency on fuel fossils. Furthermore,
promoting urban solar sustainability enables self-consumption, which also contributes to
raising awareness and behavior change, with citizens seeing themselves as a part of the
solution for achieving clean and healthy cities. Comfortable public spaces, easily walkable,
promote social well-being and a high-quality urban environment.
2.1. Urban Form
Urban morphology expresses the different aspects of urban form and the physical
density of built environments [24]. Urban morphology indicators are useful to understand
urban form dynamics, i.e., the spatial structure and patterns of the built environment.
Many studies show that the urban structure impacts significantly the local environment,
by promoting Urban Heat Island (UHI) effect [25,26], causing high wind speeds [27,28],
affecting the air quality and noise pollution due to traffic congestion [29,30]. Urban morphology is also related to energy demand by impacting the buildings’ electrical demand
for heating, cooling and artificial lighting [31–33]. Urban morphology indicators include
ratios of surfaces, volumes or lengths like building aspect ratio, floor space index, building
density, porosity, compacity, among others.
Rode et al. [31] studied the relationship between urban form and residential heatenergy demand at built forms in London, Paris, Berlin and Istanbul, using five measures
of urban morphology: building height, the surface coverage of buildings, open space
ratio, and building density surface-to-volume ratio. The building density and building
height average were classified as good measures of heat-energy efficiency, both correlating
negatively with the heat-energy demand. They concluded that tall and compact buildings
had the highest heat-energy efficiency at the neighborhood scale, while detached housing
had the lowest. Mahtta et al. [12] characterized urban form in 2D and 3D and proposed a
worldwide dataset of urban volumetric growth. First, urban growth trends were estimated
for both regions and countries; second, a pixel-based analysis was performed to determine
how urban growth patterns cluster. Finally, the variations of these clusters across cities
and geographies were analyzed. Shirowzhan et al. [14] proposed a set of 3D metrics for
assessing spatial and temporal sustainable urban form—the ratio of volume change, 3D
mass index and 3D space index—and used them to assess building and vegetation change
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detection. The change detection method was based on an integrated approach of support
vector machine together with digital surface model (DSM) differencing. Zhao et al. [15]
demonstrated the utility of LiDAR data to characterize 3D morphology and understand
its dynamics for 24 years. In this study, the urban development was characterized in
each period using nine urban morphological types (based on building surface fraction,
pervious surface fraction and height of constructed elements). The urban expansion was
then assessed in terms of intensification, sprawling expansion, and efficient expansion.
Results were compared with local plans to assess its conformance with the ‘compact and
efficient growth’ policies.
2.2. Urban Solar Energy
Energy use is globally recognized as a key issue for urban sustainable development [5,34]. Promoting the use of renewable sources of energy in the residential sector
is a way of reducing greenhouse gas emissions associated with fossil fuels usage while
decentralizing the electricity sector and promoting the local generation of clean power
(especially important in remote areas) [35]. Consequently, reducing the energy consumption of urban buildings and improving the use of solar energy has become the focus of
many countries [36]. The urban insertion of renewable energy production depends on the
adoption of public policies, municipal incentives, and the local solar conditions [37,38].
The roof of buildings in the city can be used to install solar thermal collectors or photovoltaic (PV) power generation systems, which is considered the fastest growing technology
and the main use of solar energy in urban buildings (e.g., for cooling, heating, hot water
supply, lighting, and kitchen appliances) [36,39]. In this context, urban morphology has
a direct impact on energy consumption at the building level. Factors such as the roof’s
slope, area, orientation, and shaded area are determinants for the success of solar energy
generation systems. Understanding the impact of these factors on energy consumption
(i.e., quantifying local capabilities) is crucial to determine where in the city is the largest
potential to reduce energy consumption, and which areas are more suitable and should be
prioritized for the development of energy efficiency policies in line with the sustainable
development goals [37].
Solar availability in the urban environment is a common spatial indicator to assess the
potential use of renewable energies. The impact of building and block morphology on solar
access and harnessing has already been explored in different studies. Martins et al. [40]
found that the street canyon aspect ratio, the spacing between buildings, and surface equivalent albedo are the most significant design factors affecting solar potential. Santos et al. [37]
assessed the photovoltaic potential of residential buildings and compared it with the local electricity demand. The results showed that 25% of the local electricity demand in
residential buildings can be met with the installation of photovoltaic (PV) systems on
the rooftops. Chatzipoulka et al. [41] demonstrated that urban density has a negative
impact on solar potential. Supported by the morphological and solar analysis of London’s
24 representative urban forms, they concluded that average spacing between buildings,
site coverage, directionality and complexity of building form, and variance in building
height, all are key factors that affect solar potential on the open space and building facades.
Mohajeri et al. [42] studied the relation between urban compactness indicators and solar
energy potential and found that of the six indicators, the volume–area ratio showed the
best correlation with the annual solar irradiation. Sarralde et al. [43] tested several urban
morphology descriptors—such as the average building perimeter, the variation in building
heights, the average spacing between buildings—to predict solar irradiance of roofs and
facades. They found that according to the neighborhood scenario, the optimum combinations of variables of urban form could increase solar radiation of roofs and facades by 9
and 45%, suggesting that prioritization might be needed considering the potential conflict
between the parameters. Zhang et al. [44] simulated the effect of building topology on solar
potential and energy used and found that rooftop photovoltaic for courtyard typology
reduced building energy use intensity by up to 25%.
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2.3. Urban Outdoor Comfort
