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Abstract

In recent years, it has become increasingly feasible to achieve important
improvements of sustainability by integrating sustainable urbanism with smart
urbanism thanks to the proven role and synergic potential of data-driven
technologies. Indeed, the processes and practices of both of these approaches to
urban planning and development are becoming highly responsive to a form of data-
driven urbanism, giving rise to a new phenomenon known as “data-driven smart
sustainable urbanism.” Underlying this emerging approach is the idea of combining
and integrating the strengths of sustainable cities and smart cities and harnessing
the synergies of their strategies and solutions in ways that enable sustainable cities
to optimize, enhance, and maintain their performance on the basis of the innovative
data-driven technologies offered by smart cities. These strengths and synergies can
be clearly demonstrated by combining the advantages of sustainable urbanism and
smart urbanism. To enable such combination, major institutional transformations are
required in terms of enhanced and new practices and competences. Based on case
study research, this paper identifies, distills, and enumerates the key benefits,
potentials, and opportunities of sustainable cities and smart cities with respect to the
three dimensions of sustainability, as well as the key institutional transformations
needed to support the balancing of these dimensions and to enable the
introduction of data-driven technology and the adoption of applied data-driven
solutions in city operational management and development planning. This paper is
an integral part of a futures study that aims to analyze, investigate, and develop a
novel model for data-driven smart sustainable cities of the future. I argue that the
emerging data-driven technologies for sustainability as innovative niches are
reconfiguring the socio-technical landscape of institutions, as well as providing
insights to policymakers into pathways for strengthening existing institutionalized
practices and competences and developing and establishing new ones. This is
necessary for balancing and advancing the goals of sustainability and thus achieving
a desirable future.
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Introduction
Cities are a mark of human civilisation and play a central role in the pursuit of new

paradigms of thinking to bring about major transformations to the way people live and

change the world in the process. Sustainability has, over the last four decades, been one

of the most influential paradigms of thinking within urban development. Cities holding

unparalleled potential to address and overcome the challenges of sustainable develop-

ment largely depends on how they can be planned, designed, and managed, as well as

on the extent to which they respond to new global trends and benefit from scientific

discoveries and related technological advances. Appropriately redesigning and restruc-

turing urban environments as sustainable cities and adopting innovative solutions to

enhance and harness their strategies is a continuous endeavor towards achieving the

long-term of goals sustainability.

Compact cities and eco-cities are the central paradigms of sustainable urbanism and

the most prevalent and advocated models of sustainable cities. Numerous recent na-

tional and international policy reports and papers state that these two models contrib-

ute, though to varying degrees, to resource efficiency and reliability, environmental

protection, socio-economic development, social cohesion and inclusion, quality of life

and well-being, and cultural enhancement (Bibri 2020a). It is argued that the compact

city model is able to contribute to and support the balancing of the three dimensions

of sustainability (e.g., Bibri et al. 2020; Burton 2002; Jenks and Dempsey 2005; Hofstad

2012; Jenks and Jones 2010; OECD 2012), and that the eco–city model is able to

achieve the goals of environmental sustainability and to produce some economic and

social benefits of sustainability (Bibri and Krogstie 2020a; Joss 2010; Joss et al. 2013;

Kenworthy 2006; Mostafavi and Doherty 2010; Rapoport and Vernay 2011; Suzuki et al.

2010). The change is still inspiring and the endeavor continues to induce scholars,

practitioners, and policymakers alike to enhance the existing models of sustainable cit-

ies or to propose new integrated models to improve sustainability in today’s world of

advanced science and technology and intensive urban growth.

Transformative processes within sustainable cities have been in focus for some time

now. The motivation for achieving the United Nations’ Sustainable Development Goal

(SGD) 11 has increased the need to understand, plan, and manage sustainable cities in

new and innovative ways (United Nations 2015a). This is in response to the negative

unintended consequences of urbanization. Nonetheless, this global trend creates enor-

mous environmental, social, economic, and spatial changes, which provide an oppor-

tunity for sustainability with the potential to apply advanced technologies in order to

use resources more efficiently and control them more safely, to promote more sustain-

able land use, and to preserve the biodiversity of natural ecosystems and reduce pres-

sure on their services, with the ultimate aim to improve economic and societal

outcomes. The United Nations’s 2030 Agenda regards advanced Information and Com-

munication Technology (ICT) as a means to promote socio–economic development
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and protect the environment, increase resource efficiency, achieve human progress and

knowledge in societies, upgrade legacy infrastructure, and retrofit industries based on

sustainable design principles (United Nations 2015b). This relates to the multifaceted

potential of smart cities, which has been under study with respect to the role of big

data technologies and their novel applications in strategic sustainable development

within the framework of 2030 Agenda (United Nations 2015c). The abundance of data

opens up for new opportunities for innovation in sustainable cities.

Big data technologies are heralding a new era wherein sustainable cities are morphing

in response to the influence brought by the emerging paradigm of big data computing.

Indeed, there has recently been a conscious push for sustainable cities across the globe

to be smarter and thus more sustainable by adopting data-driven technologies to en-

hance and optimize their operations, functions, services, designs, strategies, and pol-

icies. This transformation—which entails new and innovative ways of how sustainable

cities can be monitored, understood, analyzed, and thus planned, organized, controlled,

and regulated—is manifest in the increasingly level of the development and implemen-

tation of data-driven solutions in their operational management mechanisms and devel-

opment planning approaches. In fact, big data technologies have, in the context of

sustainability, become as essential to the functioning of smart cities (e.g., Angelidou

et al. 2017; Bibri 2019a; Bibri and Krogstie 2020b, c; Bettencourt 2014; Eden Strategy

Institute 2018; Hashem et al. 2016; Kumar and Prakash 2016; Nikitin et al. 2016; Perera

et al. 2017; Thakuriah et al. 2017) as to that of sustainable cities (e.g., Bibri 2020b, c;

Bibri and Krogstie 2017, 2020a c; Pasichnyi et al. 2019; Shahrokni et al. 2014a, b;

Shahrokni et al. 2015a, b; Sun and Du 2017; Thornbush and Golubchikov 2019). It is

worth pointing out that while sustainable cities has had the leading position in tackling

the challenges of sustainable development since the early 1990s, it was not until re-

cently that smart cities gained momentum for facilitating the transition towards sus-

tainable development thanks to the Internet of Things (IoT) and big data analytics.

Regardless, urban processes and practices are becoming highly responsive to a form of

data-driven urbanism. In other words, we are moving into an era where instrumenta-

tion, datafication, and computation are routinely pervading the very fabric of both sus-

tainable cities and smart cities. One of the consequences of data-driven smart

sustainable urbanism is that city systems and domains are becoming much more tightly

interlinked, integrated, and coordinated. And also, vast troves of data are being gener-

ated, analyzed, harnessed, and exploited to make sustainable cities safer, cleaner, more

resilience, and, above all, more efficient.

There are many opportunities yet to explore for integrating sustainable cities and

smart cities in terms of their operational management and development planning in

order to overcome or mitigate the extreme fragmentation of their landscapes and the

weak connection of their strategies and solutions (e.g., Ahvenniemi et al. 2017; Angeli-

dou et al. 2017; Bibri 2019b, 2020; Bifulco et al. 2016) under what is labelled “data–

driven smart sustainable cities.” Underlying this emeging paradigm of urbanism is the

idea of combining the strengths of sustainable cities and smart cities and harnessing

the synergies of their strategies and solutions in ways that first and foremost enhance,

optimize, and maintain the performance of sustainable cities on the basis of the innova-

tive data-driven technologies offered by smart cities. These strengths and synergies can

be clearly demonstrated by combining the advantages of sustainable urbanism and
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smart urbanism. To enable such combination, major institutional transformations are

required in terms of enhanced and new practices and competences.

As a process of change, data-driven smart sustainable cities as an emerging approach

to sustainable urban development is where “the direction of investments, the orienta-

tion of technological development, and institutional changes are all in harmony and en-

hance both current and future potential to meet human needs and aspirations” (World

Commission on Environment and Development (WCED) 1987). Drastic shifts to

socio–technological regimes—transforming technological regimes for sustainable urban

development—“entail concomitantly radical changes to the socio–technical landscape

of politics, institutions, the economy, and social values” (Smith 2003, p. 131). Socio–

technological regimes—i.e., “interconnected systems of artifacts, institutions, rules, and

norms” (Berkhout etal. 2003, p. 3)—are to be brought about by the actions and net-

works of existing actors within civic institutions in the ambit of emerging data-driven

smart sustainable cities. As stated by Bibri and Krogstie (2016, p. 33), “established

socio–technological regimes can induce and support the transformation of socio–tech-

nical constellations (e.g., industry associations, research communities, policy networks,

and advocacy/special–interest groups) towards improving and advancing sustainability

at the macro level.”

Data-driven technologies and data-oriented institutions are benefiting from the provi-

sioning of innovative applications and enhanced decision-making processes in response

to the need for solving or mitigating the challenges of sustainability and urbanization.

This in turn implies that they are displaying positive feedbacks through the increasing

implementation of applied solutions and policy instruments, respectively, in sustainable

cities and smart cities such that the more they are implemented, the more likely they

are to be further implemented. Social processes behind this phenomenon commonly

include network effects, interactive processes, adaptation, coordination, and learning.

This paper identifies, distills, and enumerates the key benefits, potentials, and op-

portunities of sustainable cities and smart cities with respect to the three dimen-

sions of sustainability, as well as the key institutional transformations needed to

support the balancing of these dimensions and to enable the introduction of data-

driven technology and the adoption of applied data-driven solutions in city oper-

ational management and development planning.

This paper is based on the four case studies conducted as part of prior work on:

� compact cities (Bibri et al. 2020);

� eco-cities (Bibri and Krogstie 2020a);

� data-driven smart cities (Bibri and Krogstie 2020b); and

� environmentally data-driven smart sustainable cities (Bibri and Krogstie 2020c).

This is part of an extensive futures study, which aims to analyse, investigate, and de-

velop a novel model for data-driven smart sustainable cities of the future. This takes

the form of a strategic planning process of transformative change towards sustainabil-

ity (Bibri and Krogstie 2021).

The futures study consists of 6 Steps in total, each with several guiding questions to answer.

The answer to the guiding questions for each of these steps may involve one, two, or more
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papers, and one paper may in turn answer the guiding questions for one or two steps. This

paper answers the last guiding question for both Step 5 and Step 6. Combining the answer to

these two question in one paper is motivated by their interrelationship in regard to the three

goals of sustainability, and the role of data-based city management in improving the contribu-

tion to these goals. The two guiding questions for Step 5 and Step 6 are as follows:

1. What are the key benefits, potentials, and opportunities of the future vision model

of urbanism?

