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To face the growing challenges of urbanization, urban management models 
grounded in the principles of sustainability and smart cities are being proposed. 
Despite their acknowledged importance, these models are often misunderstood 
or improperly applied due to a lack of thorough conceptualization, and they are 
frequently viewed as interchangeable. The aim of this study is to verify whether 
a correlation exists between indicators of sustainability and smartness in cities. 
For a sample of 130 Brazilian cities, their Sustainability Synthetic Indicator of 
System (SSIS) was computed using the Five-Sector Sustainability Model (5SenSu) 
and data sourced from the ‘Mandala ODS’ framework. Data concerning smart 
city were directly sourced from the ‘Connected Smart Cities’ framework. Results 
show that the 5SenSu model emerges as an alternative multicriteria method, 
epistemologically grounded in a conceptual model capable of quantifying the 
sustainability of cities. This approach enables quantitative diagnostics, rankings, 
and benchmarks, providing information to support decision-making processes. 
Moreover, the correlation analyses employed reveal a moderate linear 
correlation (Pearson coefficient of −0.61) and a moderate rank-order correlation 
(Spearman coefficient of −0.59) between sustainability and smartness. Hence, 
it would be premature to assume that a city deemed smart would automatically 
be sustainable, or vice versa. Acknowledging the existing limitations, this study 
contributes to discussions on the conceptual understanding and quantification 
through indicators of sustainable and smart cities, providing information for 
shaping effective public policies aimed at fostering more sustainable urban 
environments.
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1 Introduction

According to the United Nations (UN Habitat, 2022), population growth projected for the 
first half of the 21st century suggests that 70% of the world’s population will reside in urban 
areas. This demographic shift will exert pressure on urban infrastructure and economies 
(Cohen and Munhoz, 2016), intensifying the demand for healthcare products and services, 
transportation, housing, sanitation, waste management, and employment opportunities 
(OECD, 2012). While the needs of the population are largely similar across cities worldwide, 
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diverse governance approaches emerge due to differing priorities set 
by representative institutions and local administrations responsible for 
planning and implementing resource investments (Yigitcanlar et al., 
2019). Public management strategies shaped by distinct economic, 
social, and environmental priorities significantly influence the 
planning and development trajectories of individual cities (Nevado 
Gil et  al., 2020), leading to varying levels of effectiveness in 
infrastructure and service provision for citizens.

The ECO 92 event gave rise to Agenda 21, an action plan outlining 
policies to advance sustainable development. This initiative is 
recognized as a landmark for urban monitoring grounded in 
sustainability principles (UN, 2020). Movements in the 1990s were 
strongly influenced by the Aalborg Charter (1994), which provided 
recommendations on best sustainability practices for European Union 
public managers, drawing from the experiences of Aalborg, Denmark. 
The charter emphasizes the importance of community participation, 
urban economy, social equity, spatial planning, urban mobility, global 
climate, and nature conservation as fundamental aspects for achieving 
sustainability in cities. These ideas spurred the development of various 
sustainability assessment and certification tools, including the 
Leadership in Energy and Environmental Design (LEED), the 
Building Research Establishment Environmental Assessment Method 
(BREEAM), and the Comprehensive Assessment System for Built 
Environmental Efficiency (CASBEE; Ahvenniemi et al., 2017). With 
the climate crisis at the forefront, UNDESA (2014a,b) underscored in 
2014 the imperative for cities to enhance the efficiency and 
effectiveness of their operations. This urgency was further emphasized 
in the Paris Agreement (2015), which centered on mitigating 
greenhouse gas emissions. Subsequently, there has been a surge in 
initiatives aimed at transforming cities into smarter entities, leveraging 
innovative solutions and tools to address pressing challenges.

In recent decades, urban governance worldwide has been shaped 
by the principles of sustainability and smartness. Analytical tools and 
quantitative indicators are utilized to evaluate whether a city can 
be deemed sustainable and/or smart. According to Sharifi (2019), 
there is a proliferation of smart city assessment frameworks – 
numbering at least 38 – developed by consultancies, universities, 
institutions, and regulatory bodies. However, this proliferation 
underscores the significance of the topic and highlights the need for 
standardization in this field. Traditionally, sustainability has been 
associated with social and environmental considerations, whereas the 
concept of a smart city has been more aligned with economic aspects, 
technological advancements, and the efficiency of urban services. 
However, following the publication of the 2030 Agenda (UN, 2015), 
which outlines a global action plan for sustainable development, the 
terms “sustainable” and “smart” for cities have increasingly been used 
in an integrated manner, often perceived as overlapping and 
complementary, assessed through various indicators and interpreted 
differently (Huovila et  al., 2019; Sharifi, 2020). Among numerous 
examples in the literature, Ahvenniemi et  al. (2017) examined 
commonalities between sustainable and smart cities using 958 
indicators from different frameworks. Authors found that the smart 
city concept focuses on education, culture, science, innovation, and 
information and communication technologies, while sustainability 
encompasses the natural and built environment, water and waste 
management, and transportation. The authors emphasized that both 
concepts acknowledge the importance of social aspects and that smart 
cities ultimately aim to become more sustainable. Huovila et al. (2019) 

compared 413 indicators from seven international frameworks for 
smart and sustainable cities, observing differences in the types and 
distribution of indicators across various city sectors. They concluded 
that the choice of indicators influences the outcomes, but underscored 
that smart cities strive to adopt technology to expedite their journey 
toward sustainability. In another study, Macke et al. (2019) conducted 
qualitative research in southern Brazil to identify strategies for 
achieving smart and sustainable cities, concluding that public services, 
infrastructure, environmental well-being, and the utilization of smart 
technologies are crucial factors for sustainable urban development. 
Machado et al. (2018) found that Brazilian city managers prioritize 
positioning cities as smart rather than sustainable. Yigitcanlar and 
Kamruzzaman (2018) analyze through panel data analysis the causal 
relationship between smartness and sustainability in 15 cities in the 
United Kingdom. The results revealed that the connection between 
city smartness and carbon dioxide emissions is not linear, meaning 
that the implementation of technologies from the studied smart city 
cases did not succeed in reducing CO2 emissions in the short term. 
Although only carbon dioxide emissions were considered to represent 
sustainability, which may be  considered a narrow perspective of 
sustainability, the results indicate that smartness does not necessarily 
lead to sustainability. Similarly, Stamopoulos et al. (2024) found that 
applying the concept of the smart city industry on Greek economy can 
lead to economic growth. However, this comes with the cost of 
increased environmental burden associated with greenhouse gas 
emissions, suggesting that smartness and sustainability may 
be antagonistic. Despite a consensus in the literature that the ultimate 
goal is city sustainability, and the recognition of quantitative 
assessment frameworks for sustainability and smartness by 
institutions, public bodies, and universities (De Marco and Mangano, 
2021), questions remain regarding the relationship between 
sustainable and smart cities (Martin et al., 2018; Su and Fan, 2023), 
whether they are synonymous, dependent, or independent concepts.

To contribute to the ongoing debate on smart and sustainable 
cities, this study seeks to deepen the understanding of these concepts, 
facilitating nuanced discussions about their similarities and 
distinctions. Central to this exploration is the research question: Can 
a smart city also be considered sustainable? Given the absence of a 
comprehensive international database containing a large sample of 
quantitative information on sustainability and smartness indicators 
for cities, this study focuses solely on Brazilian cities. Brazil’s cities are 
nationally assessed and monitored by two distinct frameworks: (i) the 
‘Mandala ODS’ proposed by the National Confederation of 
Municipalities (CNM, 2021), which evaluates the sustainability of 
cities; and (ii) the ranking of Connected Smart Cities (2021), which 
provides a comparative assessment of a city’s level of smartness (Mello 
Torres et al., 2019).