Outdoor thermal comfort is a key aspect of sustainable urban design [45,46]. The
outdoor comfort and public space quality for pedestrian use depend on several factors like
microclimate (e.g., air ventilation, mean air temperature or relative humidity), presence
of water elements and green infrastructures, pavement materials, and urban morphology.
The urban layout has a direct impact on microclimate parameters such as air temperature,
humidity, radiant temperature, or ventilation. Furthermore, it can also aggravate the
occlusion and reflection between buildings, which not only affects the distribution and
absorption of solar radiation in buildings but also further affects the thermal environment
and the public space quality for pedestrians [36,47].
Alavipanah et al. [10] studied the effect of multi-dimensional indicators, like building
volume, shadow footprint and building height to width, on land surface temperature. The
results showed that the 3D indicators are more determinant than 2D ones in modeling the
surface temperature at distinct urban forms of the study area. While a higher exposure to
the sky can be beneficial to daylight access for urban open spaces and building interior,
the increased sky exposure may also lead to excessive solar radiation on the urban surface.
This high insolation has a direct impact on building energy consumption for cooling and
ventilation. Thermal comfort for people can also be compromised if no shadowing is
provided. Therefore, sky exposure is a significant parameter when studying outdoor
thermal comfort. The Sky View Factor (SVF)—the proportion of sky visible from a point to
the overall sky dome—has been used to evaluate the relation between morphology, sunlight
access/shadowing and air temperature [22,24,48–52]. SVF has a dimensionless value
between 0 and 1 representing a completely obscured and unobscured sky, respectively [48].
Yang et al. [51] applied a 3D urban surface energy balance model to assess the relevance
of urban geometry on urban albedo and street surface temperature. Results showed that
the average street surface temperature of a high-rise high-density city (i.e., with a smaller
SVF) is lower than a low-rise low-density city. Ahmadi et al. [53] studied the role of SVF
in human thermal comfort using microclimate simulation. Several street scenarios were
studied and impacts in thermal comfort were evaluated through human-bio meteorological
indexes. Results showed that SVF higher than 0.6 leads to higher heat stress.
From the literature review, we conclude that the impact of urban morphology on the
sustainability of the urban form, solar energy or outdoor comfort is a topic of increasing
research interest. However, to the best of our knowledge, the implications of 3D urban
growth in the urban form, the solar access, or the outdoor comfort dynamics, have not yet
been investigated from a sustainable development point of view. The main goal of this
work is to present a straightforward methodology, based on the 3D model of an urban area
in two periods, to evaluate if urban growth is following a sustainable development trend or
if it is moving away from it. For that, we propose a methodology to (1) measure the 2D and
3D urban growth, (2) identify typologies of urban growth pattern, based on three strategic
sustainable challenges—urban sustainable form, urban solar energy, and outdoor comfort,
at the local scale—and, (3) assess progress towards urban sustainable development. A
secondary goal was to select indicators that are easy to apply, easy to calculate, relevant
to local levels, and contribute to the achievement of the sustainable development targets,
based on already existing 2D and 3D municipal data. Such knowledge about the urban
growth process constitutes a piece of valuable information to assist cities moving towards
sustainability and resilience, the ultimate goals of the smart city movement.
The paper is organized as follows: in Section 3 we present the study area (Section 3.1),
the selected materials (Section 3.2) and the three-step methodological approach (Section 3.3).
Section 4 discusses the results in terms of urban growth typologies (Section 4.1) and the
multiple implications for urban sustainability planning (Section 4.2). Finally, Section 5
summarizes the main findings and highlights the potential advantages and limitations of
the proposed methodology.
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3. Materials and Methods
3.1. Study Area
The Algarve region is a popular sea and sun tourist destination, and the population
increases 43% in the summer period due to the tourist influx [54]. Coastal urban tourist
areas face two types of problems. On the one hand, being urban areas with a large part
of their soil sealed makes them vulnerable to meteorological effects such as heat islands.
On the other hand, because they are in coastal areas, they suffer from increased problems
in their management given the strong tourist pressure they are subject to. In fact, in cities
with high tourist activity, urban pressures on the territory are increased, overloading
local infrastructures, with negative repercussions on the residents’ quality of life, but also
compromising the visitor’s experience. These effects are most felt in seasonal tourist areas,
such as beach destinations, where the mass concentration of tourist flows, in time and
space, leads to increased energy demand and other environmental impacts.
Nowadays, one of the main challenges that the local government faces is to ensure the
sustainability of urban growth and development. The tourism sector has also shown to be
alert to issues related to sustainability and energy efficiency [54] not only about boosting
its business model but also regarding the image it wants to transmit to its main consumers.
To study the urban growth, the main urban zone of Portimão City, in the Algarve region,
was selected (Figure 1). Portimão has a hot-summer Mediterranean climate (Köppen: Csa),
characterized by hot dry summers and mild wet winters, moderated by the Atlantic Ocean
proximity, making it a popular sun, sea and beach destination. Therefore, the socio-economic
structure of Portimão is heavily reliant on tourism. Since the 1970s, the area has been subjected to intense urbanization, starting in the surroundings of Praia da Rocha, with the
construction of large hotel units and second homes, followed by other tourist projects [55].
The continuous tourist pressure contributed to the substantial urban development felt in recent years, with many new constructions occurring outside the urban expansion zones [56,57].
While this zone occupies a small part of the municipality—12.6 km2 (out of 182 km2 )—it is
the home to 40,679 inhabitants (census data from 2011), which represents 73% of the total
population of the municipality.
3.2. Earth Observation and Ancillary Data
This research used a range of multi-resolution 2D and 3D geographic data, all based on
the national coordinate system ETRS89/Portugal TM06. The 2D dataset included building
footprints, orthophoto maps and census urban blocks:

•

•

•

To represent the buildings within the urban context, a vector file with footprints was
used. The most recent file is from 2018 and is part of the municipal cartography.
However, the footprints from 2007 were not available and had to be obtained by
visual interpretation of a very-high resolution orthophoto (50 cm) from 2007. The 2007
footprints were then produced by removing 2018 buildings that did not appear in the
2007 image.
The census blocks were obtained from the National Statistical Institute of Portugal (INE) that conducts the decadal censuses of the population. The information
is produced in small statistical areas—statistical sections and subsections—defined
by polygons in a Geographic Information System. From this base, we selected the
subsections that represent the smallest homogeneous areas, corresponding to a block
in urban areas. The total number of urban blocks in the study area was 680.
The 3D dataset included a digital surface model (DSM) and a digital terrain model
(DTM):

A DSM with a 2 m resolution, representing the elevation on the study area in 2018
was obtained by applying a matching method—the MATCH-T DSM [58]—on aerial image
stereo pairs. The DSM has a maximum z error of 86 cm.
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A DTM with a 1 m resolution, representing the terrain in 2007 was obtained from the
municipal cartography. This is the most updated information available for the study area.
The DTM was resampled for the DSM resolution for proper data comparison.

Figure 1. Study area located in Algarve Region, Portugal.

3.3. Methods
The methodology follows a 3-step approach. It starts with data preparation for
assessing the built height and volume for each period (Section 3.3.1). Then, 2D and 3D
Indicators for Urban Sustainability Analysis are produced for the individual building and
the block scale for each period (Section 3.3.2). In the next step, a change assessment is
applied to select blocks with new and/or demolished buildings and cluster analysis of the
changed blocks is performed. The results will provide a spatial and temporal pattern of
horizontal and vertical sustainable urban growth (Section 3.3.3).
3.3.1. Data Preparation
In this research, spatial and temporal changes of 2D and 3D patterns of urban sustainable development are explored at the individual building and the block scale. Both scales
require distinct information.
For the building scale, the height and volume for 2007 and 2018 are the two geometric
attributes required. That information was obtained using the 2D and 3D datasets. First,
through the subtraction of the DTM2007 to the DSM2018 , a normalized DSM (nDSM) was
produced. The nDSM identifies all objects that lie above the terrain such as buildings,
bridges, and trees. Then, buildings’ height and volume were calculated by overlaying the
building footprints and the nDSM (Figure 2).
For the block scale, besides the built height and volume, temporal information about
the surface (i.e., the DSM) is also required. In the 3D dataset, however, this information is
only available for 2018, so, to study the spatial and temporal changes, information about
the surface in the first period of analysis (2007) is required. The DSM2007 was produced
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through map algebra (conditional evaluation) using the DSM2018 , the DTM2007 and the
building footprints for both dates. The condition was implemented using the following
expression:
IF Building2007 <> Building2018 THEN DTM2007 ELSE DSM2018 ,

(1)

Meaning that if the cell is evaluated as true, i.e., if it is not a building in 2018, it will
receive the value of the DTM2007 . If the cell is evaluated as false, it will receive the value of
the DSM2018 . Using this method, all cells in the study area attributed an elevation value,
based on the cell’s value in the building files and the conditional statement. The final raster
file represents the DSM2007 of the study area.
At the end of this pre-processing stage, the following information is available: the
building height, the building volume, and the DSM, for both 2007 and 2018 years.

Figure 2. Methodology to obtain relative heights and volumes from 2D (building footprints) and 3D datasets (DSM
and DTM).

3.3.2. Spatial Indicators for Urban Sustainability Analysis
Two geographical scales were adopted for the analysis of urban development: the
building and the urban block scale. Following the methodological framework in Figure 3
and using the information available in the 2D and 3D datasets, several indicators were
computed for each building in the study area. Then, and to characterize the urban development on the urban block scale, three groups of sustainability indicators considering the
urban form, solar potential and outdoor comfort were used. These groups of indicators are
described in the next sections.
Building Indicators
The individual geometric and volumetric attributes of every building in the study
area were retrieved from the building footprints and the nDSM. Using those attributes, a
set of eight indicators was proposed (Table 1):

•

•

Building Length (L), Width (W), Area (A), Height (H) and Volume (V)—these primary
attributes are obtained in the building footprint (i.e., the polygon length, width and
area) and the nDSM (the height value). The volume is then the product of the area
and the height of each building identified in the building footprint.
Building Aspect Ratio (BAR)—this index measures the shape of the buildings by
comparing the length (the longer dimension) and width (the shorter dimension). It
defines the surface area by which heat is transferred between the interior and the
outdoor environment, so it has a big impact on energy efficiency [59]. The higher the
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•

•

•

BAR, the higher is the exposed surface area, which increases the energy transfer, and
thus urban sustainability.
3D Mass Index—is the ratio of the volume of buildings to the total volume of an
assumed cube in the block. The cube’s footprint is the ground surface area comprising
all buildings, and its height matches the tallest building height in the study area. It is
a measure of 3D urban form compactness. Compact urban form is identified by the
Intergovernmental Panel on Climate Change (IPCC) as an important sectoral climate
mitigation measure [60], attributed to lower per capita energy use [61].
Contiguity—is the ratio of the facade area (i.e., the vertical envelope) next to other
buildings to the facade area exposed to the outdoor space. Null contiguity stands for
detached buildings, while buildings with common boundaries will have higher values.
The level of adjacencies between buildings impacts the level of heat transmission
(since party walls do not transmit heat to the outside space). Fewer contact areas mean
lower contiguity and higher heat exchanges with the outdoor.
Rooftop Solar Potential—quantifies the suitable roof area to receive photovoltaic
panels. The first step is to model the solar radiation at the surface considering the worst
energy scenario—the winter solstice. The solar mapping is performed using Solar
Analysis from ArcGIS [62], following the methodology proposed by [37]. The solar
map provides radiation values, calculated in Watt-Hours/meter2 . The radiation values
are then classified into quartiles. Through an overlay operation, the solar radiation
at every building footprint is assessed and only those roof areas that are within the
fourth quartile of solar energy are considered suitable for solar panel installation.

Figure 3. Proposed 2D and 3D indicators for urban sustainability analysis at the building and the urban block scale.