2. What institutional changes are necessary for attaining the future vision?

This paper unfolds as follows: Section 2 presents the methodological framework for

the futures study. Section 3 presents the results. Section 5 discusses the results. This

paper ends, in Section 5, with concluding remarks.

Research methodology
The methodological framework applied in the futures study combines and integrates

normative backcasting and descriptive case study as qualitative approaches. The back-

casting approach was employed to achieve the overall aim of the futures study. The

case study approach, which is associated with the empirical phase of the futures study,

was adopted to examine and compare two of a total of six cases from the ecologically

and technologically leading cities in Europe with respect to each of the phenomena of

compact cities, eco-cities, data–driven smart cities, and environmentally data-driven

smart sustainable cities. Bibri (2020) dedicates a whole article to the methodological

framework for strategic data-driven smart sustainable city planning whose core object-

ive is clarifying which city model is desired and working towards that specified out-

come. Table 1 presents the guiding questions for each of the six steps in the

backcasting study, and highlights the two questions addressed by this paper in Step 5

and Step 6.

Backcasting as a strategic planning process

The term “backcasting,” which was coined by Robinson in 1982, can denote a concept,

a study, an approach, a methodology, a framework, or an interactive process among

stakeholders. Hence, it has been defined in multiple ways. Robinson (1990, p. 823) de-

fines backcasting as a normative approach that works “backwards from a particular de-

sired end point to the present in order to determine the feasibility of that future and

what policy measures would be required to reach that point.” Once the future desired

conditions are imagined and articulated, the necessary steps are defined and pursued to

attain those conditions (Fig. 1). In recent years, backcasting has been mostly applied in

the futures studies that deal with long-term problems and sustainability solutions (see,

e.g., Akerman 2005; Akerman and Höjer 2006; Höjer et al. 2011; Miola 2008; Quist

et al. 2001; Quist 2007; Vergragt and Quist 2011; Wangel 2011). However, the back-

casting process in this futures study represents a strategic planning framework for fa-

cilitating progress towards achieving the goals of sustainability for those cities that are

badging or regenerating themselves as sustainable, or manifestly planning to become
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smart sustainable in the era of big data. Accordingly, it articulates strategic thinking—

the why—behind both the vision of the future and the plan for getting there.

Descriptive case study

The descriptive case study approach was applied in the four case studies to investigate

the prevailing models of sustainable urbanism and the emerging models of smart ur-

banism (Step 4). The intention of this investigation is to specify the underlying

Table 1 The guiding questions for each step in the backcasting-oriented futures study

The guiding questions for the backcasting study

Step 1: Detail strategic problem orientation (Part 1)

1. What is the model of urbanism to be studied?

2. What are the aim, purpose, and objectives of the backcasting study in relation to this model?

3. What are the long–term targets declared by the goal–oriented backcasting approach?

4. What are the objectives these targets are translated to for backcasting analysis?

Step 2: Detail strategic problem orientation (Part 2)

1. What are the main prevailing trends and expected developments related to the model to be studied?

2. What are the key sustainability problems associated with the current model of urbanism and what are the
causes?

3. How is the problem defined?

Step 3: Generate a sustainable future vision

1. What are the demands for the future vision?

2. How does the future model of urbanism look like?

3. How is the future model of urbanism different from the current model of urbanism?

4.What is the rationale for developing the future model of urbanism?

5. Which sustainability problems have been solved and which technologies have been used in the future
vision?

Step 4: Conduct empirical research

1. What is the justification for the methodological framework to be adopted?

2. Which category of case study design is most relevant to investigating the dimensions of the future model of
urbanism?

3. How many case studies are to be carried out and what kind of urban phenomena should they illuminate?

4. To what extent can this investigation generate new ideas and illustrate the theories applied and their effects,
as well as underpin and increase the feasibility of the future vision?

Step 5: Specify and Integrate the components of the future model of urbanism

1. What urban and technological components are necessary for the future model of urbanism?

2. How can all these components be integrated into a framework for strategic sustainable urban development
planning?

3. What are the key benefits, potentials, and opportunities of the future model of urbanism?

Step 6: Perform backwards–looking analysis

1. What built infrastructure changes are necessary for achieving the future vision?

2. What sustainable urban infrastructure changes are necessary?

3. What smart urban infrastructure changes are necessary?

4. What social infrastructure changes are necessary?

5. What technological infrastructure changes are necessary?

6. What institutional changes are necessary?

Source: Bibri 2020d, p.18)
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components of the future model of urbanism in terms of its core dimensions, strategies,

and solutions, and then to integrate these components into an applied theoretical frame-

work for strategic sustainable urban development planning (Step 5). This is in turn

intended to inform and guide the strategic planning process of transformative change

towards sustainability, which represents the novel model for data-driven smart sustain-

able cities of the future (Step 6). This paper relates to the institutional aspects of such

process.

The case study is a descriptive qualitative methodology that is used as a tool to study

specific characteristics of a complex phenomenon. The descriptive case study approach,

as defined by Yin (2014, 2017), was identified as the most suitable methodology for the

empirical phase of the futures study. This methodology has been chosen considering the

nature of the problem being investigated, the research aim, and the present state of know-

ledge with respect to the topic of data-driven smart sustainable cities. In this context, it in-

volves the description, analysis, and interpretation of the four urban phenomena in

question in terms of their characteristics, with a particular focus on the prevailing condi-

tions pertaining to plans, projects, and achievements. That is, how the selected cities be-

have as to what has been realized and the ongoing implementation of plans based on the

corresponding practices and strategies for sustainable development and technological de-

velopment. To obtain the knowledge sought to be gained, a five-step process tailored to

each of the four case studies conducted was adopted (see Table 2):

The case studies examine contemporary real-world phenomena and seek to inform the

theory and practice of data-driven smart sustainable urbanism by illustrating what has

worked well, what needs to be improved, and how this can be done. They are particularly

useful for understanding how different elements fit together and (co-)produce the observed

impacts in a particular urban context based on a set of intertwined factors and actors.

Results
The focus of the results in this paper is on the institutional changes related to the novel

model for data-driven smart sustainable cities of the future developed by Bibri and

Fig. 1 The backcasting process from the Natural Step. Source: Holmberg (1998)
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Krogstie (2021) and the associated direct and indirect effects on the balancing and ad-

vancement of sustainability goals. Therefore, this paper is an integral part of the analyt-

ical side of the backcasting process, i.e., the specific step of looking back from the

desired future to the present to determine the decisive steps on how to attain the future

vision. Prior to this, Bibri and Krogstie (2021) identify a series of actions and measures

Table 2 A five-step process tailored to the four case studies conducted

Compact Cities

• Using a narrative framework that focuses on the compact city model and its contribution to the three goals
of sustainability as a real–world problem and that provides essential facts about it, including relevant
background information

• Introducing the reader to key concepts, strategies, practices, and policies relevant to the problem under
investigation

• Discussing benefits, conflicts, and contentions relevant to the problem under investigation

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected
outcomes.

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths,
weaknesses, tradeoffs, and lessons learned.

Eco-Cities

• Using a narrative framework that focuses on the eco-city as a real-world problem and provides essential facts
about it, including relevant background information

• Introducing the reader to key concepts, models, and design strategies relevant to the problem under
investigation

• Discussing benefits and research gaps and issues relevant to the problem under investigation

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected
outcomes

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths,
weaknesses, tradeoffs, and lessons learned.

Data-Driven Smart Cities

• Using a narrative framework that focuses on the data-driven smart city as a real–world problem and provides
essential facts about it, including relevant background information

• Introducing the reader to key concepts, technologies, and data-driven smart sustainable urbanism processes
and practices relevant to the problem under investigation

• Providing an overview of the literature review previously conducted in relation to the study, which delivers a
comprehensive, state–of–the–art review on the sustainability and unsustainability of smart cities in relation to
big data technology, analytics, and application in terms of the underlying foundations and assumptions,
research problems and debates, opportunities and benefits, technological developments, emerging trends,
future practices, and challenges and open issues

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected
outcomes

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths,
weaknesses, tradeoffs, and lessons learned.

Environmentally Data-Driven Smart Sustainable Cities

• Using a narrative framework that focuses on data-driven smart solutions and their role and potential in im-
proving and advancing environmental sustainability in the framework of the smart sustainable city as a real–
world problem, and provides essential facts about it, including relevant background information.

• Introducing the reader to key concepts, core enabling technologies, infrastructures, landscapes, frameworks, as
well as urban operating systems and urban operations centers, all with relevance to the problem under study.

• Identifying the commonalities and differences between the two cities with respect to the emerging
technologies

• Explaining the actual solutions in terms of plans and visions, the processes of implementing them, and the
realized and expected outcomes

• Offering an analysis and evaluation of the relevant solutions and related issues, including strengths,
weaknesses, and lessons learned.

Bibri 2020d, p. 25)
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pertaining to built infrastructure, sustainable urban infrastructure, smart urban infra-

structure, social infrastructure, and technological infrastructure. These constitute the

core dimensions of the landscape of the data-driven smart sustainable city of the future,

and are associated with the transformations that are necessary for reaching the future

vision. In order to bring about these transformations, a number of strategies and path-

ways were developed in the form of recommendations based on the case study research

carried out on six of the ecologically and technologically leading cities on Europe. This

paper as a final work of the backcasting study distills the core institutional practices

and competences in terms of what has been enhanced, created, and established on the

same basis in the form of actions, measures, and functions.

Benefits, potentials, and opportunities for environmental, social, and economic

sustainability

One of the goals that is necessarily present in most backcasting studies is analyzing the

benefits, potentials, and opportunities of the future vision. The desired vision of the fu-

ture as constructed by Bibri and Krogstie (2020d), p. 89) is as follows:

“A form of human settlements that secures and upholds environmentally sound,

economically viable, and socially beneficial development through the synergistic in-

tegration of the more established strategies of sustainable cities and the more in-

novative solutions of data-driven smart cities towards achieving the long-term goals

of sustainability.”

At the core of the future vision is the idea of retaining the best of what we already

have that have been successfully enacted in real-world cities, making use of the things

that have been demonstrably better in the past, while being selective in adopting the

best of what is emerging and promising, making use of the things that will add a whole

new dimension to sustainability in terms of harnessing its synergic effects, balancing its

dimensions, and thus boosting its benefits. This entails combining and integrating the

prevailing models of sustainable urbanism and the emerging models of smart urban-

ism in terms of their strategies and solutions. The benefits, potentials, and opportun-

ities that can be offered by each of these models are presented next.

Eco-cities

The eco–city has emerged, over the last four decades or so, as a response to the envir-

onmental challenges of sustainable development. Register (2002) defines an eco-city as

“an urban environmental system in which input (of resources) and output (of waste)

are minimized.” According to Jabareen (2006, p. 47), it is an umbrella term that “en-

compasses a wide range of urban–ecological proposals that aim to achieve urban sus-

tainability. These approaches propose a wide range of environmental, social, and

institutional policies that are directed to managing urban spaces to achieve

sustainability.”