The ‘Mandala ODS’ is an online framework that incorporates 30 
indicators to assess city sustainability. Despite its aim to aid urban 
managers in promoting sustainability, it lacks a single aggregate 
indicator that captures a city’s overall performance, thus hindering the 
development of a comprehensive ranking between cities. 
Consequently, in this study, the multi-criteria alternative chosen to 
aggregate the ‘Mandala ODS’ indicators into a single measure is the 
conceptual model of sustainability known as the 5 Sector Sustainability 
Model (5SenSu; Giannetti et al., 2019), coupled with the application 
of goal programming philosophy. The 5SenSu model is rooted in the 
concept of input-state-output sustainability (Pulselli et  al., 2015), 
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which conceptualizes sustainability as a systemic relationship among 
social, economic, and environmental aspects. It enables the assessment 
of sustainability by analyzing the interplay of performance indicators 
from five interconnected sectors, encompassing the environment, 
society, and the production sector. Regarding smart city assessment, 
this study utilizes the annual Connected Smart Cities (2021) report, 
which identifies the most technologically advanced cities in Brazil. 
The primary objective of this report is to pinpoint cities with the 
highest development potential in Brazil by comparing a smart city 
index calculated for each city. The framework comprises 70 
quantitative indicators organized into 11 thematic topics.

This study contributes to the theoretical discourse surrounding 
the interpretation of the terms ‘sustainable’ and ‘smartness’, which are 
often ascribed to cities without a comprehensive understanding of 
their definitions and implications. Furthermore, the study endeavors 
to foster deeper discussions and inform decision-making processes 
related to urban management in pursuit of sustainability. By 
quantitatively comparing the sustainability levels of cities and offering 
a benchmarking tool for improvement, this research provides valuable 
insights and support for enhancing the sustainability of 
urban environments.

2 Theoretical background

Before delving into the methodology employed in this study, it is 
crucial to outline some fundamental definitions and concepts that 
underpin the notions of sustainability and smartness in cities. This 
review aims to provide an overview of the latest scientific 
advancements pertaining to both concepts, encompassing their 
definitions, conceptual models, and methods of quantification.

2.1 Sustainable cities

The evolution of the concept of sustainable cities can be traced 
back to Agenda 21 (Marsal-Llacuna et  al., 2015), which laid the 
foundation for monitoring indicators through collaborative efforts 
involving three types of organizations: environmental organizations, 
entities promoting green citizenship and more sustainable capitalism, 
and consultancy organizations focused on quality of life and the 
environment (McManus, 2012). According to Ahvenniemi et  al. 
(2017), the scientific literature offers numerous definitions of 
sustainable cities. For instance, Castells (2000) posited that sustainable 
cities are characterized by conditions of production that do not 
undermine their ability to regenerate over time. Hiremath et  al. 
(2013), on the other hand, emphasized the importance of achieving a 
balance between development and environmental protection, with a 
focus on equity in various domains such as income, employment, 
housing, basic services, social infrastructure, and transportation. 
While conceptual definitions are foundational, operationalization and 
quantification through indicators play an equally crucial role in 
supporting public policies and monitoring progress.

Methodologies for quantifying the sustainability of cities generally 
exhibit similarities in their evaluation indicators, often aligned with 
the concept of the triple bottom line discussed by Elkington (1999), 
which advocates for actions that address social, economic, and 
environmental dimensions. However, cities are complex systems, each 

unique in terms of climate, geography, history, wealth, culture, and 
other factors. These variations preclude the adoption of a one-size-
fits-all approach to quantifying sustainability (Nilon et  al., 2003; 
Chastenet et  al., 2016; Gardner, 2016). Consequently, evaluation 
frameworks differ in the indicators considered, as well as in the 
weighting assigned to these indicators. Numerous frameworks utilize 
indicators to quantify and discuss the sustainability of cities, 
facilitating comparisons and the identification of effective solutions to 
common challenges. Examples include The Arcadis Sustainable Cities 
Index (Arcadis, 2022), the Annual Cities Report (UN Habitat, 2022), 
and The Green City Index (Siemens, 2022). However, Huang et al. 
(2009) noted that existing frameworks often fail to capture systemic 
interactions or offer normative guidance on the direction cities should 
take to enhance sustainability. This aspect is also considered 
fundamental by Cai et al. (2023), who emphasized the need for more 
systemic approaches, models, and/or methods to quantify 
city sustainability.

Studies have addressed the evaluation of indicators commonly 
used to assess sustainable and smart cities. Mattoni et  al. (2020) 
proposed the Quantitative Incident Matrix Method (QIMM) as a 
means to quantify smartness in cities, applying the model in two cases 
in Italy. The results proved consistent with the Hybrid Analytical 
Hierarchy Process (AHP) method, considered a comparative reference 
in the study to verify the inherent subjectivities in both methods when 
quantifying smartness. Ahvenniemi et al. (2017) employed impact 
categories and sector classifications to conduct a two-tailed t-test, with 
the aim of discerning disparities between sustainability and smartness 
assessment frameworks for cities, based on an initial sample of 958 
indicators. They found that urban sustainability frameworks tend to 
prioritize environmental indicators, while smart city frameworks 
emphasize economic and social aspects; authors suggested that ‘smart 
sustainable cities’ should be the ultimate goal for urban management. 
Huovila et al.'s (2019) study, a taxonomy was developed to classify 413 
indicators based on conceptual urban focuses, city sectors and 
indicator types. The goal was to ascertain whether differences exist 
between indicators commonly associated with smart and sustainable 
cities. The authors concluded that smart city standards primarily focus 
on technology-driven solutions to achieve their objectives, whereas 
sustainability standards prioritize environmental considerations. 
Additionally, the authors highlight that while standardizing indicators 
is beneficial, differences in agendas, contexts, and city needs must 
be taken into account. In the study of Cheng et al. (2022), smart cities 
policies implemented in 285 cities in China improved urban green and 
low-carbon development projects, particularly focusing on 
infrastructure and services. The authors emphasized that urban 
scientific and technological innovation serves as the foundation, 
acting as a bridge between smart cities and increased sustainability. 
Overall, the literature indicates that related studies assess the synergy 
between smartness and sustainability indicators in the pursuit of 
sustainable development. It was observed that the adoption of smart 
city standards by urban management aims to accelerate sustainable 
development through technology. Additionally, while there are 
various frameworks for quantifying sustainable and smart cities, they 
are all, to some extent, based on indicators representing social, 
economic, and environmental capital.

In the Brazilian context, the ‘Mandala ODS’ (CNM, 2021) stands 
as a federal government initiative established by the National 
Confederation of Municipalities of Brazil. This project aims to 
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diagnose, monitor, and evaluate the performance of Brazilian cities 
concerning their level of achievement relative to the sustainable 
development objectives outlined in the 2030 Agenda. The ‘Mandala 
ODS’ framework is accessible online free of charge and encompasses 
30 indicators categorized into four domains: economic, social, 
environmental, and institutional. While considered an alternative for 
benchmarking among Brazilian cities, its usability is constrained by 
the absence of a multi-criteria approach to derive a single sustainability 
indicator. Instead, the indicators are normalized and presented in the 
format of a radar graph.