Urban Sustainable Form Indicators
To study the urban form, all individual building data were aggregated to the Portuguese Georeferenced Information Base (BGRI), the national GIS census database produced by the INE. This referencing system divides the parish areas into smaller statistical
territorial units. For this study, we selected the smallest territorial unit—the subsection
statistical section—that corresponds to the block in urban areas. At the urban block scale,
the following seven indicators were proposed (Table 2):

•

Building Density (BD)—the indicator accounts for the number of buildings per unit of
area. This information is pertinent in urban planning for it shows a city’s evolution,
based on the quantification of new and demolished buildings within the urban area.
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•

•

Built Volume Density (BVD)—is calculated by summing the built-up volume aggregated by block area. This index shows which typologies are privileged: single-family
(low BVD) or multi-family houses (higher BVD). Densification is one of the core design
strategies of the compact city for achieving the goals of sustainability [43,44]. It enables,
through the concentration of human activities, efficient use of resources such as land
and energy, while preserving large greenfield areas in its surroundings. Consequently,
a sustainable development trend shall prioritize higher built volume densities.
Based on individual building aggregation, the following indicators are calculated for
the block scale: Average Building Aspect Ratio (AvBAR), Average 3D Mass Index
(Av3DMI) and Average Contiguity (AvCt).

Table 1. 2D and 3D indicators for individual buildings and their formulas.
Indicators

Scale of
Analysis

Dimension

Formula

Building Length (L)
Building Width (W)
Building Area (A)
Building Aspect Ratio (BAR)

Building
Building
Building
Building

2D
2D
2D
2D

L is the longest side of the building
W is the shorter side of the building
A = L×W
L
BAR = W
p

V = ∑ hi xnDSMresolution
Building Volume (V)

Building

3D

3D Mass Index (3DMI)

Building

3D

Contiguity (Ct)

Building

3D

Rooftop Solar Potential (RSP)

Building

3D

i =1

hi is the height value, obtained from the nDSM, of each
pixel included in the building footprint
3DMI = max {Vh }× A
i
hi is the height of each pixel included on the building
footprint
Adjacent Facade Area
Ct = Exposed Facade Area
RSP = AQ4solarmap
AQ4Solarmap is the area of pixels from the building
footprint that are classified in the 4th Quartile of the
winter solar map

Table 2. Urban sustainable form indicators and their formulas at the block scale.
Indicators

Scale of
Analysis

Dimension

Formula

2D

1 i
BD = ∑Ai=Block
Bi are the buildings on the block
A Block is the area of the block

N

Building Density (BD)
Average Building Aspect
Ratio (AvBAR)
Built Volume Density (BVD)

Block

Block

Block

B

N

BAR

N

V

2D

AvBAR = ∑i=1N i
BARi is the BAR of each building on the block
N is the total number of buildings on the block

3D

1 i
BVD = ∑Ai=Block
Vi is the volume of each building on the block
A Block is the area of the block
N

Average 3D Mass Index
(Av3DMI)

Block

3D

i
Av3DMI = ∑i=1 N
3DMIi is the 3DMI of each building on the block
N is the total number of buildings on the block

3D

AvCt = ∑i=N1 i
Cti is the 3DMI of each building on the block
N is the total number of buildings on the block

N

Average Contiguity (AvCt)

Block

3DMI

Ct
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Urban Solar Energy Indicator
To characterize the built environment potential to receive solar panels, the information regarding the average potential of each rooftop within the block, as described in
Section 3.3.2 (in Table 1) is proposed (Table 3).
Table 3. Urban solar indicator and its formula.
Indicators
Urban Solar
Potential (USP)

Scale of
Analysis

Dimension

Formula
USP =

Block

3D

N

∑i=1 RSPi
N
∑ i =1 A i

RSPi is the RSP of each building on the block
Ai is the area of each building on the block

Urban Outdoor Comfort Indicators
One of the best ways to improve sustainable and soft mobility in cities is to create
attractive and pleasant places that provide comfortable walking and cycling environment.
The urban morphology can have a great impact on outdoor comfort, favoring daylight
access and shadows during summer. To measure these two conditions, the Sky View Factor
and the shadows intensity in the open space were proposed (Table 4):

•

•

•

Sky View Factor—this indicator defines the ratio of sky hemisphere visible from the
ground, and that is not obstructed by buildings, terrain, or trees. SVF is a common
indicator used in climate-related studies since it directly impacts the long-wave radiation flux emitted by built structures to the sky during the night period. When the
entire sky is blocked from view by obstacles, SVF equals 0. For lower values of SVF,
the amount of heat released during daytime is limited, increasing net heat storage
within the buildings, and thus increasing UHI. Higher SVF values account for greater
sky visibility, and therefore, heated air during the daytime is less trapped among
the buildings and is more effectively emitted to the atmosphere [63]. Therefore, a
more desirable street configuration in terms of comfortable thermal environments is
characterized by high SVF values [64].
In this study, SVF was calculated in QGIS software plug-in SAGA-GIS [65] and uses
the DSM to describe the buildings and terrain elevation in each pixel. The remaining
parameters include the number of sectors (8) and the distance of search (10,000).
Shadows in the open space—this indicator quantifies the area of open space that is
shaded. In hot-summer Mediterranean climates, pedestrian comfort is highly affected
by the amount of shaded area. In these regions, climate-responsive urban design can
play an important role in cooling down the built environment [66], making it more
pleasant for walking and cycling activities.