The eco-city focuses more on the environmental dimension of sustainability in terms

of the natural environment and ecosystems than on the economic and social dimen-

sions of sustainability (e.g., Mostafavi and Doherty 2010; Holmstedt et al. 2017;
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Rapoport and Vernay 2011). There are many models of the eco–city according to an

extensive literature review conducted by Bibri (2020b). These models can be caterogar-

ized into three types: type 1 emphasizes passive solar design, type 2 combines passive

solar design and greening, and type 3 focuses on green energy technologies and/or

smart energy and environmental technologies (Table 3).

Accordingly, while the benefits of the eco-city are mostly of an environmental nature,

they also include some economic benefits pertaining to green technologies (Table 4).

Compact cities

The compact city is the most advocated model of sustainable urban form due to its

ability to deliver the expected benefits of environmental, economic, and social sustain-

ability, yet to varying degrees. So, when strategically planned and well–designed, the

compact city becomes able to support the balancing of the three dimensions of sustain-

ability through such design strategies as compactness, density, multidimensional

mixed-land use, sustainable transformation, and green open spaces (e.g., Bibri 2020c;

Burton 2002; Dempsey 2010; Hofstad 2012; Jenks and Jones 2010; OECD 2012). Burton

(2002) describes the compact city as “a relatively high–density, mixed–use city, based

on an efficient public transport system and dimensions that encourage walking and

cycling.” Table 5 presents the key benefits of the compact city in relation to the three

dimensions of sustainability.

Data-driven smart cities and environmentally data-driven smart sustainable cities

The data-driven city is an emerging paradigm of smart urbanism, and the environmen-

tally data-driven city is an emerging paradigm of smart sustainable urbanism. The

former tends to use advanced solutions to improve the different aspects of sustainabil-

ity, attempting to cover environmental, economic, and social aspects of sustainability

(Bibri and Krogstie 2020b; Nikitin et al. 2016; Noori et al. 2020). According to Nikitin

et al. (2016), a data-driven city is characterized by the ability of city management agen-

cies to use technologies for generating, processing, and analyzing data flows in order to

develop and implement solutions for improving the living standards of citizens thanks

to the development of social, economic and ecological areas of the urban environment.

In other words, it is a digitally instrumented, datafied, and networked city that enables

large-scale computation to extract useful knowledge for decision making purposes re-

lated to the different aspects of operational management and planning development in

line with the goals of sustainability.

The latter is associated with the environmental dimension of data-driven smart sus-

tainable cities. A data–driven smart sustainable city is a city that as increasingly

Table 3 Three types of the common eco-city models

Type 1 Type 2 Type 3

• Eco-village
• Solar city
• Solar village
• Cohousing

• Eco–City
• Eco–District
• Environmental City
• Green City
• Garden City
• Sustainable Neighborhood
• Living Machines

• SymbioCity
• Carbon Neutral City
• Zero Energy City
• Zero Carbon City
• Low Carbon City
• Ubiquitous Eco–City
• Smart Eco–City
• Data-Driven Smart Eco-City
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Table 4 The key environmental and some economic benefits of the eco-city

Green infrastructure

• Providing ecosystem services:

Air quality

Recreation

Climate mitigation and adaptation

Flood risk mitigation by slowing and reducing stormwater discharges

Temperature regulation

Passive irrigation

Biodiversity and habitat

Stormwater management

• Managing water by mimicking the natural water cycle

• Improving the quality of water by protecting local waterways from stormwater pollutants

• Replacing or complementing technical systems

• Making urban areas more pleasant by improving their design aesthetics

• Improving economic attractiveness through greening, e.g., high land values which create a willingness to
invest and develop urban areas

• Enhancing community safety and the quality of life

• Removing harmful substances from the air and thus increasing its quality

• Reducing stress as linked to mental and physical well-being and the development of illness.

• Providing favorable conditions for healthier life

• Reducing traffic noise and providing cooler temperatures and greater diversity

Sustainable energy systems

• Maximizing energy efficiency

• Conserving energy by combining heat and power provisions

• Reducing CO2 emissions due to the use of renewable energy sources:

Wind, solar, and hydropower produce little or no air pollution

Biomass and geothermal do emit air pollutants, but at much lower rates than most fossil fuels

• Enabling districts to become fossil fuel–free, zero-carbon, and climate positive

• Reducing energy costs and ecological impact to the lowest possible level

• Diversifying energy supply and reducing dependence on imported fuels

• Clean and cheap to run

• Mitigating large-scale failure due to a distributed, modular fashion deployment

• Distributing electricity with less complex and time-consuming infrastructural development thanks to the quick
rollout of technologies in response to the needs of the city during critical events or complex emergencies

Sustainable waste management system

• Decreasing the landfilling of household waste and other waste

• Rising the recovery of material for reuse and recycling, as well as of energy in the form of heat and electricity

• Generating biogas fuels from food sludge and other organic waste as well as from wastewater and sewage

• Converting food waste into bio–fertilizer that can replace artificial fertilizers

• Mitigating Greenhouse Gases (GHG) emissions from waste incineration, irrespective of the quantity of the
incinerated waste

• Reducing he environmental impact of waste management: GHG emissions and emissions of hazardous
substances (e.g., organic pollutants, heavy metals)

• Reducing the noise and congestion caused by garbage collection trucks thanks to the bins connected directly
to the underground repositories, where waste is sucked out by vacuum chutes via underground pipes

Sustainable materials

• Increasing productivity
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composed of and monitored by ICT of pervasive and ubiquitous computing and thus

has the ability to use the IoT and big data technologies to generate, process, analyze,

and harness urban data for the purpose of creating deeper insights that can be lever-

aged to make strategic decisions that accurately address the problems and issues related

to sustainability and urbanization. A data–driven smart sustainable city is depicted as

constellations of instruments across many scales that are connected through multiple

networks characterized by high speed and intelligence, which provide continuous data

regarding the different aspects of urbanity in terms of the flow of decisions about the

environmental, economic, social, physical, and spatial forms of the city, supported by

urban intelligence functions.

Furthermore, the two emerging models of urbanism are evolving into real-time func-

tioning cities based on the data routinely collected from the sensors deployed across

urban environments, which can provide useful information about longer term changes

(see, e.g. Ameer and Shah 2018, Batty et al. 2012; Kitchin 2014; Nikitin et al. 2016;

Shahrokni et al. 2014a, b; Rathore et al. 2016, Sinaeepourfard et al. 2016). As such, they

involve not only benefits, but also potentials and opportunities that are yet to be

exploited and explored respectively (Table 6).

Institutional transformations: practices and competences

To boost the effects of sustainability through combining the benefits, potentials, and

opportunities of the prevailing models of sustainable urbanism and the emerging

models of smart urbanism requires major institutional transformations and socio-

technical transitions. There is a growing perception that the centripetal movement of

data-driven smart sustainable interests, ideas, and considerations in urban strategies,

technological innovations, and institutional developments can have a significant impact

on data-driven smart sustainable–induced processes of transformation in the core prac-

tices, primary operations, and central institutions of modern society. This is what the

data-driven smart sustainable city of the future entails as a strategic roadmap to trans-

formational change. This process is designed to create major changes in the processes

Table 4 The key environmental and some economic benefits of the eco-city (Continued)

• Improving health and quality of life

• Decreasing waste generation

• Using materials in more effective ways

• Reducing air pollution

• Avoiding noise pollution

Green technology development

• Spurring green-tech innovations

• Increasing green-tech manufacturing and export

• Stimulating R&D projects and opportunities

• Inspiring entrepreneurship and creating startups

• Increasing industrial and technological investments

• Providing a significant number of jobs and opportunities for skill development

• Stimulating cooperation between government, industry, and academia

• Providing opportunities for international collaboration among urban actors
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Table 5 The contribution of the compact city to the three goals of sustainability

Environmental sustainability

• Lowering per capita rates of energy use and CO2 emissions through district-wide energy utilization and local
energy generation

• Conserving energy by combining heat and power provisions made possible by population densities

• Lowering energy consumption and reducing pollution due to the proximity to workplaces, services, facilities,
and public spaces

• Reducing car dependency and thus CO2 emissions through promoting a walking and cycling environment

• Decreasing travel needs and costs and shortening commute times

• Minimizing the transportation of energy, materials, water, and products, thereby reducing CO2 emissions due
to the compactness of the built form

• Optimizing the efficiency of public transport by promoting transit-oriented development in built-up areas

• Limiting the consumption of building and infrastructure materials

• Reducing the pressure on ecosystem services and biodiversity provided by green and natural areas

• Limiting the loss of green and natural areas

• Protecting rural and agricultural land from further development through the optimum use of land resources

Economic sustainability

• Supporting local services and businesses through population densities by providing a larger customer basis
for commercial activities

• Revitalizing city centers through the promotion of densely built dwellings, shops, businesses, and accessible
infrastructure and facilities

• Extending and enhancing public transportation infrastructure and facilities

• Creating proximity between workers and their workplaces, which results in higher productivity due to shorter
travel time for workers

• Greater diversity of employers and thus job possibilities

• Increasing the likelihood of workers finding jobs that match their skills, which also results in higher
productivity

• Greater productivity due to more diversity, vitality, innovation, and creativity

• Attracting skilled labor force by high quality of life due to better access to a diversity of local services and jobs

• Maintaining the diversity for choice among workplaces, service facilities, and social contacts

• Requiring less and cheaper per capita infrastructure provision due to more efficient public service delivery

Social sustainability

• Creating a better quality of life through more social interaction, community spirit, and cultural vitality due to
the access by proximity to facilities, workplaces, public spaces, public transportation, as well as the
opportunity for walking and cycling

• Reducing crime and providing a feeling of safety through natural surveillance

• Improving social equity through better access to services and facilities and flexible design of housing in terms
of mixed forms and affordability

• Maintaining public service level for social welfare by improved efficiency

• Greater accessibility due to lower cost enabled by shorter intra-urban distances

• Lowering transport costs, higher mobility for people without access to a car, and improved human health due
to more cycling and walking

• Enhancing social cohesion through a sense of belonging and connectedness

• Supporting human, psychological, and physical health through ready access to open green space, walkability
in neighborhoods, and social contact

• Enhancing livability in terms of social stability and cultural and recreational possibilities

• Healing spatial segregation by forging the physical links and bridging barriers between communities
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Table 6 The key benefits, potentials, and opportunities of the data-driven smart city and the
environmentally data-driven smart sustainable city

Transport and traffic management

• Reducing energy usage and harmful emissions

• Providing the opportunity to alter demand for carbon-intensive vehicles using disincentives