To achieve the objectives of this study, the five-sector sustainability 
model (5SenSu; Figure 1), rooted in the goal programming philosophy, 
is employed as a multi-criteria method for quantifying sustainability 
(Giannetti et al., 2019). The use of this type of model to quantify 
sustainability from a holistic perspective is recognized as important 
by Cai et al. (2023). This model is deemed suitable for analyzing any 
city’s characteristics due to its systemic approach, which is considered 
crucial for such analyses. The 5SenSu model facilitates the creation of 
a comparative ranking of cities’ sustainability performance while 
accounting for natural, social, and economic capital, which serve as 
suppliers and/or recipients of energy, materials, labor, or information. 
In the model represented by Figure 1, the environment, symbolized 
by Sector #1, fulfills the function of providing resources to support the 
production functions of Sector #3, while also serving as the recipient 
for byproducts, waste, and emissions for dilution. Similarly, social 
capital represented by Sector #4 supplies socioeconomic resources to 
the production unit, such as labor, knowledge, and know-how, and 
receives monetary compensation in return (illustrated by the dashed 
line). Sector #5 depicts society, which consumes the products and 
services generated by the productive unit in Sector #3 and compensates 
for these services. Additionally, Sector #5 may absorb elements that 
impact human well-being, such as toxic emissions or workplace 
accidents (negative examples), or contribute positively to indicators 
like Human Development Index (HDI) and GINI index (positive 
examples). In Figure 1, monetary circulation is depicted solely on the 
right side, reflecting activities conducted by humans. Resources 
provided by the environment are typically considered free, and no 
monetary exchange occurs for them. Similarly, the environment does 
not receive monetary compensation for diluting concentrated waste 
generated by human activities.

It is important to emphasize that the 5SenSu model serves as a 
theoretical framework for selecting indicators that will feed the multi-
criteria approach of the goal programming philosophy. This 
framework ultimately yields sustainability indicators such as the 
Sector Sustainability Indicator (SSI) and the Sustainability Synthetic 
Indicator of System (SSIS). As is customary in any multi-criteria 
approach, the calculation of SSI and SSIS involves establishing the 
importance weights and penalties for each selected indicator, which 
are determined based on the expertise of a group of experts. It is not 
the intention here to provide a comprehensive description of the 
model or explain its usage in detail. For a more in-depth 
understanding, we  recommend consulting the work of Giannetti 
et al. (2019).

The 5SenSu model has been used in various scientific works that 
evaluated the sustainability of different systems, establishing itself as 
a mature tool for generating a comparative hierarchy of sustainability 
indexes. Several noteworthy studies that have employed this model 
include: Agostinho et al. (2019), who evaluated the sustainability of 
different modes of soy transport in Brazil for export; Moreno Garcia 
et  al. (2021), who discussed the sustainability of rice production 
between Brazil and Cuba; Terra dos Santos et al. (2022), who examined 
the relationship between sustainability and circularity within global 
commercial blocs; Agostinho et al. (2023), who assessed the temporal 
sustainability performance of the expanding agribusiness region in the 
Brazilian northeast, known as MATOPIBA; Agostinho et al. (2022), 
who investigated the potential factors contributing to differences in 
sustainability between cities; Giannetti et al. (2022), who sought to 
characterize poverty traps in underdeveloped countries. These studies 
collectively demonstrate the versatility and applicability of the 5SenSu 
model in evaluating sustainability across various contexts and systems.

2.2 Smart cities

A smart city might utilize internet of things (IoT) devices, data 
analytics, and automation to efficiently manage resources, alleviate 
traffic congestion, and enhance public services. According to Dameri 
and Cocchia (2013), the concept of smart cities was first introduced 
in 1994 and has since evolved to encompass cities that effectively 
address the specific needs of their citizens as outlined by Agenda 2030. 
Smart cities represent a progression from earlier concepts such as 
information cities or digital cities and have gained significant traction, 
surpassing even the citations of terms like sustainable city (Jong et al., 
2015). For Yigitcanlar et al. (2019), the technologies employed in city 
planning and management have become foundational elements of an 
extensive urban infrastructure network, aligning with the principles 
of sustainability. The concept of smart cities has garnered widespread 
attention among scholars, urban administrators, public resource 
planners, and particularly information technology and real estate 
companies (Komninos, 2008).

The scientific literature offers various definitions of a smart city, 
reflecting different perspectives on its essential characteristics. For 
instance, Vanolo (2016) defined a smart city as one that is efficient, 
technologically advanced, environmentally friendly, and socially 
inclusive. Nam and Pardo (2011) conceptualized smart cities as 
encompassing a combination of technological solutions along with 
social, technical, and environmental factors that work synergistically. 
Lombardi et al. (2012) noted that several definitions of smart cities 
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environment as receiver
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FIGURE 1

The five sector sustainability model (5SenSu).
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emphasize the integration of modern technologies into urban life, 
leading to efficient and innovative transportation, infrastructure, 
logistics, and green energy systems. Conversely, Anthopoulos (2017) 
argued that the prevailing concept of smart cities tends to 
be technocratic, focusing predominantly on the implementation of 
information technology software and communication without 
necessarily addressing complex urban challenges comprehensively. 
While there is no universally accepted definition, there is a broad 
consensus that a smart city utilizes solutions enabled by information 
and communication technology across institutional, social, economic, 
and environmental domains. This approach is believed to enhance 
quality of life, promote sustainability, and bolster resilience, thereby 
increasing a city’s competitiveness within an interconnected network 
of cities (Giffinger and Gudrun, 2010; Manville et  al., 2014; 
Monzon, 2015).

In the Brazilian context, the consultancy firm Urban Systems1 has 
dedicated itself to fostering discussions and promoting the concept of 
smart cities among government entities, institutions, and companies. 
Its mission is centered on advancing the development of Brazilian 
cities by integrating global smart city models. To achieve this goal, the 
consultancy has devised a ranking known as Connected Smart Cities 
(2021), which incorporates 70 indicators distributed across 11 
thematic topics. These topics encompass technology, environment, 
economy, health, education, investments, and connectivity among 
urban sectors. The ranking aims to assess local and regional potential 
while highlighting areas for improvement within each thematic axis. 
The Connected Smart Cities (2021) framework draws upon 
information gleaned from international literature on smart cities, as 
well as from widely used frameworks in Brazil and around the world. 
These frameworks include but are not limited to the Sustainable Cities 
Brazilian Program, Brazilian Competitiveness Profile, IESE Cities in 
Motion, Innovation Cities Program, Mapping Smart Cities in the 
European Union, ARCADIS Sustainable Cities Index, and the World 
Council on City Data.

As previously stated, the objective of this study is not to establish 
a standardized definition of smart cities but rather to investigate the 
potential correlations between smart and sustainable cities. 
Consequently, it is assumed that the frameworks referenced in this 
study, along with their respective data, are inherently valid 
representations of frameworks characterizing a city as smart and/
or sustainable.

3 Methods

Primary data on sustainable cities are acquired from the annual 
report of ‘Mandala ODS’ (CNM, 2021) and data on smart cities from 
the annual Connected Smart Cities ranking (2021). It is important to 
emphasize that while there exist international sustainability and 
smartness assessment frameworks, these datasets were not utilized in 
this study due to their incomplete nature. These databases often 
feature only selected cities, with some exclusively appearing in one 
dataset (e.g., in the sustainability framework) and absent from the 
other (e.g., smart city), rendering the attainment of this study’s 

1 urbansystems.com.br

objectives unfeasible. Consequently, this study exclusively focuses on 
Brazilian cities, leveraging national frameworks for analysis.

The methodological steps developed in this study are outlined in 
Figure  2. The initial step involves defining the sample of cities to 
be studied, with the objective of ensuring comprehensive coverage of 
the entire Brazilian territory in a representative manner. The second 
stage entails acquiring quantitative sustainability indicators for the 
cities within the sample. In the third stage, quantitative indicators 
pertaining to smartness data are obtained from the cities within the 
sample. Moving forward, the fourth stage involves the application of 
goal programming philosophy based on the 5SenSu model to calculate 
the sustainability synthetic indicator of system (SSIS). Lastly, the fifth 
step encompasses Pearson and Spearman correlation analyses between 
sustainability data (as represented by SSIS) and smart city data derived 
from the sample of cities under consideration. A detailed description 
of each of these steps is provided in the subsequent sections.