The procedure to obtain the shadow area in the open space is like the roof solar
potential assessment and begins with the model of the solar radiation at the surface.
However, it differs in two aspects: (1) the selected season is the hottest scenario—the
summer solstice (since the study area is a summer tourist area)—and (2) for shadow
mapping, the first quartile of solar energy is used. The result is the map of shadows on the
whole surface during the summer. Through an overlay analysis, the built area is removed
and the map of the shadows in the open space is obtained.
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Table 4. Urban outdoor comfort indicators and their formulas.
Indicators

Scale of
Analysis

Dimension

Formula
n

2
SVFp = ∑ S 2π
sin
i =1

Sky View Factor (SVF)

Block

3D

π
180



sin



π (2αi −1)
2n



360
θi

The pixel-based SVF (SVFp ) is created by computing the
sum of weighted shadow maps, where S is the Boolean
image of shadow patterns, n is the total number of
shadow maps generated, αi is the altitude angle in
degrees and θ i is the number of azimuth angles used at
the ith annulus
level.
n
∑ 1 SVFpi
SVFb = ∑ ip=OpenSpace
The block-based SVF (SVFb ) is the average SVFp
considering all pixels in the open space ( pOpenSpace )
AQ1

Shadows in the open space
(Shd)

Block

3D

solarmap
Shd = AOpenSpace
AQ1Solarmap is the area of pixels from the open space on
the block that is classified in the 1st Quartile of the
summer solar map
AOpenSpace is the area of the open space on the block

3.3.3. Change Assessment and Cluster Analysis
Change detection was applied after assessing the indicators for the block scale for
2007 and 2018 (Figure 4). In the first step, change blocks were identified based on both the
Building Density and the Built Volume Density indicators. These indicators account for
changes in new and demolished buildings, in number and volume. Then, the eight urban
indicators for sustainability analysis (Table 2, Table 3, Table 4) from 2007 were subtracted
from those from 2018. The result is a set of eight variables calculated for each block that
characterizes the urban development of the study area.

Figure 4. Methodology for assessing urban sustainable development patterns at the block scale in
the period 2007–2018.
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The variation of the urban indicators for each block was then investigated through
cluster analysis. The optimal number of clusters was determined through the Calinski–
Harabasz pseudo F-statistic (implemented in the group analysis tool within ArcGIS, ESRI).
This statistic shows how many groups will be most effective at distinguishing the features
and variables specified.
Given the number of clusters to create, and the variations of the urban indicators for
each block, the clustering algorithm will look both for a solution where all the indicators
within each cluster are as similar as possible, and all the clusters themselves are as different
as possible. For this step, no spatial constraints shall be specified so as not to force similar
urban growth clusters to be spatially proximal. The variables were standardized before
clustering analysis. Standardization involved a z-transformation, where the mean for all
values is subtracted from each value and divided by the standard deviation for all values.
Standardization puts all the attributes on the same scale (from 0 to 1.0). The K-Means
algorithm was used for grouping similar blocks. For each cluster of blocks, a mean data
center was computed, and each block was reassigned to the closest center. Computing
a mean data center for each cluster and then reassigning the block to the closest center
continued until group membership stabilizes (up to a maximum number of 100 iterations).
The Euclidean distance method was used to calculate the distance from each block to
neighboring blocks.
After analyzing the statistical distributions of each cluster in the eight urban indicators,
a typology of urban growth at the block scale was proposed and used to characterize the
sustainable patterns in the study area. In this work, the sustainable development trend was
assessed following the three selected strategic sustainable challenges: urban sustainable
form, solar energy, and outdoor comfort. Higher densities and compact urban form are
perceived as more sustainable than other urban patterns [67–69]. Based on the proposed
indicators of urban form (Table 2), a high level of sustainable urban form corresponds to
high built volume densities, increased exposed surface area (high values of BAR), high
compactness (high values of 3D Mass Index), and greater contiguity. For the urban solar
sustainable analysis, rooftop areas with high irradiance (i.e., solar potential) are more
suitable than rooftops with low irradiance. For the outdoor comfort, the presence of
shadowed areas in the open space and the amount of visible sky (low SVF) are good
indicators of public space quality and contribute to the city sustainable development.
4. Results and Discussion
The described procedure in Section 3 was applied to the study area. The main results
are presented herein.
4.1. Measure 2D and 3D Urban Growth
From the building footprints available for the urban area of Portimão, we verified
that 10,271 buildings already existed in 2007 and that number increased to 10754, in 2018,
meaning that 484 new constructions were built in this period (a variation of 5%). Following
the methodological framework presented in Figure 3, eight indicators—Building Length (L),
Width (W), Area (A), Height (H) and Volume (V), Building Aspect Ratio (BAR), 3D Mass
Index, Contiguity and Rooftop Solar Potential—were computed for every building in the
study area in both periods of analysis (i.e., 21,025 buildings). Looking at these results, we
conclude that the top 10 tallest buildings in the study area (i.e., with more than 75 m in
height, approximately 25 floors) are the same in both periods, but when looking into the
top 10 most volumetric ones, we see that there are now three new buildings in the three
first positions of the rank, that were built between 2007 and 2018.
Regarding building function, the residential sector was responsible for 84% of the new
constructions, followed by services and commerce (16%), and tourist developments (1%).
In Portugal, the Thermal Performance Building Regulations [70] determines that new
homes (or buildings with significant remodeling works) should include a solar thermal
collector (1 m2 per resident). In the study area only the more recent new constructions
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comply with these regulations. The information is not easily accessible, but through a
visual inspection of the very-high resolution orthophotos available, we could assess that
52% of the new buildings have solar panels. With the development of a Roadmap for
Carbon Neutrality in 2050, the Portuguese government aims to incentivize the installation
of solar systems so that by 2050 solar power represents 50% of the total installed capacity
in the electrical system. Therefore, the adoption of solar systems is expected to rise in the
following years, namely in the Algarve region, where solar irradiance is high.
Through the analysis of the growth of new buildings according to the distance from the
coastline (Figure 5, Table 5), we verified that, within the first 500 m from the coastline, there
were 646 buildings in 2018, 45 of which were built between 2007 and 2018 (variation of 8%).
The new buildings are, on average, lower (minus 6 m), have higher exposed surface area
and higher volume, have similar compactness form, have no contiguity and higher rooftop
solar potential, when compared to the ones in 2007. The area between 500 and 2000 m, is
where the number of new buildings increased most (56%). These new buildings are taller
(plus 6 m), with higher exposed surface area and volume, with similar compactness form,
lower contiguity, and higher rooftop solar potential. The 2000 m beyond the coastline is
where the variation is lower (4%). In this area, the new buildings are taller (plus 14 m),
but with less exposed surface area, slightly more compact in form, less contiguous and
with higher solar potential. Regarding buildings function, two out of three new buildings
dedicated to tourist use are concentrated in the first 500 m from the coastline, and the
remaining one is in the area between 500 and 2000 m from the coastline.