• Increasing and maintaining safety for vehicle drivers by detecting accidents and responding timely to critical
events through alerts

• Predicting traffic conditions for decreasing congestion by directing vehicles to alternative roads

• Reducing noise pollution through smart traffic lights and smart parking

• Improving the security and reliability of the overall transport system

• Encouraging and attracting people to cycle thanks to dynamic signage system, thereby reducing CO2
emissions resulting otherwise from more polluting forms of energy-intensive transport

• Enhancing mobility for citizens and thus increasing the level of their life satisfaction

• Providing the opportunity for contactless payment and thus minimizing environmental impacts

• Providing the opportunity for obtaining more detailed information on transport and mobility thanks to the
unified public transport system

• Tracking traffic occupancy for planning public transport routes in a more flexible way

• Identifying the user priorities of public transport areas and developing new routes in response to new
demands

• Improving, re–engineering, or developing transport infrastructure based on historical mobility and congestion
data

• Decreasing the need for parking spaces on the streets through car sharing system

• Supporting equity and inclusion through socially sustainable public transport thanks to smart mobility apps

• Providing information to passengers about traffic occupancy/irregularities of public transport, which allows
them to plan their way more efficiently

Smart power grid

• Improving the transmission efficiency of electricity

• Optimizing distribution networks in terms of energy demand/supply

• Restoring after and reacting timely to potential disturbances in power supply

• Reducing operation, maintenance, and management costs

• Integrating different systems of renewable energy

• Reducing electricity bills and thus saving money as well as balancing the electricity system through efficient
electricity networks

• Making storage decisions based on the monitoring of power generation and power demands

• Helping governments to react promptly to emergencies, critical events, or natural disasters, e.g., severe storms,
earthquakes, and large solar flares, through adding resiliency to large-scale power systems

• Curbing energy usage, conserving energy, reducing costs, and maximizing the transparency and reliability of
the energy supply chain

• Avoiding potential power outages resulting from high demand on energy using dynamic pricing models for
power usage by increasing charges during peak times to smooth out peaks and applying lower charges
during normal times.

• Avoiding carbon–intensive peaks using new ways of coordination with regard to the overall ensemble of
users and consumers.

• Supporting decision–making pertaining to the generation and supply of power in line with the actual
demand of users and consumers

• Improving coordination and planning around power generation from renewable plants depending on wind
or sun.

• Monitoring and analyzing energy consumption in real time across multiple spatial scales and over different
temporal scales

Smart buildings

• Providing the potential for energy efficiency and GHG emissions reductions through such functions as:

- Highly advanced automatic systems for efficient and natural lighting
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Table 6 The key benefits, potentials, and opportunities of the data-driven smart city and the
environmentally data-driven smart sustainable city (Continued)

- Temperature control

- Window and door operation

- Smart appliances

• Keeping the building’s climate within a specified range

• Reducing energy consumption and energy costs

• Guaranteeing safety and security

• Providing the potential for decreasing heat demand and consequent GHG emissions by means of retrofitting
residential buildings

• Assessing energy demand from large-scale retrofitting and exploring its impact on the supply side, thereby
enabling more precisely targeted and better coordinated energy efficiency programs

Smart meters and energy monitors

• Allowing consumers to manage their energy usage based on what they actually need and afford by having
access to live energy prices and adjusting their usage accordingly

• Enabling consumers to remotely control their home appliances and devices by means of such advanced
functions as scheduling, programming, as well as reacting to contextual situations

• Allowing for self–optimization and self–control of energy consumption through integrating sensing and
actuation systems in different kinds of appliances and devices for balancing power generation and usage

• Providing insights into how the energy flows can be influenced by the consumer behavior thanks to the in-
house sensors that can report data on energy-using appliances

• Balancing electric loads and reducing power outages

• Allowing for dynamic pricing which lowers or raises the cost of electricity based on the current demand

• Providing homeowners with convenience and cost savings

• Offering homeowners sophisticated level of preprogrammed preferences in terms of turning on some
appliances based on the amount of the energy consumed within a day, week, or month

Smart environmental monitoring

• Reducing the time needed for waste collection as well as the operating time of disposal machines

• Curbing fuel consumption and costs

• Reducing the number of waste disposal vehicles and containers and related service costs

• Reducing the level of harmful emissions through route optimization

• Decreasing noise pollution generated by waste disposal vehicles

• Providing health benefits and decreasing health risks through preventing the accumulation of waste

• Using historical and movement data

• Using historical data on disposed waste (places and volumes) for installing new waste containers

• Distributing the resources and logistics more efficiency, thereby significantly reducing the operational and
infrastructural costs of waste collection system

Smart management of waste collection

• Developing a variety of preventive systems and measures for environmental quality and implementing them
in a timely manner

• Enabling public authorities to observe the condition of the air and to forecast about its pollution

• Enabling government and non-governmental bodies to take decisions based on a more informed understand-
ing of the quality of the environment

• Complementing energy efficiency solutions with respect to GHG emissions reductions

• Informing citizens and other city stakeholders about GHG emissions

• Ensuring companies’ compliance with environmental regulations and evaluating the efficiency of the newly
installed systems as well as the health of employees

• Evaluating the performance of environmental regulations and enforcements, whether they are working as
anticipated, so that the government can take action to change the regulatory framework

• Stimulating research opportunities on the effects of certain pollutants on human, wildlife, or aquatic life so to
create treatment procedures
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Table 6 The key benefits, potentials, and opportunities of the data-driven smart city and the
environmentally data-driven smart sustainable city (Continued)

• Finding risks to human and wildlife, scoping to population migration from high-density areas to low density
areas, and restricting GHG emissions

• Identifying environmental stress, understanding environmental patterns, and assessing the effectiveness of
strategies and programs

• Collecting critical information to make better policy decisions to reduce GHG emissions, as well as to guide
citizens on making their own efforts in this regard

• Allowing the interpretation of the ambient air data based on the spatial and temporal representativeness of
the data gathered and on the health risks involved in the exposure to the monitored levels

• Allowing the comparison of the different districts of the city in terms of various air pollutants

• Publishing hourly more detailed information for each pollutant in absolute value, and designing daily values
for drawing a more complete picture at monitoring the level of pollution in the city

• Allowing users to explore the available information at maximum level due to the opportunity to gather
information about the status of the atmosphere

• Allowing companies and enterprises in the industry to get an idea about the air quality, which makes it
possible to make decision on the implementation of preventive measures for reducing pollution. This leads to
the maximisation of their productivity in the long-term

• Allowing industries to access the air pollution forecasts, which simplifies the decision-making process in the
manufacturing environment

• Predicting trends of the presence of air pollutants in the atmosphere

• Coping with the environment and lowering air and noise pollution levels to enhance the quality of life

Smart street lighting

• Facilitating many innovative applications related to traffic, mobility, air and noise pollution, parking, safety, and
public Wi-Fi connectivity, just to name a few

• Enhancing the environmental performance and energy efficiency of the essential infrastructure of the city

• Optimizing the efficiency of the public-lighting installations in terms of operational and maintenance costs

• Reducing collision and the risk of collisions with cyclists and other vulnerable road users

Smart urban metabolism

• Providing holistic analysis of energy and material pathways to conceive of management systems and
technologies that allow for the reintegration of natural processes, increasing the efficiency of resource use,
and the conservation and production of energy

• Providing long–term opportunities in terms of enabling a new understanding of the causalities that govern
urbanism

• Allowing citizens and city officials and stakeholders to receive real-time feedback on the consequences of their
choices in a systematic way

• Understanding the GHG emissions resulting from the consumption of electricity, heat, water, and the
production of waste

• Allowing the follow-up and evaluation of the evolution of urban metabolism, and facilitating the identification
of the cause-and-effect relationships of the metabolic flows

• Providing rich datasets on energy and material flows at the city level in terms of both production- and
consumption-based approaches

Smart management of urban infrastructure

• Improving incident management

• Enhancing emergency response coordination

• Mitigating risks and responding timely to critical events or unfavourable conditions

• Enhancing safety and service quality

• Reducing operational and maintenance costs

• Improving resources and logistics efficiency

• Reducing negative impacts on the environment

• Identifying, predicting, and responding to longer-term urban infrastructure needs
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Table 6 The key benefits, potentials, and opportunities of the data-driven smart city and the
environmentally data-driven smart sustainable city (Continued)

Smart citizens: participation and consultation

• Empowering citizens for community engagement and co-creation

• Improving the level of satisfaction and increasing the level of confidence and trust among citizens in the city
administration

• Promoting widespread participation through new technologies that are essentially network-based and enable
extensive interactions across many urban domains as well as spatial scales

• Enhancing equity and fairness and attaining a better quality of city life through new technologies that offer
the prospect of ending the digital divides

• Enabling the citizenry to blend their personal knowledge with the knowledge of technology experts

• Informing political participation at all levels

• Engaging the citizenry in city planning, development, and governance

• Making it easier for citizens to find out about planning issues and improving the efficiency and effectiveness
of local planning

• Enabling the planning service to perform better with fewer resources for property developers, architects,
surveyors, and planning consultants

• Improving the transparency of the city management

• Providing the opportunity to track the quality of work of the management companies and contractors
engaged in the provision of urban amenities and services, and to perform corrective actions in the work of
local authorities

• Enabling citizens to participate in the technology and policy of the city through various platforms, such as
classrooms for leaning, spaces for innovation, co-innovation centers, and participatory and democracy
platforms

• Providing services by public agencies remotely and mobile kiosks, such as receiving certificates, publishing
complaints, and obtaining necessary information. This improves the convenience of public services

• Determining trends in public opinion to be considered when forming urban development programs and
initiatives

Smart public safety

• Empowering decision-makers to prepare for, respond to, and recover from natural disasters

• Increasing safety by identifying risks, threats, and vulnerabilities and providing early warnings

• Preventing adverse effects on public health by notifying citizens to evacuate or avoid certain urban areas

• Enhancing risk assessment and hazard identification to provide immediate responses

• Improving security by allowing or denying access to certain individuals to public places, as well as preventing
potential unrest

• Providing the opportunity for increasing urban resilience

• Informing the responsible public and private actors of transportation–related safety and health issues to make
improvements

Smart healthcare

• Electronization of medical services:

- Making medical services more accessible to the public

- Accelerating the process of customer services

- Allowing more flexible arrangement of visits to doctors and obtaining the right specialist

- Enabling physicians to get rid of paper routine and to always have access to data about patients, the
history of their diseases, and the medicines they take

- Providing the municipal administration with reliable and efficient tools for analysis of medical institutions
activities

- Providing the administration with the opportunity of managing resources more efficiently

- Enabling transparent reporting and planning for future purchases and saving costs for the city budget.