3.1 Selection of the sample of Brazilian 
cities

Of the total 5,565 cities in Brazil, the sample considered in this 
study comprised 130 cities, all with populations exceeding 50,000 
inhabitants, in accordance with the criterion utilized by the Connected 
Smart Cities (2021) ranking for classifying smart cities. The selection 
process adhered to the characteristics delineated by the seven groups 
specified by the ‘Mandala ODS’ framework, as delineated in Table 1. 
The ‘Mandala ODS’ groups presented in Table  1 were originally 
formulated through a cluster analysis based on indicators such as the 
Human Development Index, average population, mean total income, 
and the average proportion of individuals residing in extreme poverty. 
The characteristics of these groups were obtained ipsis literis from 
CNM (2021).

Step #5. Correlation between sustainability and 
smartness: Pearson and Spearman analysis

Step #4. Calculating 
citiy's sustainability 

indicators utilizing the 
5SenSu model

Step #3. Acquiring city 
smartness indicators

Step #2. Acquiring city 
sustainability indicators

Step #1. Selection of the 
sample of Brazilian cities

FIGURE 2

Methodological steps of this study.
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To compose the sample for this investigation, five cities – number 
of five for their statistical representativeness – were selected from each 
of the 26 Brazilian states in an effort to encompass and represent the 
entirety of Brazil. It’s worth noting that cities with populations 
exceeding 50,000 inhabitants served as the limiting factor. Notably, 
within each state, one city was invariably the capital due to its 
significance in urban socioeconomic development. The remaining 
four cities for each state were randomly selected by the authors using 
the Excel random function (=RAND()). Subsequently, the selected 
cities were assigned to their respective groups within the ‘Mandala 
ODS’, as illustrated in Table 1. This facilitated focused discussions on 
both the entire sample and intra-group disparities, given that certain 
groups may exhibit distinct statistical profiles compared to others and 
the aggregate sample. The ultimate sample of 130 cities analyzed in 
this study encompasses 26 capital cities, 31 from group 1, 7 from 
group 2, 9 from group 3, 21 from group 4, 8 from group 5, and 28 from 
group 6.

3.2 Acquiring city sustainability indicators

All 30 indicators delineated within the ‘Mandala ODS’ framework 
(Table 2) were extracted ipsis literis from the CNM (2021), referencing 
the base year 2020, and organized into tabular format for each of the 
130 cities within the sample. It is important to emphasize that these 
indicators are originally standardized on a scale of 0–1 relative to the 
entirety of 5,565 cities in Brazil. Furthermore, it should be noted that 
all indicators are calibrated to reflect a performance of ‘the bigger the 
better’; essentially, a value of 1 signifies optimal performance for each 
indicator. Table  2 not only presents the sustainability indicators 
categorized under their respective topics but also delineates whether 
each indicator is incorporated within the smart cities framework and 
its association with the United Nations SDGs. This contextual 
information is important in facilitating discussions concerning 
the outcomes.

3.3 Acquiring city smartness indicators

The quantitative data for the seventy smart city indicators 
pertaining to the 130 cities considered in this study were sourced 
directly from the Connected Smart Cities (2021) ranking report, 
referencing the base year 2020. The report is compiled and revised on 
a yearly basis, encompassing 673 Brazilian cities. Among these, 48 

cities have populations exceeding 500,000 inhabitants, 276 fall within 
the range of 100,000 to 500,000 inhabitants, and 349 have populations 
ranging from 50,000 to 100,000 inhabitants. It serves as a comparative 
analytical platform, incorporating 70 smart city indicators categorized 
into 10 distinct topics (Table  3). The data utilized in this report 
originates from a consolidated framework spanning multiple years, 
supported by a prominent consultancy firm with a portfolio of over 
900 projects executed in Brazil, all adhering to international standards.

The smart city indicators are computed utilizing proprietary 
algebraic methodologies devised by the Urban Systems consultancy. 
These indicators are primarily derived from the ISO 37122 (2019) 
standard titled ‘Sustainable cities and communities: Indicators for 
smart cities,’ which was published in 2019 and encompasses eighty 
distinct indicators. Table 3 not only presents the smart city indicators 
categorized across the 10 designated topics but also delineates those 
indicators utilized by the ‘Mandala ODS’ framework.

3.4 Calculating city’s sustainability 
indicators utilizing the 5SenSu model

The ‘Mandala ODS’ framework illustrates the outcomes of its 30 
indicators via a radar diagram, without employing a multi-criteria 
methodology to join them and derive a singular performance 
indicator. While this graphical representation offers certain 
advantages, the objectives of this study necessitate the application of a 
multi-criteria approach to ascertain a unified sustainability indicator. 
Hence, the 5SenSu model and the principles of goal programming 
philosophy are employed to compute the Sustainability Synthetic 
Indicator of System (SSIS), which represents the overall performance 
across all 30 ‘Mandala ODS’ indicators for each evaluated city.

Initially, the allocation of the 30 ‘Mandala ODS’ indicators to the 
5 Sectors of the 5SenSu model was undertaken. This allocation process 
involved the collaboration of 8 students (comprising Ph.D. and M.Sc. 
candidates) and 4 professors from the Cleaner Production Research 
Group at Paulista University, Brazil. It was conducted through 
participatory meetings held during seminars in the autumn of 2021. 
Building upon an initial proposal presented to the research group, 
participants individually assigned the 30 ‘Mandala ODS’ indicators to 
the Sectors of the 5SenSu model based on their own beliefs and 
comprehension. An online questionnaire facilitated this activity, 
utilizing Microsoft® Forms. The final allocation of indicators was 
determined through a simple majority consensus among participants’ 
opinions, resulting in the distribution depicted in Figure 3. Specifically, 

TABLE 1 City groups used in ‘Mandala ODS’ (CNM, 2021).

Group Number of cities HDI Inhabitantsa Total income per 
capita a (BRL/

capita)

Inhabitants in 
extreme povertya (%)

Capitals 27 0.78 1,667,956 1,809.28 2.69

Group 1 167 0.75 215,631 1,840.13 2.33

Group 2 25 0.78 607,403 2,475.15 1.48

Group 3 2,591 0.60 13,316 1,613.99 20.92

Group 4 120 0.62 70,519 1,125.11 17.50

Group 5 2,390 0.71 12,096 2,267.81 2.39

Group 6 249 0.73 79,383 1,478.45 2.67

a Average values of the group. HDI, human development index; BRL, The Brazilian Real (currency).
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Table 2 delineates which ‘Mandala ODS’ indicators were assigned to 
each 5SenSu Sector, including K1 indicators for Sector #1, K2 for 
Sector #2, and so forth.