Figure 5. Urban development, in the 2007–2018 period, by distance to the coastline.

After calculating the 2D and 3D indicators at the building scale, all indicators were
aggregated to the block scale and grouped considering the three strategic sustainable
challenges of urban sustainability—the urban form, the solar potential, and the outdoor
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comfort. Afterwards, the variation in the Building Density and Built Volume Indicators was
used to assess urban change. The variation of the indicators in the period under analysis
showed that 162 out of 680 blocks changed between 2007 and 2018 (29% of the total blocks).
For all these blocks, the building density increased, and the same occurred in the built
volume, except in one block, where the new buildings had volumes slightly lower than the
ones demolished. In the changed blocks, demolitions only occurred in nine blocks, where
22 buildings were dismantled and replaced by others.
Table 5. Characterization of the buildings according to the distance to the coastline and year.
Distance to
Coastline

0–500 m

500–2000 m

2000–5000 m

Year

Buildings
(Count)

Average
Building
Height (m)

Average
BAR

Average
Building
Volume (m3 )

Average
3DMassI

Average
Contiguity

Average
RSP (m2 )

2007
2018
2007–2018
2007
2018
2007–2018
2007
2018
2007–2018

601
646
45
137
214
77
9532
9894
362

31
31
25
30
33
36
29
30
43

1.81
1.82
1.95
1.63
1.66
1.7
1.81
1.81
1.69

9396
9705
13,832
5231
8922
15,490
4480
5016
19,117

0.88
0.88
0.88
0.93
0.93
0.93
0.91
0.92
0.93

0.18
0.17
0
0.13
0.11
0.07
0.55
0.53
0.01

92.69
95.57
133.96
54.39
80.84
127.9
46.44
50.92
168.96

4.2. Typologies of Urban Growth
For the 162 changed blocks, the eight sustainable indicators were derived for each
year and then subtracted. The variation of each indicator at the block scale was used as a
variable in cluster analysis. The optimal number of clusters was evaluated by computing a
pseudo F-statistic for clustering solutions with 2 through 30 clusters. The largest pseudo
F-statistic values indicate solutions that perform best at maximizing both within-cluster
similarities and between-cluster differences.
Based on the high value of the pseudo F-statistic, either 2 or 3 groups are discernible in
our dataset (Appendix A). Therefore, the number of clusters was defined as 3, and no spatial
constraints were specified, meaning that clusters do not need to be spatially proximal.
Following the relationships identified for each indicator (Section 3.3.2), blocks with
multi-familiar, narrow, contiguous and compact buildings, with increased solar potential
and with sky visibility and shadows in the open space, reveal an urban development pattern
towards sustainability. These criteria are assessed in each cluster, using the statistical
distributions available in the boxplots (Figure 6). Based on that analysis, and to depict the
major development patterns, three urban growth typologies were identified: low, medium,
and high urban sustainable development.
The number of blocks in each typology is 133 (low), 10 (medium) and 19 (high)
(Figure 7). The summary of clusters characteristics and their relationship with urban
sustainability is as follows:

•

•

•

Most of the blocks that changed between 2007 and 2018 (82%), followed a low sustainable development. These blocks obtained low values for urban sustainable form and
urban solar energy, and medium values for urban outdoor comfort.
This cluster had the lower variation in the built volume and density, and consequently
the lower variations in the roof areas with good solar exposition. The urban development also privileged single-family houses and more detached and less compact
buildings, but with a comfortable thermal environment, with visible sky area and
shadows in the open space.
Only a small part of the blocks (6%) followed a medium sustainable development
pattern. These blocks showed medium values for urban sustainable form, urban solar
energy, and urban outdoor comfort.
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Figure 6. Boxplot of the cluster analysis that summarizes both the groups and the variables within each cluster.

Figure 7. Map of the changed blocks between 2007 and 2018 classified according to the level of urban sustainable development.

These blocks had no construction in 2007 and in 2018 the new buildings were compact
and long, with a high exposed surface area. This urban form increases the energy transfer
and thus compromises urban sustainability. Furthermore, in these blocks, the shadows
diminished. This is because, before construction, the block area benefited from the shading
of buildings on its borders. With the new constructions, these areas of shadow disappeared,
making the open space less comfortable.
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•

•

A high sustainable development was observed in 12% of the changed blocks in the
study area. These blocks had a high performance regarding urban sustainable form
and urban solar energy, and a medium performance in the urban outdoor comfort.
This cluster includes contiguous multi-familiar buildings, with rooftop areas with high
solar potential, and where the open space is comfortable because of the shadows, but
with a slightly diminished amount of visible sky. In two of these blocks, a single new
building was built. These new buildings were a shopping mall and a retail commercial
area. On the remaining blocks, the new developments included from 3-storey up to
10-storey apartments, mainly for residential use (either for second homes or short-term
rental apartments).