• Large-scale electronization system:

- Improving the comfort of using public medical services

- Optimizing the availability and workload of physicians in medical institutions

Bibri Energy Informatics             (2021) 4:4 Page 17 of 37



of sustainable cities and the behaviors of their actors, as well as to produce significant

improvements in their performance. The focus in this paper is on the institutional as-

pects of this process, which affect revolutionary change within modern cities. Generally,

institutional transformation denotes profound changes within institutions in the basic

values, and beliefs that are dominant, as well as in the rules and regulations that lead to

certain outcomes. In other words, at its deepest level, it refers to changes in the ideas,

interests, and considerations that govern institutions, which in turn lead to changes in

practices and related apparatuses. Institutional transformation explains the change of

institutions that govern human interactions and paths of development in society. Insti-

tutions are defined as “actions, rules, social structures and practices that persist over

time and are features of social aggregate that are larger than a single organization”

(Murmann 2003).

It is within the remit of institutions to facilitate the implementation of data-driven

technology solutions in city operational management and development planning to im-

prove and advance sustainability through regulatory frameworks and social norms.

There is a strong institutional support and commitment to big data technology—indus-

try associations and consortia, business communities, research communities, policy net-

works, regulatory and legal bodies, and governmental agencies—within sustainable

urbanism and smart urbanism given its untapped potential, rapid expansion, and wide

success as to advancing scholarly research and enhancing social practice (see Bibri

2019c for a detailed discussion).

Supporting the balancing of the three dimensions of sustainability

Sustainable cities are in a constant state of unprecedented transformative changes in re-

sponse to emergent internal and external factors, such as climate change, urbanization,

Table 6 The key benefits, potentials, and opportunities of the data-driven smart city and the
environmentally data-driven smart sustainable city (Continued)

- Enabling managing flows of patients and outpatient integrated medical records

- Keeping consolidated management records and personalised accounts of medical assistance

- Making online and rescheduling appointments

- Checking-in without preliminary cancellation and obtaining medical certificates online

- Finding the nearest clinic nearby place of residence

- Gathering information about the workload of medical institutions and the demand for doctors

- Managing medical registers and solving medical and organisational tasks relating to different categories of
citizens, those with certain diseases.

• Enhancing diagnosis and treatment processes and tailoring care services

• Providing precautionary and proactive care services

• Prolonging human life and promoting human well-being

• Enabling remote services such as diagnosis and telemedicine

• Improving the quality of recommendations and reducing the time spent on making them as well as on
diagnostics

• Providing accurate, appropriate, and history-aware responses to health problems

• Flagging potential health issues frequently or on a demand basis by monitoring, processing, and analyzing
complex occurrences

• Predicting and responding to disease outbreaks, critical events, and new trends
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technological shifts, economic crises, pandemics, and demographic changes. Managing

sustainable cities is a very complex function that encompasses strategies, approaches,

activities, and instruments that make them work. This means that:

� Their infrastructures are accessible and functional

� Their energy systems are sustainable and efficient

� The needed natural resources and public services are available and equitably

distributed among citizens

� Their designs are efficient and scalable

� Their plans are comprehensive, dynamic, and continuous

� The interests of the different stakeholders, especially citizens, are well represented

and count in decision making processes and in future developments

� Their economy is sustainable and prosperous.

All these aspects of sustainable development need to be planned and managed at a

city administration level, but with a wider context in mind. It is important for a city

government in collaboration with development agencies to make progress in develop-

ing flexible and action-oriented strategies. These should emphasize the interconnectiv-

ity of sectors and integrate a wide range of players while relying on advanced ICT as

essentially network-based and an enabler of an extensive interaction across many

sectors, supported by institutional structures and governance models.

Fig. 2 A framework for balancing the three dimensions of sustainability
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It is crucially important to ensure that the institutional practices and competences in

the data-driven smart sustainable city of the future support the balancing of the envir-

onmental, economic, and social goals of sustainability (Fig. 2). This implies that con-

crete and distinct actions and measures should be in place as part of a coordinated

framework to make the most of the opportunities offered by sustainable development

and supported by technological development. The core institutional practices and com-

petences needed in this regard are presented in Table 7 in the form of actions and mea-

sures, organized in accordance with the three dimensions of sustainability.

Introducing modern technology and adopting applied solutions in the city management

All traditional mechanisms of the city management (administration, organization, and

planning) are gradually replaced with digital mechanisms enabling and supporting

data-driven decision making. Big data analytics improves the quality and speed of deci-

sion making. Data-based city management relies on urban computing and intelligence

for implementing the data-driven technology solutions developed for the various

spheres of the city administration, including:

� Transport management

� Traffic management

� Street lighting management

� Mobility management

� Waste management

� Energy management

� Environmental monitoring

� Building management

� Public safety

� Healthcare and education

Urban computing and intelligence bridges the gap of ubiquitous sensing, intelligent

computing, cooperative communication, and large-scale data processing and manage-

ment technologies to create novel solutions to enhance urban forms, urban infrastruc-

tures, urban environments, and urban services. Such solutions can be developed

through cloud and fog computing or city own facilities, the IoT devices, intelligent net-

works, artificial intelligence, and big data analytics.

In addition, data-based city management involves a number of agencies that use

technologies for generating, processing, and analyzing data to adopt solutions for

improving sustainability, efficiency, resilience, equity, and the quality of life for citi-

zens. As such, it builds on the concept of the smart city: an urban area that uses

different types of technologies to collect and analyze data to gain deep insights that

can be applied to manage assets, resources, and services efficiently, thereby opti-

mizing and enhancing urban operations and functions. However, in the current cli-

mate of intensive urban growth, the quality of the urban environment plays an

increasingly key role in improving wellbeing. Data-based city management is a

basic driver for the transformation of urban services and innovations, and will dra-

matically change the principles of managing the urban environment. It entails the
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Table 7 The core institutional practices for supporting the balancing of the three dimensions of
sustainability

Sustainability Institutional Practices and Competences

Environmental
Dimension

• Make green structure plans that map the city’s green resources by assessing their natural
and recreational qualities

• Use green structure plans as a means to enhance and integrate the available knowledge of
the green structure and create the opportunity to gain a coherent view of its totality, as well
as to focus attention on the city’s merits and shortcomings in regard to green structure
preservation

• Introduce balancing principles to compensate for any potential loss of natural and
agricultural land with a new or reinforced land (e.g., recreational land), so the final result is
more valuable

• Establish a research center for environmental sustainability

• Establish an innovation center for green energy technology

• Transform the innovation center into an international meeting place where the city, the
business community, and the research community work collaboratively to profile and
demonstrate know–how in green energy technology

• Establish a research and innovation center for zero emission neighbourhoods

• Establish a living lab for zero-emission/net-zero energy buildings as a multipurpose experi-
mental facility to study various technologies and design strategies in a real-world living
environment

• Establish a research and innovation center for green, passive, and low energy buildings

• Support green energy technology innovation projects through funding schemes, advocating
the adoption of environmentally friendly products and services, organizing symposiums on
environmental innovations, encouraging local environmental programs, and devising
comprehensive environmental plans

• Create arenas where industry experts, businesses, politicians, and citizens meet to discuss
environmental problems and potential solutions

Economic
Dimension

• Promote regional collaboration to enhance business development

• Make detailed regular plans for business development where the economic goals of
sustainability are coupled with the targeted measures. This relates to the balanced scorecard,
a strategic management performance metric used to measure and provide feedback to
organizations by identifying and improving various internal business functions and their
external outcomes

• Make strategic business development plans to guide business and tourism development

• Expand the tourism industry and boost the regional business links

• Use physical planning to adapt the prioritized areas for development to business
development

• Create arenas where politicians, business actors, and public servants meet to discuss topical
questions and issues

• Support collaboration and networking with business actors to enhance knowledge and
information sharing

• Develop higher educational programs that integrate education and research into business
development

• Intensify collaboration between businesses, educational institutions, and research centers

• Inspire and stimulate local entrepreneurship by providing financial support and counselling
and by organizing contests between, and offering awards to, young entrepreneurs and
innovators

• Create various resources to support small and medium-sized enterprises

• Establish a research center for innovation, entrepreneurship, and learning

• Create R&D projects in light of new city development projects in the medium and long term
based on partnerships between government, academia, and industry

• Transform new successful sustainable urban development projects into sites that attract new
investments, ventures, study visits, further development initiatives, and international interests

• Ensure collaboration on and alignment with a shared vision of sustainability among
companies, organizations, and institutions with different interests and goals

Social Dimension • Make public health plans

• Develop procedures that secure a linkage between urban planning and public health goals
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utilization of advanced services and development projects through new technologies

to benefit people immensely in different ways and to make cities liveable and at-

tractive, which leads to further developments. It brings cohesion and congruence

to urban strategies and unifies the expectations of different urban actors in a way

Table 7 The core institutional practices for supporting the balancing of the three dimensions of
sustainability (Continued)

through initiatives to provide access to green and recreational areas, as well as arrangements
to improve cycling and walking, thereby enhancing the opportunity to engage people in
physical activity

• Ensure that the social sustainability plan plays a prominent role in local policy-making, and
constitutes the basis for political debate where solutions to the challenges and issues ad-
dressed are sought

• Ensure that plans rest on statistics, indicators, and qualitative data as the basis of knowledge
for political decisions

• Make plans on the basis of the areas for improvement identified, and discuss and monitor
them on an annual basis. The monitoring to be employed should include a number of
issues, such as the number of newly built dwellings, the assortment of dwellings, the
affordability of housing, the safety of public spaces, the ability to enhance the quality of life
in the city’s socio-economically weak and vulnerable areas, the ability to improve the air
quality and reduce the noise level, the protection of green and natural areas, and so on

• Develop strategic guidelines for social justice, social inclusion, social cohesion, and social
capital so that they can be converted into concrete projects and programs

• Establish a research and innovation center for social sustainability

• Establish a research and innovation center for the IoT and people to study how the citizenry
can get the most out of the IoT as a socially disruptive technology with respect to
transportation, accessibility, energy, home automation, living, health, learning, and so on in
terms of services

• Establish a research center for ICT for sustainability aiming to contribute to changes in social
institutions, social behaviors, social relations, and social perceptions in a sustainable direction

• Establish a research center for sustainable development to contribute to the development of
a sustainable society. This contribution includes the shift towards sustainable technical and
social systems that meet human needs, such as food, housing, transportation,
communication, and recreation

• Create a participatory democracy platform that allows citizens to see and discuss proposals
put forward by the city government, and submit their own. Such platform is used to create
the city’s government agenda, with proposals coming directly from the participating citizens

• Create a city council that allows the provision of services by public agencies remotely and
mobile kiosks, where one can receive various certificates, publish a complaint, get necessary
information, and so on. This is to improve the convenience of public services received by
citizens

• Support and strengthen the technologies that ensure widespread citizen participation by
security measures and privacy mechanisms. These should be at the core of the city policy
and governance practices associated with the design, development, and implementation of
interactive platforms.