After the indicator allocation stage, the sustainability synthetic 
indicator of the system (SSIS) is calculated for each of the 130 cities 
evaluated. To achieve this, objectives, targets, importance weights, and 
penalties are utilized as required by the goal programming philosophy 
approach, automated in an Excel® spreadsheet and provided as 
Supplementary material A. The original mathematical modeling of the 
goal programming philosophy can be observed in Giannetti et al. 
(2019) and Agostinho et al. (2019). The SSIS indicator is calculated by 
summing the sector sustainability indicator (SSI) of each of the five 
sectors, which are derived from the arithmetic mean of the index of 
sustainability goal (ISG). The ISG represents the deviation of the 
indicator from its target, determined subsequent to the application of 
a penalty when the indicator deviates above or below the specified 
target. Concerning penalties, an egalitarian psychological profile of 
the analyst was adopted, wherein the social, environmental, and 
economic sectors incur penalties of 2.7, 4.5, and 1.8, respectively, as 
elaborated in Agostinho et  al. (2019). As all the ‘Mandala ODS’ 
indicators are originally oriented to reflect ‘bigger is better,’ the 
objective for all of them is maximization. An importance weight of 1 
was assumed for all 30 indicators. Concerning the targets, the 
following criteria were considered: (i) For the Boolean indicators K11 
and K34 (Table 2), which assume values of 0 or 1, the target selected 
is the value of 1, indicating compliance with that specific indicator by 
the municipality; (ii) For indicators K12, K21, K22, K31, K34, K35, 
K36, K37, and K38, the chosen target is the maximum value of the 
indicator within the sample of cities belonging to the group. It is 
understood that if a city in the group can achieve a certain 
performance for these specific indicators, other cities within the group 
have the same potential to attain similar performance; (iii) For all 
other indicators not fitting criteria (i) or (ii), the selected target is the 
average value of the indicator plus its standard deviation within the 
group. Unlike (ii), it is understood that achieving the best performance 
identified in the group for these types of indicators would be more 
challenging for all cities. It is important to emphasize that a lower SSIS 
value corresponds to greater sustainability of the system, indicating 
minimal deviation from the established target. The optimal 
performance for SSIS is a value of zero, signifying that the system 
achieves indicators precisely equal to the chosen goals.

3.5 Correlation between sustainability and 
smartness: Pearson and Spearman analysis

After obtaining the sustainability (SSIS) and smartness indicators 
for the 130 cities in the sample considered, a correlation analysis was 
conducted to address the main objective of this study. The well-
established linear correlation concepts of Pearson and Spearman rank-
order correlation were employed to assess the relationship between 
SSIS indicators and smartness indicators. The Pearson correlation 
coefficient (r) or product–moment correlation coefficient quantifies 
the degree of linear correlation between two quantitative variables. It 
is a dimensionless measure ranging from −1 to 1, indicating the 
strength of a linear relationship between two datasets. A value of r = 1 
indicates a perfect positive correlation between the two variables, 
r = −1 signifies a perfect negative correlation, and r = 0 suggests no 

TABLE 2 Sustainability indicators considered by the ‘Mandala ODS’ (CNM, 
2021) framework.

Indicator Alignment 
with the UN 

SDGs

Institutional

✓ K31, staff expenses (labor) 16–17

✓ K32, fiscal balance index 12, 16–17

✓ K33, governance costs 16–17

K34, participation in inter-municipal public 

consortiums

16–17

✓ K35, government transparency index 12, 16–17

Economic

✓ K36, municipal GDP per capita 1, 8

✓ K41, average salary for jobs 1, 8

✓ K37, corporate business growth 8–9,

✓ K38, exporting companies in the city 8–9, 17

✓ K51, fast internet access rate 5, 9, 12

✓ K42, evolution of formal jobs 1, 8

K43, average income of individual micro 

entrepreneurs

8, 10

Social

K52, proportion of people living in extreme 

poverty

1–3, 6, 8, 10

✓ K53, child mortality rate 1–3, 6

K54, low birth weight – Malnutrition 1–3, 10

✓
K56, adequate learning up to 5th grade, 

mathematics

4, 8

✓
K57, adequate learning up to 5th grade, 

Portuguese

4, 8

✓
K58, adequate learning up to 9th grade, 

mathematics

4, 8

✓
K59, adequate learning up to 9th grade, 

Portuguese

4, 8

✓ K510, school dropout rate – early years 1, 4, 8

✓ K511, school dropout rate – final years 1, 4, 8

K512, rate of deaths due to alcohol and other 

drug abuse

3

✓
K513, homicide rate per 100 thousand 

inhabitants

11, 16

K55, female homicide rate 5, 16

K514, maternal death rate 3, 5–6, 16

✓ K515, traffic death rate 3

Environmental

K11, participation in environmental preservation 

policies

4, 6, 11–17

✓ K12, index of losses in urban water distribution 3, 6, 9, 11–12

✓ K21, urban sewage treatment index 3, 6, 9, 11–12, 14

✓ K22, urban household waste collection coverage 3, 6, 11–12, 14–15

Marked (✓) indicators are also present in the Connected Smart Cities’ framework of Table 3. 
K means indicator, 1st number means the Sector in the 5SenSu model, 2nd number means 
the nth indicator in the Sector. Example: K512 means the 12th indicator of Sector #5.
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linear dependence between the variables. For values falling between 0 
and 1, the conventional interpretation of correlations as recommended 
by Schober et al. (2018) is considered: 0.00–0.10 denotes negligible 
correlation; 0.10–0.39 implies weak correlation; 0.40–0.69 suggests 
moderate correlation; 0.70–0.89 indicates strong correlation; and 
0.90–1.00 represents very strong correlation.

The Spearman rank-order correlation is a non-parametric 
measure of correlation. Unlike Pearson’s correlation coefficient, 
Spearman’s coefficient does not assume that the relationship between 
variables is linear, nor does it require the variables to be quantitative. 
Instead, it evaluates the monotonic relationships between variables, 
focusing on the order or ranking of variable values. The coefficient 
ranges from +1, indicating a high correlation when observations have 
similar ranks, to −1, indicating a high correlation that is completely 
opposite; a value of 0 indicates dissimilar ranks. For intermediate 
values, the same interpretation as for Pearson correlation is used to 
evaluate the strength of the correlation. Assessment of Pearson and 
Spearman correlations is conducted using Excel® software.

After calculating the correlation coefficients, the assessment of the 
results’ acceptance or rejection was conducted by applying the linear 
regression significance test to the correlation coefficients. The 

significance test is a statistical method that examines whether there is 
a functional relationship between values, where the function explains 
a significant portion of the variation among these values. In this study, 
the significance test (at a 95% confidence level) was performed using 
Excel® software on the obtained series of coefficients. p-values greater 
than 0.05 indicate that the correlations are not statistically significant 
and should be rejected. Conversely, p-values less than 0.05 indicate 
statistical significance, suggesting that the correlation results obtained 
should not be rejected.

4 Results and discussion

4.1 Cities’ sustainability indicators 
according to the 5SenSu model

The allocation of the ‘Mandala ODS’ indicators into the Sectors of 
the 5SenSu model (Figure 3) revealed that 15 out of the 30 indicators 
are assigned to social Sector #5, depicting society as a recipient of 
products, services, and social policies. This highlights an imbalanced 
distribution of ‘Mandala ODS’ indicators within 5SEnSU, with the 

TABLE 3 Smart City indicators according to the Connected Smart Cities (2021) framework.