4.3. Implications for Urban Planning and Sustainable Development
The results of this study have multiple implications for urban sustainability planning.
First, they show that most of the new urban land area in the study area is not following a
sustainable development pattern. This suggests that there is considerable opportunity to
implement future patterns of sustainable urbanization. However, in these blocks, where
the urban layout is established, it is difficult to introduce adjustments. This fact calls
out to the need to develop strategies for sustainable urban growth based on updated
geographic information.
In this way, our study shows the utility of indicators to assess the urban design. Their
use can guide preliminary evaluations of urban form, energy, and outdoor comfort, and
help urbanists and architects understanding the implications of different urban development patterns in terms of urban sustainability and make the necessary adjustments.
Additionally, the spatialization of low sustainable development “hot-spots” can provide
useful information for future planning scenarios. Such awareness can be useful to help
design alternative solutions since different parts of the city may require differentiated
urban growth strategies.
The analysis of the different indicators can be useful to identify in the urban landscape,
which blocks have the best chances of benefit from fiscal stimulus packages, and which
blocks deserve a priority intervention, as well [71]. Such an indicator-based system can also
be beneficial for detecting what are the different needs in each block. For example, in those
blocks with a low value of shadows in the public space, mitigation solutions include the
adoption of solar control devices like street sun sails (e.g., [66]) or the promotion of street
tree planting actions [72]. In blocks with low Urban Solar Potential, new constructions
should include south-facing roofs with large areas to receive solar panels [37]. In blocks
with low urban development patterns, prioritizing the renewal of old buildings is also a
strategic option to ensure resilient and long-term development [73]. Sustainable indicators
can also improve decision making and be used to analyze future growth scenarios, providing awareness of the long-term effects of urban growth, and assisting the city to achieve
sustainable urban growth.
In this study, we demonstrated the utility of the sustainable indicators for studying
sustainable strategic challenges such as urban form, solar energy, or outdoor comfort.
Other dimensions of sustainability can also take advantage of 3D urban data. For the environmental dimension, using 3D models adds a substantial increase in the accuracy of the
results and their interpretation. These include air pollution evaluation, noise propagation
estimation or flood risk analysis and simulation [18,74]. Considering the socio-economic
dimension, 3D models of the built environment can be used as a proxy for population density, or to assess the economic evaluation of the real estate or be used to improve the public
participation process through 3D visualization of different planning alternatives [75]. 3D
information is rarely used for characterizing urban development at lower scales due to data
unavailability. There are only a few studies on the vertical dimension of urban structures,
either at lower scales [76] or for selected cities across the globe [12,77–79]. This limitation
can soon be overcome by the development of data fusion techniques for producing 3D
spatial information from synthetic aperture radar (SAR) and optical image pairs [80].

Energies 2021, 14, 5044

18 of 22

5. Conclusions
Most previous studies have a single approach towards urban change and the sustainable development assessment—either looking into urban growth as a 2D rather than a
2D and 3D phenomenon, or by considering the effect of urban form compactness on the
energy consumption, or the impact of horizontal and vertical urban growth on the land
surface temperature, among others. However, for studying the urban form and sprawl, at
local scales, detailed 3D information on the built environment provides better data representation and decreases uncertainty. This study goes a step forward and evaluates if urban
growth can be considered as moving away or towards more sustainable development. The
proposed indicators provide more information than those based only on 2D and allow
re-scaling the analysis of urban development by capturing proxies of competing dimensions of sustainability. The basis for the assessment was the urban morphology and how it
relates to the sustainable urban form, solar energy, and outdoor comfort. All the selected
indicators are easy to apply, easy to calculate, relevant to local levels, and contribute to the
achievement of the sustainable development targets. For the architects and urbanists, the
indicators can be used to maximize sustainable urban layouts. For municipal technicians
and policymakers, the indicators can be used for identifying priority sites for interventions
and to monitor and evaluate the plans’ implementation process.
The proposed methodology is straightforward and is based on information that already exists in the municipalities (building footprints and DTM), complemented with other
information that can be easily acquired (DSM). The findings can be integrated into other
sustainable development indicator systems, like the ecological footprint and biocapacity
which allows defining environmental carrying capacity [81]. The proposed indicators can
also be used to revive the Algarve Region’s System of Indicators of Sustainable Development (SIDS) (https://web.ccdr-alg.pt/sids, accessed 15 August 2021). This project was
developed at the beginning of 2020 but is not operational because it depends on information that is collected by different entities who do not ensure the data for the system’s
continuity [82]. This case reveals the importance of having the data easily available or
produced regularly to facilitate monitoring and evaluation. The use of remote sensingbased indicators, like the ones proposed in this study, can be an effective way to overcome
these difficulties.
Some remarks about the scope of this research should be pointed out. This study
misses one of the most relevant aspects of urban sustainability—the provision of the green
area. In future studies, we will continue to improve the indicators by adding indicators
concerning green infrastructures. These constitute a key element for cities to mitigate and
adapt to climate change, attenuating its undesired impacts, such as the heat stress and
the urban heat island effect. For this study, there were no reliable data sources for the
initial period of analysis (2007). However, for the recent period (2018) we already have
a good 2D and 3D database of the green infrastructures within the study area. This will
allow to include the green dimension in the next sustainable development assessment. The
environmental impacts of green areas in urban environments such as carbon sequestration,
flooding control or heat stress mitigation, can all be measured in a GIS environment, and
findings can contribute to the city’s quality of life assessment. With this incremental
approach, we aim at providing a more robust set of urban indicators to aid the local urban
planning in meeting sustainable goals.
Solar potential mapping is the starting point for evaluating the dissemination of
renewable energy technologies at the urban scale. Knowing the solar radiance at each
building also provides useful information to estimate indoor thermal comfort (buildings
exposed to much sunlight can overheat during the summer) or to improve the design of
the urban layout so that the solar availability in the neighborhood is maximized. Knowing
the local power generation potential can also be used to estimate the capacities of decentralized energy sources in crisis management applications [83]. Additionally, the use of
other relevant variables such as structural conditions, number of occupants by dwelling
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or the income level of the households, if available, would also enrich the Urban Solar
Energy indicator.
Regarding outdoor comfort, we evaluated the impact of the built environment on the
provision of shadows in the open space. Although some variables are equally important to
outdoor comfort studies, such as air temperature or wind velocity, or covering materials like
asphalt or green cover, these were not considered in this study since it would require field
measurements and local microclimate modeling which was not compatible with the work’s
framework or with the scale of analysis. Furthermore, other parameters influencing global
human comfort like air quality, lighting, acoustics, or smell were also left out of the analysis.
In future studies, the assessment of impacts such as vegetation, water, and pavement-type
on the thermal comfort shall be included in the Urban Outdoor Comfort indicator.
The results depict the critical role that multi-dimensional indicators—2D data, complemented with 3D information of the urban environment—play in evaluating the sustainable
development trend in the study area. This is of great potential due to the growing availability of open geographic and satellite data and derived products, covering large areas,
freely or at relatively low cost. Furthermore, only by using 3D spatial models of the urban
surface can the amount of solar income be determined. This information is valuable when
designing sustainable cities, and can help determine local solar potential, thus promoting
renewable sources of energy, but also to assess the provision of shadows, an important
feature for thermal comfort of pedestrians or cyclists.
Author Contributions: Conceptualization, T.S. and R.D.; methodology, T.S. and J.R.; formal analysis,
T.S. and J.R.; investigation, T.S. and R.D.; writing—original draft preparation, T.S.; writing—review
and editing, T.S., R.D. and J.R.; supervision, J.A.T.; funding acquisition, T.S., R.D. and J.A.T. All
authors have read and agreed to the published version of the manuscript.
Funding: This work was financed by national funds through FCT-Foundation for Science and
Technology, I.P., within the scope of the project «UIDB/04647/2020» of CICS.NOVA-Centro Interdisciplinar de Ciências Sociais da Universidade Nova de Lisboa. The first author was financed by
national funds through the FCT, under the Norma Transitória-DL 57/2016/CP1453/CT0004. The
second author was financed by national funds through the FCT, under the Norma Transitória-DL
57/2016/CP1453/CT0105.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Energies 2021, 14, 5044