• Develop and implement advanced technologies that offer the prospect of ending the digital
divide, provided that they do not open up other kinds of divides. It is important to explore
how new forms of regulation at the level of urban planning, transport planning, economic
development, and community development can be improved using future and emerging
technologies

• Establish a number of digital literacy programs and investigate the reasons behind the digital
exclusion of minorities and vulnerable groups, with the overall aim of having everyone
online, or with the aspiration to be online by 2050.

• Develop and implement a unified medical information and analytical system, combining
such services as communication center, electronic registry, electronic health record,
electronic prescription, disability certificates, laboratory services, and personalized accounts.

• Establish center for social innovation and entrepreneurship to create knowledge and ideas
for environmental and social change that will be of relevance to the challenges that the city
faces through research, education, and experiential learning. This is important to strengthen
the capacity of individuals and organizations to develop innovative solutions to complex
problems.
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that the plans are feasible and adequate to the daily reality of a place, and that fa-

cilitates a shared vision of sustainable development.

The technical and institutional competences pertaining to the data-driven smart sus-

tainable city of the future reflect the degree of its readiness to introduce data-driven

technology in its management as well as the degree of the implementation of applied

data-driven solutions in its management. The degree of readiness is characterized by

the availability and development level of the technological infrastructure and compe-

tencies needed to generate, transmit, analyze, and visualize data. The degree of imple-

mentation demonstrates the extensive use of the applied technology solutions

developed for operational management and development planning in relation to the

different areas of sustainability. The competences are briefly described next along with

their key functions.

Horizontal information platforms Both the data infrastructure and operating system

for the city constitute what is called horizontal information platforms, a key compe-

tence for performing the core functions of big data analytics. Functionally compatible

horizontal information platforms allow the creation of a united ecosystem for the city.

They explicitly link together multiple urban technologies and solutions to enable

greater coordination of the city systems and domains (Table 8):

Operations centers and dashboards The city systems and infrastructures will become

much more tightly integrated and interconnected as manifested in what is called opera-

tions centers and dashboards. These draw together and interlink the data generated by

the city complex to provide an integrated view and synoptic intelligence of the city

(Table 9). The new digital technologies embedded and networked in urban environ-

ments will transfer the collected data to a number of control and management systems

that can respond in real time to data flows.

Strategic planning and policy office The strategic planning and policy office as an

analytical center is key to the management of the city development projects and

Table 8 The key functions of horizontal information systems

• Providing open platforms connecting all the sensors installed in the city and the obtained sensed data
Aggregating and standardizing the flows of functional and territorial data from municipal sources, the systems
of state control (mobility, energy, noise level, pollution level, etc.), business environment, and other state
agencies (hospitals, cultural institutions, universities, schools, etc.), as well as from various detectors and
cameras for their subsequent integrated analysis and visualization in 3D format

• Solving the problems of data disconnection in the city through the open operating system integrating and
processing the information generated by the city

• Reworking and repackaging the collected data for daily consumption by different stakeholders

• Allowing the city authorities and third party users to gain access to the received data in a more structured
and convenient manner for software development

• Providing comprehensive solutions to complex urban problems by integrating the self-contained and uncon-
nected technological solutions and information systems used in the different functional departments of the
city

• Improving the efficiency and performance of implemented applied technological solutions

• Allowing the city authorities and other users to take decisions on the optimization of the city activities in the
short, medium, and long term
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programs pertaining to the implementation and integration of the compact, ecological,

and technological aspects of the landscape of the city, particularly in relation the objec-

tives and targets of sustainable development (Table 10).

Innovation and research centers The main function of innovation and research cen-

ters is to develop, test, and implement new solutions for the different areas of sustain-

ability. Accordingly, they involve building, sharing, and continuously enhancing

practical knowledge in response to the goals, strategies, policies, and visions of the city

(Table 11).

Table 9 The key functions of operations centers and dashboards

• Using visualization sites to help both expert and no-expert users interpret and analyze information, and to
allow citizens to monitor the city for themselves and for their own ends

• Employing integrated, real-time data to track the performance of the city and to communicate the live feeds
of real-time information to citizens with respect to a number of areas

• Enabling automated systems to respond to citywide events by making immediate decisions pertaining to
various urban domains

• Overcoming urban challenges, keeping citizens up-to-date, and developing applications based on the stan-
dardized and published forms of open data

• Creating innovative platforms, promoting big data use and application, introducing data-driven technologies,
and providing expert assistance

Table 10 The key functions of strategic planning and policy office

• Promoting smart approaches through planning systems—making extensive use of data to guide urban
planning and design and to encourage developers to deploy digital infrastructure to future proof new
developments

• Analyzing population displacement and movement data for the strategic planning of city infrastructures,
districts, and streets, thereby taking into account the emerging demands from the population

• Integrating information on the expectations/uses of the residents of the city districts in the construction of
scenarios in response to the need for renewal, redevelopment, and development projects

• Developing master and comprehensive plans based on the analysis of the city data

• Integrating technology solutions and urban design solutions when developing urban plans and urban
development projects

• Using a one-stop data analytic hub to bring and weave together data from a variety of city agencies and de-
partments in order to regulate and govern the city and to solve related issues

• Collating and analyzing data from a variety of city agencies and departments to enable the city authorities to
make decisions more effectively in the fight against crime and on the provision of public safety and quality of
life of the city residents

• Prioritizing, based on data analysis, the development of the municipal system and ways to improve the
efficiency and effectiveness in the provision of urban services, enforcement of laws, as well as the
transparency of the city authorities. Among the primary directions of the initiatives to deal with in this regard
are:

- Support of the city’s functions by communication with other city agencies, e.g., adoption of resolutions in
the form of models based on data analysis

- Data transfer by establishing a platform for exchange of data among various departments, combining data
from different sources of various agencies and third party organisations. This can occur through cooperating
with the ICT department and the operations centers of the city

- Creation of open data portal to be available to anyone interested

• Developing and implementing strategies for technological development in the city

• Addressing issues of city-wide coordination and cooperation in the field of technologies, playing a bridging
role, and advising various city agencies and departments on technological innovations
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Educational centers and training programs The educational centers and training

programs are associated with the creation and accumulation of knowledge and expert-

ise in the areas of urban science, urban informatics, data science, computer science,

data-intensive science, and big data analytics and their integration into interdisciplinary

fields in relevance to sustainable urban development (Table 12). These disciplines are

heavily applied fields where the programs offered by the educational institutions should

be adequate for enabling the data scientists, experts, and analysts to perform their tasks.

The intention is to provide the city with the competences needed to successfully imple-

ment the applied technology solutions to improve and advance sustainability.

Competence centers It is important to establish various competence centers as multi-

disciplinary and multi-stakeholder research and demonstration arena. These centers

should address newer subject areas, where efforts should often be conducted in joint

projects with businesses and various societal bodies. As autonomous units, they should

maintain close connections with industry and act as liaison offices between the hosting

universities in the city and other universities in the country. Competence centers

should be created in cooperation with all stakeholders of the quadruple helix at the na-

tional level, a solution that needs generous support from the government as well as ex-

pertise within the various areas of sustainability and technology. Among the

Table 11 The key functions of innovation and research centers

• Creating multidisciplinary teams based on practical know how, long–standing experience, international
expertise, and access to global networks

• Enabling interaction and promoting cooperation between scholars, researchers, industry experts, business
professionals, and thought leaders to enhance research opportunities, academic excellence, real-world prob-
lem solving, and knowledge creation and dissemination

• Providing the ground for developing and testing innovative technological solutions for urban management

• Featuring the latest developments in technologies and solutions and demonstrating how they are applied in
real-world settings

• Developing urban intelligence functions for improving and optimizing city operations, functions, services.
Designs, and strategies

• Understanding, enhancing, and applying the leading city practices

• Integrating resources and expertise for the benefits of the city through collective intelligence

• Managing, analyzing and visualizing different kinds of projects

• Supporting the city authorities in visioning, strategizing, and implementing sustainable development as a set
of objectives and targets

Table 12 The key functions of educational centers and training programs

• Developing educational programs at the intersection of big data analytics, sustainable development, and
urban planning and development

• Providing specialized academic programs within urban analytics, urban computing, urban intelligence, and
data-driven sustainable urbanism

• Offering a large number of educational programs with data science and analytics discipline

• Introducing data-driven technologies for city operational management and city development planning

• Implementing initiatives for developing competencies in a number of data science and analytics areas in
relation to urban sustainability by conducting seminars and providing trainings to improve the level of the
applied technological knowledge in this regard
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competence centers to establish in relevance to the different areas of sustainability are

shown in Table 13:

Stakeholders, governance, and policy

The futures study is concerned with the pathway-oriented category of backcasting (e.g.,

Bengston et al. 2020; Wangel 2011), which entails identifying the actions and measures

that connect a desirable state of the future to the present. At the core of this category

in this context is how to bring about transformations to the landscape of the data-

driven smart sustainable city of the future (Bibri and Krogstie 2021), supported with in-

stitutional practices and competences. Wangel (2011) classifies backcasting into several

categories, namely pathway-oriented backcasting (how to change), target-oriented back-

casting (what can change), action-oriented backcasting (who could make change hap-

pen), and participation-oriented backcasting (to enhance participation and buy-in by

stakeholders). Accordingly. a detailed stakeholder analysis would rather be more rele-

vant to action-oriented or participation-oriented backcasting. It is a way of studying a

network in order to generate information on the relevant actors, “to understand their

behaviour, interests, agendas, and influence on decision-making processes” (Reed et al.

2009), and to identify differing perspectives and avoiding conflicts (Prell et al. 2009).

Also, the concept of governance is important when it comes to the actors involved in

any transformative change. As argued by Wangel (2011, p. 881) with reference to

action-oriented or participation-oriented backcasting, adding governance and actors in

the backcasting study makes it “more socio-technically consistent and comprehensive,”

and can also identify if prevailing social structures restrain change. With the above in

mind, the analytical account provided below is meant to help the reader gain some in-

sights into how the concepts of stakeholder and governance together with politics and

policy relate to the strategic planning process of transformative change towards sustain-

ability from a general perspective.

Building the data-driven smart sustainable city of the future involves complex socio–

technical constellations and configurations of a variety of urban, technological, scien-

tific, social, political, cultural, and institutional actors interacting with and influencing

each other on multiple scales and with different levels of complexity. At the core of this

dynamic interplay is the engagement of many stakeholders in continuous dialogue to

determine the programs associated with the development and implementation of the

data-driven smart sustainable city of the future. Generally, the key stakeholders to be

Table 13 Competence centers for sustainability

• Center for sustainable built environment

• Center for construction efficiency and sustainability

• Center for traffic management research

• Center for transport management research

• Center for integrated sustainable transportation

• Center for smart grid and energy storage

• Center for integrated renewable solutions

• Center for hybrid and electric vehicles

• Center for smart healthcare research: medical systems and services
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involved include: citizens, decision makers, policy makers, planners, developers, archi-

tects, experts, scientists, academics, scholars, researchers, professionals, business

leaders, industrial engineering gurus, futurists, as well as civil society organizations.