Mobility and accessibility Urbanism Police officers/inhabitants

  Automobiles/inhabitants

  Average vehicle fleet age

  Busses/Cars

  Other transport modes

  Bike lanes

  Highway connections between states

  Airline destination

  % low-emission vehicles

  Land use and occupation law

  Urban Operation Law

  Strategic master plan

  Temporary license (consultation)

✓ Urban planning expenses

  % of population in low and medium density

Education

  Public universities availability

  ENEM average

  Teachers with higher education

  IDEB

✓ Dropout rate

✓ Average student number per class

  Education expenditure

  Average daily teaching hour

  Computer/student

Environment Technology and innovation Entrepreneurship

  % of urban water service

  Supply stoppage

✓ % of water distribution losses

✓ % urban sewage service

✓ % of sewage treatment

  Recovery of recyclable materials

✓ % solid waste collection coverage

  Risk area monitoring

  % of recovered plastic waste

✓ % high speed broadband

  Optical fiber

  4.5G Coverage

  % of higher education jobs

✓ Internet access/inhabitants

  Patents

  Scholarships from CNPQ

✓ Growth of tech companies

  Technology parks

✓ Growth of creative economy businesses

  Incubators

✓ Growth of individual micro-enterprises

Energy Health Economy

  Wind Energy Granted Power

  UFV Energy Granted Power

  Biomass Power Granted

  Average fare

  Beds/inhabitants

  Doctors/inhabitants

  Family health team coverage

  Healthcare expenses

✓ Child mortality

✓ Growth of GDP per capita

  Average earnings of formal workers

✓ Growth of companies

✓ Job growth

  Independence of public sector jobs

✓ Employability

  Municipal revenue not from the government

  % of jobs in the ICT sector

  % of jobs in education and research

Governance Security

  Mayor’s education

✓ FIRJAN index

✓ Brazil transparent scale councils

✓ Homicides

✓ Traffic deaths

  Security expenditures

Marked (✓) indicators are also present in the ‘Mandala ODS’ framework of Table 2.
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social Sector notably emphasized at the expense of other Sectors. It is 
important to note that the configuration of indicators within the UN’s 
SDGs has faced criticism due to the existing imbalance in representing 
social, economic, and environmental capital. For instance, 
Wackernagel et  al. (2017) identified that only 13.6% of the 169 
indicators across the 17 SDGs pertain to environmental aspects as 
providers of energy, materials, and as receivers of concentrated 
by-products for natural dilution. Similarly, Giannetti et  al. (2019) 
assessed the allocation of the 17 SDGs in the 5SenSu model and 
discovered that social capital (Sectors #4 and #5) and economic capital 
(Sector #3) are accorded greater significance than environmental 
capital (Sectors #1 and #2). The findings depicted in Figure 3 align 
with those of both aforementioned studies, as natural capital is 
represented by merely 4 (23%) out of the 17 SDGs. While social 
aspects are acknowledged as fundamental to sustainability in a world 
characterized by escalating social inequalities, it is imperative to 
recognize that environmental aspects should receive equitable 
attention, as the environment is fundamental in ensuring the 
biophysical security of the Planet.

As a result of applying the 5SenSu model and goal programming 
philosophy, Table 4 presents the top ten most sustainable cities among 
the 130 evaluated in this study, based on the values of the sustainability 
synthetic indicator of system (SSIS) from the total sample of cities 
available in Supplementary material B. The cities are ranked based on 
their respective SSIS values, with the objective of reducing SSIS to 
zero, as lower SSIS values signify greater sustainability for a city. The 
SSIS value comprises the sector sustainability indicator (SSI) values of 
the five Sectors, with the ranking serving two primary purposes: (i) 
Firstly, it identifies the city with the highest sustainability level, both 
in the overall ranking and within its group, serving as a benchmark 
for other cities. For instance, Table 4 reveals that the top five cities 
deemed most sustainable by the SSIS indicator are Curitiba, Londrina, 
Jaguariúna, Pato Branco, and Itajaí, which could serve as references in 
urban planning for sustainability. (ii) Secondly, it indicates which 
Sector requires attention to enhance its performance, thereby 
influencing the overall SSIS. Despite Sorriso ranking the lowest in 
Table 4, it demonstrates better performance in Sector #3 with an SSI 
of 0.27 compared to top-ranked cities like Curitiba (Sector #3 with an 
SSI of 0.31). However, the SSIS, which is a result of the city’s 
performance across all five Sectors, indicates greater overall 
sustainability for Curitiba. This example illustrates how city managers 
could utilize such information to focus efforts on specific public 
policies and project financing to improve the city’s underperforming 
Sectors. For instance, Curitiba could examine Sorriso’s strategies to 
achieve better performance in Sector #3.

It’s noteworthy that both Curitiba and São Paulo ranked among 
the top ten most sustainable cities according to the methodologies 
employed in this study, corroborating their reputation for good 
development with a focus on sustainability across various frameworks, 
such as The Arcadis Sustainable Cities Index (Arcadis, 2022), the 
annual cities report by UN Habitat (2022), and The Green City Index 
by Siemens (2022). Nevertheless, Table 4 underscores that there is still 
room for improvement, particularly in Sector #3 for the city of 
Curitiba and in Sectors #3 and #5 for São Paulo. A similar analysis to 
identify areas where efforts should be concentrated to enhance the 
SSIS can be conducted for each of the 130 cities evaluated, with their 
data available in Supplementary material B. This approach enables 

TABLE 4 Top-ten most sustainable cities of the sample of 130 cities evaluated in this study.

City Group SSI SSIS

Sector #1 Sector #2 Sector #3 Sector #4 Sector #5

1st Curitiba Capitals 0.04 0.03 0.31 0.07 0.15 0.59

2nd Londrina 2 0.04 0.09 0.38 0.09 0.14 0.73

3rd Jaguariúna 5 0.35 0.01 0.09 0.28 0.15 0.87

4th Pato Branco 6 0.03 0.14 0.34 0.15 0.24 0.90

5th Itajaí 1 0.00 0.41 0.21 0.14 0.19 0.94

6th Resende 1 0.00 0.03 0.28 0.26 0.39 0.95

7th Santos 2 0.40 0.07 0.14 0.17 0.24 1.03

8th Uberaba 1 0.13 0.18 0.33 0.21 0.18 1.03

9th São Paulo Capitals 0.12 0.14 0.28 0.16 0.34 1.03

10th Sorriso 6 0.04 0.32 0.27 0.06 0.38 1.06

Data source: Supplementary material B. SSI, sector sustainability indicator; SSIS, sustainability synthetic indicator of system; Sector #1 represents the environment as provider; Sector #2 
represents the environment receiver; Sector #3 represents the production unit focused on economic aspects; Sector #4 represents the society as provider; Sector #5 represents the society as 
receiver.

8 indicators

15 indicators

3 indicators

2 indicators

2 indicators

Sector #1 representing the
environment as provider

Sector #2 representing the
environment as receiver

Sector #4 representing the
society as provider

Sector #5 representing the
society as receiver

Sector #3 
representing the
production unit

FIGURE 3

Distribution of ‘Mandala ODS’ indicators in the 5SenSu model.
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cities to pinpoint specific Sectors requiring attention and prioritize 
initiatives to bolster overall sustainability performance.

4.2 Cities’ smartness indicator according to 
the connected smart system ranking

Table 5 presents the top 10 smartest cities evaluated by Connected 
Smart Cities (2021), where the cities with the highest positions may 
not necessarily have the best performance in all. The overall smart city 
index consists of 10 topics, and the general index does not correspond 
to the sum of individual performances. Cities ranked highly by the 
general index may exhibit lower performance in certain topics 
compared to others. For instance, Recife, with a score of 4.33, 
demonstrated superior performance in the Health topic compared to 
São Paulo, which scored 3.73. Notably, most of the smartest cities are 
capitals, with the exception of Santos. This is likely attributed to their 
access to a greater number of economic resources, as well as having a 
more developed economy, mobility infrastructure, and technology 
and innovation projects. Of particular interest, the city of Curitiba was 
recently recognized as the smartest city in the world according to the 
World Smart City Awards 2023.

For the correlation analyses, the smartness indicators of the 130 
cities studied (Supplementary material A) provided by Connected 
Smart Cities (2021) were utilized. These indicators were calculated 
using the method’s own algebra. Unfortunately, access to this algebra 
within the framework was not possible, as the method is not publicly 
available. Consequently, more detailed discussions regarding the 
performance of cities by specific topics are currently limited. The 
annual report explains that the weighted value of each indicator 
analyzed for each city is determined based on its direct relationship 
with the values observed in other cities, with the magnitude of these 
values relative to the set of observed values. In short, as previously 
described in the methods section, smart city data provided by 
Connected Smart Cities (2021) were used ipsis literis in this study, 
assuming that they accurately reflect the degree of smartness of the 
cities evaluated.