20 of 22

References
1.

2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

Cocchia, A. Smart and Digital City: A Systematic Literature Review. In Smart City: How to Create Public and Economic Value with
High Technology in Urban Space; Dameri, R.P., Rosenthal-Sabroux, C., Eds.; Progress in IS; Springer International Publishing: Cham,
Switzerland, 2014; pp. 13–43, ISBN 978-3-319-06160-3.
Attour, A.; Burger-Helmchen, T. Guest Editorial. J. Strategy Manag. 2015, 8. [CrossRef]
Deakin, M.; Waer, H.A. From Intelligent to Smart Cities. Intell. Build. Int. 2011, 3, 133–139. [CrossRef]
Marsal-Llacuna, M.-L. Conceptualizing, Modeling and Simulating Sustainability as Tools to Implement Urban Smartness. In
Computational Science and Its Applications—ICCSA 2015; Gervasi, O., Murgante, B., Misra, S., Gavrilova, M.L., Rocha, A.M.A.C.,
Torre, C., Taniar, D., Apduhan, B.O., Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 477–494.
United Nations Social Development for Sustainable Development | DISD. Available online: https://www.un.org/development/
desa/dspd/2030agenda-sdgs.html/ (accessed on 10 July 2021).
Chen, H.; Jia, B.; Lau, S.S.Y. Sustainable Urban Form for Chinese Compact Cities: Challenges of a Rapid Urbanized Economy.
Habitat Int. 2008, 32, 28–40. [CrossRef]
Piro, R. Parallel Patterns of Shrinking Cities and Urban Growth: Spatial Planning for Sustainable Development of City Regions and Rural
Areas; Routledge: London, UK, 2016; ISBN 978-1-317-08416-7.
Organisation for Economic Co-operation and Development. Sustainable Development Strategies: A Resource Book; Earthscan:
London, UK; Sterling, VA, USA, 2002; ISBN 978-1-85383-946-7.
Wang, R.; Murayama, Y.; Morimoto, T. Scenario Simulation Studies of Urban Development Using Remote Sensing and GIS:
Review. Remote Sens. Appl. Soc. Environ. 2021, 22, 100474. [CrossRef]
Alavipanah, S.; Schreyer, J.; Haase, D.; Lakes, T.; Qureshi, S. The Effect of Multi-Dimensional Indicators on Urban Thermal
Conditions. J. Clean. Prod. 2018, 177, 115–123. [CrossRef]
Koomen, E.; Rietveld, P.; Bacao, F. The Third Dimension in Urban Geography: The Urban-Volume Approach. Environ. Plan. B
Plan. Des. 2009, 36, 1008–1025. [CrossRef]
Mahtta, R.; Mahendra, A.; Seto, K.C. Building up or Spreading out? Typologies of Urban Growth across 478 Cities of 1 Million
Plus. Environ. Res. Lett. 2019, 14, 124077. [CrossRef]
Qiao, W.; Wang, Y.; Ji, Q.; Hu, Y.; Ge, D.; Cao, M. Analysis of the Evolution of Urban Three-Dimensional Morphology: The Case
of Nanjing City, China. J. Maps 2019, 15, 30–38. [CrossRef]
Shirowzhan, S.; Trinder, J.; Osmond, P. New Metrics for Spatial and Temporal 3D Urban Form Sustainability Assessment Using
Time Series Lidar Point Clouds and Advanced GIS Techniques. Sustain. Urban Plan. Des. 2019. [CrossRef]
Zhao, C.; Weng, Q.; Hersperger, A.M. Characterizing the 3-D Urban Morphology Transformation to Understand Urban-Form
Dynamics: A Case Study of Austin, Texas, USA. Landsc. Urban Plan. 2020, 203, 103881. [CrossRef]
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