The data-driven smart sustainable city of the future is essentially dependent on the ini-

tiative by and interest of these stakeholders—that each sees it as of relevance and

meaningfulness enough to play a role in a specific area—and that their initiatives

should be coordinated so that they can complement and support each other for the

purpose of developing and implementing data-driven technologies and solutions in de-

velopment planning and operational management in order to balance and advance sus-

tainability goals.

Furthermore, bringing about the necessary changes to attain the future vision re-

quires engaging stakeholders in long-term cooperation, which is strongly dependent on

the approach to their participation and management. The data-driven smart sustainable

city of the future provides an opportunity that brings numerous stakeholders together

and pool their substantive knowledge to put forth the relevant long-term plans that

promote sustainable development in the era of big data. However, considering the time

horizon of 25–50 years reasonably needed to develop the data-driven smart sustainable

city as a desired future, coupled with the findings from the six cases investigated, the

issue of uncertainty remains problematic. For example, it is unfeasible to make accur-

ate, comprehensive top-down plans informed by bottom-up inputs from citizens for

long-term cooperation. Moreover, as stakeholders usually have differing interests, it is

necessary to develop and implement a framework for understanding and aligning their

interests in ways to fit in with the newfound objectives of the government of a given

city. The newfound objectives are associated with a rather more integrated approach to

urban planning and development in regard to balancing and advancing the environ-

mental, economic, and social goals of sustainability on the basis of the IoT and big data

technologies. Such approach should be based on the opportunities, capabilities, and

constraints of each city. While change has unpredictable consequences, the possibility

for most of the stockholders to walk away as future winners is high as long as their

alignment dovetails with the agenda of sustainable development and technological de-

velopment. Moreover, in order to get all stakeholders on board, each city needs a tool

to conceptualize long-term developments.

As a multifaceted process, governing the data-driven smart sustainable city of the fu-

ture highlights how local government and stakeholders decide how to plan, finance,

and manage urban areas, and involves a continuous process of negotiation and contest-

ation over the allocation of technological, material, and social resources as well as polit-

ical will and influence. In short, how different actors are engaged in the planning and

steering of the city. While this increases public engagement and strengthen participa-

tory and democratic processes, it can also lead to uncertainty and unpredictability in

decision making. Maintaining the process of sustainable urban development towards

achieving the goals of urban sustainability in the era of big data is an enormous chal-

lenge in terms of planning and management, and requires a collective approach to co-

ordinating actions and decision–making processes, thereby the necessity of advanced

forms of city governance and thus the importance of governance networks. Indeed, the

kind of transformations associated with the data-driven smart sustainable city of the fu-

ture calls for more open and inclusive models for city governance. In this regard, the
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city government needs to establish synergy between various actors and should, more

importantly, invest in developing a bottom-up innovative ecosystem to engage citizens

in a variety of ways. In managing urban transformations, the city government needs to

play a strategic role in promoting participatory and democratic processes while forging

partnerships with and among key stakeholders. The emerging forms of urban govern-

ance structures allow widespread participation of the citizenry by developing technolo-

gies that ensure shared knowledge for democratic governance and informed

participation (see Bibri 2018 for a detailed analytical account in relation to data-driven

smart sustainable cities of the future). However, the relationships among the stake-

holders and institutions involved in city governance determine what happens in the

city. City governance provides a means of understanding the relational dynamics be-

tween urban development and urban actors in the long term—in other words, the way

governance networks work to maintain the process of urban development toward

achieving the goals of sustainability. Governance networks function through various

forms of network governance (whereby network is viewed as a mechanism of coordin-

ation) to promote sustainable development. Network coordination in public sector can

provide considerable benefits, including enhanced learning, the efficient use of re-

sources, increased capacity to plan for and address complex problems, and better ser-

vices for citizens (Provan and Kenis 2007). The power and efficiency gains of

governance networks derive from their distinctive features, namely:

� horizontal articulations of public, semi–public, and private actors that are

dependent on one another’s resources and capacities but operationally autonomous;

� these actors carry out negotiations within an institutionalized framework based on

an amalgam of normative, cognitive, regulative, and imaginary elements;

� this framework is restricted by external forces as to its self–regulating patterns and

actions; and

� its purpose is to contribute to the production of public purpose as an expression of

plans, policies, and regulatory frameworks that are valid for, and directed towards,

the general public.

The forms of coordination enabled by governance networks can be an apt response

to the question of how to tackle complex policy problems and governance tasks in rela-

tion to the planning and development of the data-driven smart sustainable city of the

future. This also justifies why governance networks need to be formed and why they

can contribute to efficient governance within the field of policy and planning when it

comes to sustainability transitions. However, governance networks are likely to fail on

various counts due to otherwise inefficient coordination. Careful network governance is

essential as it might prevent major dislocations and mitigate the impact of various dis-

turbances; however, optimizing the functioning of governance networks on all dimen-

sions is a daunting task (Klijn and Koppenjan 2004) and poses special conundrums.

Profoundly political, city governance is shaped and influenced by the creation and op-

eration of political institutions and their mechanisms, government capacity to make

and implement decisions and the extent to which these decisions secure and uphold

environmentally sound, economically viable, and socially beneficial development

through the synergistic integration of the more established strategies of sustainable
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cities and the more innovative solutions of data-driven smart cities towards achieving

the long-term goals of sustainability. This envisioned outcome implies that the data-

driven smart sustainable city of the future needs solid and effective policies that allow

and regulate investments, partnerships, and developments of the kinds that contribute

to and sustain its progress towards the sought goal. Here urban policies reflect funda-

mental social agreements about how the data-driven smart sustainable city of the future

will continue to be built and transformed and how their inhabitants will relate to each

other. Among the common mechanisms of political instilutions used in the operation

that link the data-driven smart sustainable city of the future to political action are: cre-

ating regulatory and policy instruments and carrying out legislations; assigning schol-

arly roles and non-governmental institutional positions to particular universities and

organisations (in terms of R&D activities, technology and innovation, policy recommen-

dation, vision construction, and so on); orienting investments, supposing projects, pro-

viding incentives, advocating product and service adoption, organizing forums and

symposiums, encouraging local and national programs, and creating comprehensive or

master plans. Political institutions create, enforce, and apply or enact laws, and often

mediate conflict and make policy on different societal systems. In this context, however,

political processes represent the set-up under which dynamic networks of urban actors

can interact within diverse urban sectors in the development, diffusion, and utilization

of knowledge and technology pertaining to the data-driven smart sustainable city of the

future.

The role of policy is associated with aligning and mobilizing different urban actors in

the same direction in regard to the future vision. Worth pointing out is that the inter-

actions between policy actors and the ability of policymaking mechanisms are affected

by institutions as a set of factors (actions, rules, social structures, and practices) as to

the adoption and implementation of effective responses to the various problems of pol-

icy in relation to sustainability and technology. Emergency problem is the first stage of

the policy process, in addition to agenda setting, consideration of policy options,

decision-making, implementation, and (6) evaluation (Jordan and Adelle 2012). Gener-

ally, institutions facilitate the coordination between a range of actors and networks, me-

diating the regulations and rules that govern those behaviors that are deemed of

importance for society to make progress towards sustainability. Public policy consists

of the set of actions—plans, laws, regulations, and behaviors—adopted by a city govern-

ment. City governance draws attention to the extent to which these actions are often

performed by city agents rather than directly by a city government, and also includes

the relationships among the many players (stakeholders) involved and the goals of the

city.

Discussion
Based on the four case studies conducted on the prevailing paradigms of sustainable ur-

banism and the emerging paradigms of smart urbanism, numerous benefits of the eco-

city and the compact city have been realized and many potentials and opportunities of

the data-driven smart city and the environmentally data-driven smart sustainable city

are being unlocked and exploited. The purpose of their identification and enumer-

ation is to highlight the added value of their combination within the framework of the

data-driven smart sustainable city of the future in regard to boosting the benefits of
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environmental, economic, and social sustainability by means of integrating the de-

sign strategies and solutions of sustainable cities and smart cities.

Up till now, the four models of urbanism and investigated are regarded as weakly

connected as approaches and more or less fragmented as landscapes at the technical

and policy levels. The compact city and eco-city models, which have been around for

over four decades or so, have many overlaps among them in their ideas, concepts, and

visions, as well as distinctive concepts and key differences in terms of planning prac-

tices and design strategies. The overlap is justified by the fact that they both represent

the central models of sustainable urbanism. As to the data-driven smart city, as an

emerging paradigm of smart urbanism, it shares the challenges of sustainable develop-

ment with the eco-city and compact city models, with the main difference being that it

focuses more on the use and application of the IoT and big data technologies to over-

come these challenges—than on the planning practices and design strategies of urban

sustainability. Concerning the environmentally data-driven smart sustianable city

model, it emphasizes the environmental dimension of sustainability and employs data-

driven solutions to reach environmental targets. In this sense, it combines concepts

and ideas from both the eco-city and the data-driven smart city. These models are in-

creasingly being merged together on the basis of the IoT and big data analytics in a bid

to confront the significant challenges posed by climate change in the face of

urbanization. However, while they both implement data-driven solutions to improve

and advance environmental sustainability, they remain significantly divergent with

respect to their visions, policies, strategies, and priorities, thereby the meaningful-

ness and relevance of integrating their sustainable and technological solutions into

one model.

While the environmental goals of sustainability tend to dominate in the discourse of

the eco-city (e.g., Mostafavi and Doherty 2010; Holmstedt et al. 2017), the discourse of

the compact city emphasizes the economic goals of sustainability (e.g., Bibri et al. 2020;

Hofstad 2012; Jenks and Jones 2010), with the social goals of sustainability being of less

focus in the eco-city than in the compact city (e.g., Bibri 2020; Lim and Kain 2016; Hei-

nonen and Junnila 2011; Bramley and Power 2009; Rapoport and Vernay 2011). In view

of that, it is of high relevance and importance to integrate the compact city and eco-

city models so as to consolidate and harness their design strategies and sustainable

technology solutions to deliver the best outcomes of sustainability. Their integration is

indeed justified by the fact that the compact city needs to improve its environmental

performance, that the eco-city needs to improve its social performance, and that both

contribute differently to economic sustainability, with the former focusing on mixed-

land use strategy and the latter on green-tech innovation strategy. Another argument

supporting their integration is that they are compatible and not mutually exclusive.