4.3 Correlation analysis

Table  6 presents the results of the Pearson and Spearman 
correlation coefficients, along with the outcomes of the significance 
tests (p-value). The results are presented in two contexts: between 
groups and considering the total of 130 cities. It is notable that all 
correlation coefficients are negative, generally suggesting an inverse 
correlation between the indicators of sustainable cities (represented 
by SSIS) and smart cities. This implies that as one indicator increases, 
the other decreases, and vice versa. However, it’s crucial to remind that 
unlike the smartness indicator, the SSIS sustainability indicator should 
be interpreted as ‘lower is better’. This means that a lower SSIS value 
indicates greater sustainability of the system as it aligns more closely 
with the established goals. In essence, Table 6 suggests that, a priori, 
smarter cities tend to also be more sustainable.

Focusing on the analysis of the groups, the Pearson and Spearman 
coefficients obtained for the capital and group 1 indicate a ‘strong’ 
linear correlation (Pearson) and ‘strong’ rank-order correlation 
(Spearman) between sustainability and smartness. For groups 2, 4, and T

A
B

LE
 5

 T
o

p
-t

en
 s

m
ar

te
st

 c
it

ie
s 

o
f 

th
e 

sa
m

p
le

 o
f 

13
0

 c
it

ie
s 

ev
al

u
at

ed
 in

 t
h

is
 s

tu
d

y.

C
it

ie
s

E
co

n
o

m
y

E
d

u
ca

ti
o

n
E

n
tr

e
p

re
n

e
u

rs
h

ip
G

o
ve

rn
an

ce
E

n
vi

ro
n

m
e

n
t

M
o

b
ili

ty
H

e
al

th
Se

cu
ri

ty
Te

ch
n

o
lo

g
y 

In
n

o
va

ti
o

n
U

rb
an

is
m

G
e

n
e

ra
l 

in
d

e
x

1s
t S

ão
 P

au
lo

6.
15

4.
84

2.
84

6.
93

5.
75

4.
27

3.
73

2.
92

5.
63

2.
92

37
.9

0

2n
d 

Fl
or

ia
nó

po
lis

6.
29

5.
96

2.
00

6.
89

5.
51

3.
69

4.
48

3.
29

5.
20

3.
29

37
.2

2

3r
d 

Cu
rit

ib
a

6.
10

5.
12

2.
11

7.
22

5.
35

3.
13

3.
82

2.
87

5.
28

2.
87

36
.5

5

4t
h 

V
itó

ria
5.

45
5.

86
1.

52
6.

19
6.

17
3.

83
5.

15
3.

15
4.

26
3.

15
36

.2
5

5t
h 

Sa
nt

os
5.

36
5.

31
1.

16
7.

03
6.

42
2.

52
4.

05
3.

01
3.

43
3.

01
35

.4
2

6t
h 

Po
rt

o 
A

le
gr

e
5.

82
4.

85
2.

14
5.

86
5.

67
2.

96
4.

25
2.

68
5.

04
2.

68
34

.8
7

7t
h 

Be
lo

 H
or

iz
on

te
5.

48
4.

62
1.

62
6.

55
5.

75
2.

87
4.

76
2.

95
4.

60
2.

95
34

.6
1

8t
h 

Ri
o 

de
 Ja

ne
iro

5.
98

4.
56

2.
93

6.
39

5.
40

3.
72

3.
68

3.
03

5.
14

3.
03

34
.3

0

9t
h 

C
am

po
 G

ra
nd

e
5.

03
4.

51
1.

53
6.

98
5.

66
2.

84
3.

95
3.

14
3.

53
3.

14
34

.0
0

10
th

 R
ec

ife
5.

46
4.

57
1.

94
6.

36
4.

92
3.

52
4.

33
2.

31
4.

34
2.

31
33

.5
6

So
ur

ce
: S

up
pl

em
en

ta
ry

 m
at

er
ia

l A
.

https://doi.org/10.3389/frsc.2024.1390735
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Pierucci et al. 10.3389/frsc.2024.1390735

Frontiers in Sustainable Cities 11 frontiersin.org

6, the results indicate a ‘moderate’ linear correlation. For groups 3 and 
5, the linear correlation coefficient is ‘moderate’, but while the rank-
order correlation is ‘weak’ for group 5, group 3 exhibits a ‘strong’ 
correlation. Except for groups 2 and 5, the significance tests applied 
demonstrate that the linear and rank-order correlation coefficients are 
significant for all other groups, supporting the non-rejection of 
existing correlations. Groups 2 and 5 did not achieve statistical 
significance for their correlation results, either due to the small sample 
size (n  < 9) or due to disparities between the sustainability and 
smartness of the cities within the group; therefore, both correlations 
must be rejected.

To discuss the correlation results obtained, it is important to 
consider the characteristics of the ‘Mandala ODS’ groups to 
ascertain whether a relationship exists between the group 
characterization items and the correlation coefficients obtained. For 
instance, the groups capital, 1, 2, 5, and 6 are characterized by the 
‘Mandala ODS’ as having an average HDI above 0.71 and an average 
poverty rate below 2.69%, indicative of cities with good 
socioeconomic development. On the other hand, groups 3 and 4 
exhibit an HDI below 0.70 and an average poverty rate above 
17.50%, traits typical of cities with low socioeconomic development. 
Additionally, groups 3 and 5 differ from the others in that they 
include cities with populations below 12,000 inhabitants. 
Considering these characteristics, the correlation results in Table 6 
suggest the existence of two groups of cities with similar 
performances: (i) Capitals and group 1; (ii) Groups 3, 4, and 6. 
Groups 2 and 5 do not exhibit statistical significance (p-value 
<0.05), and thus they are not discussed. It was expected that cities 
with similar socioeconomic performance would demonstrate 
similar correlations between smart city and sustainability indicators. 

However, an exception occurred for group 6. Despite comprising 
more developed cities with good performance for socioeconomic 
indicators as presented in Table 1, it obtained only a ‘moderate’ 
correlation instead of the expected ‘strong’ correlation seen in group 
Capitals and group  1, which also have high socioeconomic 
indicators like group 6. Among the correlations obtained, group 1 
followed the results of the group capitals, indicating strong 
correlations, despite being characterized by an average HDI lower 
than 0.75, an average population of 215,000 inhabitants, and an 
average poverty rate of 2.33%. Future studies are suggested to better 
comprehend the potential reasons for the disparities between 
smartness, sustainability, socioeconomic performance, and 
population among the studied groups. An effort in this direction 
was the study conducted by Agostinho et al. (2022), which evaluated 
the potential influence of cultural factors such as population density, 
academic background of mayors, their political ideology, and 
gender on the sustainability degree of cities.

Focusing on the analysis of the general performance considering 
the 130 cities, Table  6 revealed that the SSIS indicators and the 
general smart city index exhibited a ‘moderate’ linear correlation of 
−0.61 and a ‘moderate’ rank-order correlation of −0.59, both of 
which were statistically significant (p-value<0.0001). These results 
support the claim that there exists a correlation between 
sustainability and smartness, albeit to a moderate degree. The 
spatial distribution of the relationship between sustainability and 
smart city is depicted in Figure 4. Visually, there appears to be a 
trend of improvement for sustainability as smartness also improves. 
Although a cluster analysis was not conducted, cities in the group 
Capitals tended to exhibit higher levels of smartness and 
sustainability, while cities in groups 3, 4, and 6 tended to display 
lower performance for both smartness and sustainability indicators. 
The trend line proposed in Figure  4 aims to facilitate the 
visualization of the data’s behavior. However, it’s important to note 
that the corresponding equation of this model can only explain 38% 
of the data.

Despite not exhibiting a strong linear correlation, the moderate 
linear correlation (−0.61) observed between sustainability and 
smart cities aligns with findings from Ahvenniemi et al. (2017). 
These authors argued that the primary objective of a smart city is 
to enhance its sustainability through the utilization of modern 
equipment and technologies. This viewpoint is further supported 
by the European Commission (2012), Habitat III (2016), and Sharifi 
(2019), which emphasized the development of systems and 
technologies to address the socioeconomic and environmental 
challenges faced by cities, thereby striving for greater efficiency and 
effectiveness in achieving the UN’s SDGs. Machado et al. (2018) 
also suggested that in the case of Brazilian cities, there is a tendency 
for cities to initially prioritize becoming smarter over achieving 
sustainability in the short term. This notion is in line with Baum 
et al. (2004), who proposed that smart cities leverage technology to 
attain environmental benefits and ultimately achieve sustainability. 
However, contrary to these perspectives, Yigitcanlar et al. (2019) 
proposed that current practices in smart cities may not effectively 
support the attainment of progressive and genuine sustainable 
goals. They argued for the need for a post-anthropocentric 
approach to truly foster smart and sustainable cities, which is also 
claimed by Cai et al. (2023) regarding the need of more holistic 
models and methods to evaluate city sustainability. Focusing on 

TABLE 6 Correlation coefficients between the SSIS sustainability index 
and the general smart city index.

Groups Pearson 
correlation

Spearman 
correlation

City 
sample

Group 

capitals

−0.77453 Strong −0.76684 Strong 26

p-value <0.00001 <0.00001

Group 1 −0.80265 Strong −0.79073 Strong 31

p-value <0.00001 <0.00001

Group 2 −0.42001 Moderate −0.60714 Moderate 7

p-value 0.21858 0.00987

Group 3 −0.64103 Moderate −0.73333 Strong 9

p-value 0.00617 0.00055

Group 4 −0.44538 Moderate −0.46753 Moderate 21

p-value 0.00005 <0.00001

Group 5 −0.46263 Moderate −0.26190 Weak 8

p-value 0.06080 0.02902

Group 6 −0.65959 Moderate −0.59989 Moderate 28

p-value <0.00001 <0.00001

General 

index
−0.61737

Moderate
−0.59745

Moderate
130

p-value <0.00001 <0.00001
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CO2 emissions, Yigitcanlar and Kamruzzaman (2018) and 
Stamopoulos et  al. (2024) found that implementing smart city 
concepts does not lead to a reduction in emissions. The results 
obtained in this study suggest a moderate correlation between 
smartness and sustainability for cities, indicating that evaluated 
cities would be still in the process of developing their smartness to 
pursue sustainability. This may imply that smartness and 
sustainability are not strongly correlated, or that cities prioritize 
smartness before pursuing sustainability. The ongoing debate 
surrounding this topic underscores the need for further scientific 
discussions and investigations.

In attempting to discuss why a moderate linear correlation 
rather than a very strong one was observed between a city’s 
smartness and sustainability indicators, it is understood that this is 
probably due to the quantity of different indicators utilized by the 
frameworks. It can be observed in Table 7 that the two frameworks 
have indicators in common. Connected Smart Cities (2021) is made 
up of 70 indicators, 22 of which are common to those used by 
‘Mandala ODS’ (CNM, 2021). These 22 common indicators are 
categorized into 7 smartness topics, while the other 3 topics have no 
common indicators. To analyze the impact that the mutual 
indicators have on the performance of correlations, we  initially 
considered the total of 100 indicators formed by the sum of the 30 
indicators from the ‘Mandala ODS’ and the 70 indicators from 
Connected Smart Cities. Excluding the 22 mutual indicators in the 
two frameworks that are duplicates in this sum, we obtained 78 
indicators in which the share of the 22 mutual indicators is 
approximately 28%, while the share of non-mutual indicators is 

72%. Thus, indicators not common to both frameworks have a 
weight 2.55 greater than indicators in common, which could 
be  influencing the linear correlation between sustainability and 
smart cities in the overall sample, moving from a strong to a 
moderate degree. It is important to remember that we did not have 
access to the algebraic calculation of the smartness indicators for 
each of its ten thematic topics; we only had access to the final value 
of the indicator for each topic and the overall smartness indicator. 
The obtained result does not indicate weakness or strength of the 
frameworks, but it is an inherent characteristic of them. Due to the 
limitations of this current study, at this point we  can only 
hypothesize that: (i) As different indicators carry 2.55 times more 
weight than common indicators between the frameworks, as shown 
in Table 7, this may shift the correlation away from a strong degree; 
(ii) The Connected Smart Cities framework may be  assigning 
different weights to the 22 indicators similar to the ‘Mandala ODS’ 
than to the 56 dissimilar indicators, which also may impede the 
attainment of a strong correlation. Both hypotheses could be tested 
in future work.

This study does not intend to discuss about the advantages or 
disadvantages of one framework over another, but rather to verify 
whether there is a linear correlation between sustainability and 
smartness. This study is limited to a sample of 130 Brazilian cities due 
to the lack of a complete and current database with quantitative 
indicators of sustainability and smartness for cities around the world. 
It is suggested to carry out the same study for other cities, with an 
increase in the sample size and heterogeneity. Another limitation is 
the use of the ‘Mandala ODS’ frameworks (CNM, 2021) and the 

FIGURE 4

Scatter plot between sustainability and smartness index for the sample of 130 cities evaluated.
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Connected Smart Cities ranking (2021), as they are frameworks used 
only in Brazil, which limits the conclusions of this paper to these 
frameworks and the Brazilian context. It is suggested to use other 
international rankings when databases become available to conduct 
similar studies and verify whether the conclusions found in this study 
can be generalized.

5 Conclusion

The application of the five-sector sustainability model (5SenSu) 
has proven capable of quantifying the sustainability of cities into a 
single indicator using scattered data made available by the ‘Mandala 
ODS.’ The results facilitate the establishment of rankings and 
benchmarks, considered fundamental to support municipal 
decision-makers in the pursuit of more sustainable cities.

Regarding the research question that guided the development 
of this study (“Can a smart city also be considered sustainable?”), it 
was identified that there is a moderate degree of linear correlation 
and also a moderate rank-order correlation between the cities’ 
overall smartness indicator and the sustainability synthetic 
indicator of system (SSIS). Although the scientific literature 
suggests that becoming a smart city can facilitate the transition to 
a sustainable city, assuming that a smart city would ipso facto 
be sustainable (and vice versa) should be approached with caution. 
This caution is warranted as the moderate degree of linear 
correlation falls short of the very strong degree required to 
unequivocally support this claim.
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TABLE 7 Common indicators for the sustainability (Mandala ODS) and smartness (Connected Smart Cities) frameworks.

Topics/Axis (a) Total 
indicators for 

each topic, 
considering both 

frameworks

(b) Similar 
indicators per 
topic on both 
frameworks

(c) Different 
indicators per 
topic on both 
frameworksa

(d) Different 
minus similar 
indicators per 
topic on both 
frameworksb

(e) Relative 
importance of 

those not 
common 

indicatorsc

Mobility 8 0 8 8 –

Environment 17 3 14 11 3.67

Urbanism 6 0 6 6 –

Technology innovation 8 1 7 6 6.00

Health 8 1 7 6 6.00

Security 8 2 6 4 2.00

Education 15 6 9 3 0.50

Entrepreneurship 6 0 6 6 –

Governance 9 4 5 1 0.25

Economy 15 5 10 5 1.00

Total 100 22 78 56 2.55

Based on data from Tables 2, 3. a Column (c) = Column (a) – Column (b). b Column (d) = Column (c) – Column (b). c Column (e) = Column (d) / Column (b).
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