Some of the attempts undertaken to integrate these models tend to provide ideal ap-

proaches, to simply combine some ideas from each one of them to form new loosely in-

tegrated models, or to strengthen one model through adding principles from the other,

all with the objective to incorporate the lacking or missing aspects of sustainability

(e.g., Farr 2008; Harvey 2011; Jabareen 2006; Kenworthy 2019; Marcotullio 2017; Rose-

land 1997; Suzuki et al. 2010). However, as this work is more often than not based on

design with respect to architecture and planning discipline, it emphasizes more on cre-

ativity, common sense, ideal target pursuit, and future scenarios, rather than fact-based
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evidence explanation, empirically grounded research, or scientific finding-oriented

exploration.

The conscious push for sustainable cities to become smarter and thus more sustain-

able in the era of big data is due to the problematicity surrounding their development

planning approaches and operational management mechanisms, as well as the fragmen-

tation of their designs and techmologies related to compact cities and eco-cities as the

most advocated models of sustainable urban form. This has a clear bearing on their

performance with respect to the contribution to and balancing of the goals of sustain-

ability. Indeed, over the last two decades, research within the field of sustainable urban

forms, especially compact cities and eco-cities, has produced conflicting, uncertain,

weak, and non-conclusive results (e.g., Bibri 2020b, c; Cugurullo 2016; Jenks and

Dempsey 2005; Kaido 2005; Kärrholm 2011; Lim and Kain 2016; Neuman 2005; Wil-

liams 2010) concerning the actual benefits and effects these forms of human settle-

ments claim to deliver. In this light, it has been argued that the dificiencies,

shortcomings, struggles, and bottlenecks associated with sustainable cities are largely

due to how they have long been studied, understood, planned, designed, and managed.

This pertains to data scarcity, research methods with inherent limits and biases, long-

term and static planning approaches, simulation models unable to deal with complex

systems in terms of their design, and inefficient operational management mechanisms.

This situation is dramatically changing thanks to the multifaceted potential of the IoT

and big data analytics as the prerequisite enabling technologies of smart cities,

nevertheless.

The technological strand of this study has been addressed in more detail in the two

case studies conducted on the emerging paradigms of smart urbanism. One of the key

aspects to highlight in regard to this strand is the role of smart cities in connecting the

aforementioned infrastructures associated with the transformations needed to attain

the future vision through the identified strategies and pathways. This connection is a

way to leverage the collective intelligence of the data-driven smart sustainable city of

the future through the synergic and substantive effects of advanced ICT with regard to

increasing the benefits of sustainability. In other words, in making sustainable cities

cleaner, safer, more resilient, and more efficient through urban computing and

intelligence supporting joined-up and short term planning approaches. This can be ac-

complished by harnessing the vast troves of data that can be generated from across

many urban domains thanks to advanced computational analytics techniques as well as

urban operation systems and analytical centers (e.g., Ameer and Shah 2018, Batty et al.

2012; Bibri 2019a; Kitchin 2014, 2016; Nikitin et al. 2016, Rathore et al. 2016). Sustain-

able cities involve the kind of challenges that are enormous enough to call for a data-

driven approach to planning as a function of many diverse city stakeholders. Joined-up

planning is a form of integration and coordination that enables the city–wide effects as-

sociated with environmental, economic, and social sustainability to be monitored,

understood, and embedded into the designs and responses of sustainable cities in terms

of their operational functioning, I.e., forms, structures, spacial organisations, activities,

and services as embedded in space and time.

However, sustainable cities are so characterized by their specificities as regards their

compact and ecological dimensions and how and the extent to which these are inte-

grated in a given city area or district. This in turn shapes the way in which the IoT and
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big data technologies can be embedded in the fabrics of sustainable cities, as well as

how they can be applied in their operational management processes and development

planning practices. In more detail, sustainable cities essentially exhibit key differences

in the way they prioritize and implement their strategies and solutions, depending on

many intertwined factors, notably physical, geographical, socio–political, economic, en-

vironmental, and historical. In particular, the IoT and big data technologies might work

in one sustainable city in a way that is different in another. Hence, they should some-

times be dramatically reworked to be applicable in the context where they are embed-

ded. Besides, sustainable cities do not have a unified agenda as a form of strategic

planning, and data-driven decisions are unique to each sustainable city, so are environ-

mental, economic, and social challenges. Big data are the answer, but each sustainable

city sets its own questions based on what characterize it in regard to visions, policies,

strategies, pathways, goals, and priorities. Regardless, it is important for sustainable cit-

ies to make the best use of their local opportunities and capabilities as well as to assess

their potentials and constraints from a more integrated perspective when it comes to

the operational management and development planning related to their compact, eco-

logical, and technological landscapes and approaches.

Furthermore, the key institutional transformations needed to support the balan-

cing of the three dimensions of sustainability and to enable the introduction of

data-driven technologies and the adoption of applied data-driven solutions in city

operational management and development planning were identified and enumer-

ated with the objective to highlight the kind of changes that are required to de-

velop and implement a functional model for data-driven smart sustainable

cities of the future. A global trend at play today is the decentralization of the city

management, where local authorities are becoming more and more empowered

and resourceful to address and overcome the challenges of sustainability, whether

in relation to sustainable cities or smart cities. In turn, in order for civic institu-

tions to assume their increasing responsibility, they need to implement more ef-

fective frameworks for city development planning. Civic institutions are

associated with some of the key issues that the data-driven smart sustainable city

of the future should think about in improving the quality of urban environments,

which include:

� Forming partnerships with civic institutions to use resources more efficiently

and control them more safely, to promote more sustainable land use, and to

preserve the biodiversity of natural ecosystems and reduce pressure on their

services, with the ultimate aim to improve economic and societal outcomes.

The latter involves achieving beneficial community effects, enhanced

communication and interaction, and improved social well-being while boosting

local economies and maximizing existing resources.

� Looking for short-term activities and temporary uses for institutions to meet the

diverse needs of communities while capital funding is scarce. These new

partnerships and ways of thinking about public resources provide a holistic and

creative new approach to sustainability. They develop flexible urban places that may

be used for a variety of functions to improve the quality of life for years to come.
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� Promoting and engaging in cooperative planning around shared resources among

diverse institutions.

� Working with local residents and stakeholders to come up with ideas to maximize

the utilization of education and cultural facilities (universities, schools,

municipal offices, etc).

Sustainable cities can use what smart cities have to offer in this regard to enhance their

practices. This involves strengthening existing institutionalized practices and competences

for supporting the balancing of the three dimensions of sustainability, as well as for devel-

oping and establishing new city management and development practices and competences

in response to the latest innovations in data-driven technologies. These are increas-

ingly becoming the main driving force of sustainable development in the era of

urbanization. Data-driven technological innovations are nurturing or fostering “socio-

technical configurations, which grow and displace incumbent regime activities” (Berkhout

et al. 2003), as well as providing lessons and insights to policymakers to manage sustain-

ability transitions. It remains to be seen if these transformative changes will be realized,

which depends on the extent to which data-driven technological innovations will solve

the challenges of sustainable urbanism and provide concrete value of sustainability. While

data-driven technologies are bringing about massive changes to how sustainable cities can

function by enabling them to monitor, analyze, model, and simulate their systems for bet-

ter outcomes, the question is to what extent these developments will continue to be used

meaningfully and to the collective advantage of citizens. Any potential disadvantages is yet

to be seen as new advancements in artificial intelligence and the IoT will emerge together

with new directions of their use. This is predicated on the assumption that all techno-

logical developments come with their dark side. Indeed, while big-data analytics and artifi-

cial intelligence can bring numerous advantages to urban sustainability, it is important to

acknowledge the fact that these advanced technologies can be problematic, and there-

fore, policy-makers and planners should be careful when employing them. Many

recent studies have discussed the potential urban problems and issues triggered by

big-data analytics and artificial intelligence in the context of smart sustainable ur-

banism (e.g., Cugurullo 2020; Yigitcanlar and Cugurullo 2020).

Conclusion
Data-driven smart sustainable cities hold great potential to instigate major trans-

formative changes on multiple scales by synergistically linking the agendas of urban

development, sustainable development, and technological development to add a

whole new dimension to sustainability. This analytical work presents a compilation

of real-world experiences, successful practices, and positive outcomes in relation to

sustainable urbanism and smart urbanism. The collection of the four case studies

is intended to allow the reader to have a broad view on the types of technologies

and solutions that could enhance and consolidate the design strategies and technol-

ogy solutions of sustainable cities in ways that increase their contribution to the

goals of sustainability.

This paper identified, distilled, and enumerated the key benefits, potentials, and op-

portunities of sustainable cities and smart cities with respect to the three dimensions of
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sustainability. Sustainable cities are always about citizens. Being data-driven smart

about sustainable cities requires to connect directly to the concerns and needs of

people concerning environmental protection, economic regeneration, and social equity.

Historically, people have always moved to and preferred to live in sustainable cities to

improve the quality of their lives, and smart urbanism is embraced anew as a strategic

move to create sustainable cities that make urban living more sustainable over the long

run—in short, that last. Towards this end, sustainable cities have to learn faster and

identify strategic pathways to achieve synergistic and balanced effects of sustainability

through integrating their design strategies and technology solutions with the emerging

data-driven technolgies and solutions of smart cities. These effects involve the benefits

that should be increased, the potentials that should be exploited, and the opportunities

that should be explored in the ambit of the data-driven smart sustainable city of the fu-

ture. Indeed, this emerging paradigm of urbanism is generating worldwide attention as

a powerful framework for strategic sustainable urban development, thereby gaining mo-

mentum as an academic discourse and thus settling into institutional structures and

new practices and competences.

This paper also identified, distilled, and enumerated the key institutional transfor-

mations needed to support the balancing of the dimensions of sustainability and to

enable the introduction of data-driven technology and the adoption of applied

data-driven solutions in city operational management and development planning.

The identified institutional practices and competences are framed within the data-

driven smart sustainable city of the future. Therefore, they are intended to

reinforce and complement each other in the endeavor to balance and advance the

goals of sustainbility. This requires developing and implementing an institutional

framework, the systems of formal laws, regulations, and procedures as well as stake-

holders with their roles and informal conventions and norms, that shape socioeco-

nomic activities and behaviors. This framework is a prerequisite for the successful

implementation of advanced city operational management and development plan-

ning intervention projects and initiatives for enabling the functioning of the data-

driven smart sustainable city of the future. The essence of this new integrated

model lies in providing the needed tools, techniques, methods, systems, platforms,

and infrastructures enabled by the core enabling and driving technologies of the

IoT and big data analytics for sustainable cities to have a more measurable, tar-

geted, and hormonized contribution to sustainability. This in turn means finding

and applying more effective ways of translating sustainability into the physical,

spatial, environmental, economic, and social forms of the city.
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