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Abstract
The growth of cities’ population increased the interest in the opportunities and challenges that Information and Communication
Technology (ICT) have on carbon footprint reduction, which fosters their environmental sustainability. Using Principal
Component Analysis (PCA), six ICT-related variables from European Union (EU) cities were combined into a single two-
dimensional ICT index. Then, through cluster analysis, cities were clustered into four groups based on the ICT index and
Carbon dioxide (CO2) emissions. Using ICT as an indicator of smartness and CO2 emissions as an indicator of sustainability,
we show that it is possible for a city to be smart but not sustainable and vice versa. Results also indicate that there is a gap between
cities in northern Europe, which are the top performers in both categories, and cities in south-eastern Europe, which do not
perform as well. The need for a common strategy for achieving integrated smart, sustainable and inclusive growth at a European
level is demonstrated.
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1 Introduction

The growth and development of an economy are intrinsically
tied to its investment in the development, adoption and inno-
vative use of modern technologies (European Commission
2010a; Gouvea et al. 2017). The effective deployment and
use of ICT can increase the rate of innovations in societies
and economies (Gouvea et al. 2017). Furthermore, ICT is
the binding element of the triple-helix dimension of sustain-
ability; economy, environment and society (Gouvea et al.
2017; UNECE 2015a).

The EU is taking a leading role in championing the push for
a digital agenda for Europe, as the successful implementation
of an ICT strategy is vital to the inclusive, equitable and sus-
tainable economic development of Europe (Gouvea et al.
2017). This vision is contained in the EU’s strategy for smart,
sustainable and resilient growth which articulates the EU’s

plan to achieve an inclusive, sustainable Europe and sets tar-
gets for reducing Green House Gases (GHG) by 2020
(European Commission 2010a). Some of the targets include
more energy-efficient ICT products and ICT-enabled energy-
efficient buildings (OECD 2009). A pivotal component of this
plan is an urban agenda which aims to make cities attractive
and sustainable through an integrated and coordinated ap-
proach (European Commission 2010b).

The role played by ICT in the development of smart and
sustainable cities globally cannot be over-emphasised
(European Commission 2010a). Cities are important to cli-
mate change and environmental sustainability discourse.
This notion is because cities around the globe accommodate
more than 70% of the global population and are responsible
for about 75% of global energy use and energy-related GHG
emissions (IPCC 2014a; UN-HABITAT 2011). According to
Gouvea et al. (2017), Bit is clear that without the diffusion and
dissemination of ICT; countries cannot garner the full envi-
ronmental benefits and the positive externalities that are gen-
erated as a result^. It is crucial to assess the relationship be-
tween ICT and environmental sustainability within cities in
Europe, considering the serious environmental problems, the
world is facing, and the interest of the EU in pursuing a digital
agenda to make her cities smarter.

Previous studies have sought to understand the associ-
ation between ICT and environmental sustainability using
regression. Wu and Raghupathi (2018) performed a
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country-level study to examine this relationship and found
out that ICT is positively correlated with sustainability
and thus has the potential to promote environmental
sustainability. Furthermore, Gouvea et al. (2017) reported
a positive linear relationship between environmental
sustainability and ICT in countries. However, Añón
Higón et al. (2017) reported a contrasting result identify-
ing a non-linear relationship between ICT and environ-
mental sustainability in the shape of an inverted U-curve.
The findings of these studies are based on the macro-level
using country data and fail to account for the variations in
this relationship from one country to another. One may
ask if the relationship found is the same across all coun-
tries studied or if there are exceptions.

Furthermore, there is still a knowledge gap on the micro-
level interaction of ICT and environmental sustainability. By
Bmicro-level interaction^, we mean studying this interaction
using city level data as opposed to the country level data
(macro-level) used in previous studies. Country level data
are aggregations produced by averaging measurements across
different units (cities, towns and villages) within the country.
This differs from city level data which are used to infer city-
level interaction of ICT and environmental sustainability,
study within country variations and perform inter-city com-
parisons. This paper strives to contribute to this discourse by
using a different approach to study this interaction on a micro-
level using city data. Thus, this research aims to answer the
following research question: is there a relationship between
the ICT development and environmental sustainability of cit-
ies? A follow up to this question is: what is the nature of this
relationship and is it consistent or does it vary across different
cities? This question is vital to understand the concept of smart
cities in relation to environmental sustainability. The concept
of Bsmart city^ and Bsustainable city^ is often used inter-
changeably in literature without a proper understanding of
the relationship between them (Bibri and Krogstie 2017a).

Furthermore, several smart city assessment frameworks
strongly focus on ICT development without understanding
its relationship with environmental sustainability
(Ahvenniemi et al. 2017). We intend to clarify this issue em-
pirically by using data from cities. Specifically, we used data
from the year 2016 of 129 cities in 28-member states of the
EU (EU-28). Our research approach is as follows:

1. Propose a framework to measure the ICT development of
EU cities.

2. Calculate a single measure of ICT development (an ICT
development score) based on the framework developed in
objective 1.

3. Determine an appropriate measure of environmental sus-
tainability in EU cities.

4. Establish the relationship between the ICT development
and environmental sustainability of EU cities.

5. Cluster all cities in Europe based on their ICT and envi-
ronmental sustainability relationship.

Our work makes significant contributions to the gaps iden-
tified in the literature. We present an exploratory analysis of
the relationship between the smart cities concept and environ-
mental sustainability using data on 129 cities within the EU. In
the context of this paper, the smart cities concept is viewed
from the perspective of ICT development within a city and is
measured using six ICT indicators, while environmental sus-
tainability is proxied using the GHG emissions of cities.
Furthermore, we contribute to understanding the role different
dimensions of ICT development play in urbanisation and en-
vironmental sustainability. This study yields valuable insights
for policymakers in the urban domain on the dynamics of
different levels of ICT development and its relationship to
environmental sustainability for different cities within the EU.

The rest of this article is structured as follows: In Section 2,
we conduct a literature review of key concepts related to this
study; in Section 3, we present the framework to measure the
connection between ICT and environmental sustainability; in
Section 4, we present our data and methodology; Section 5
shows the results of our analysis; Section 6 discusses the re-
sults obtained presenting the implications and limitations of
the paper as well as possible future work; and Section 7 pre-
sents the conclusions.

2 Literature Review

We delve into the literature to further understand and
contextualise the Bsustainability ,̂ Bsmart^ and Bcity^ con-
cepts within the scope of our study.

2.1 The BSustainability^ Concept

Sustainability is often used in literature with reference to de-
velopment to connote the act of balancing the pace of devel-
opment with the number of resources required to achieve such
a pace. Environmental sustainability can be traced back to the
eighteenth century when Carl von Clausewitz postulated that
we should not be cutting down trees at a rate higher than that at
which they are replaced (von Clausewitz 2009). This postula-
tion is the underlying principle of environmental sustainabil-
ity: using the earth’s resources faster than it is being
replenished. This unsustainable use of the earth’s resources
to meet man’s immediate needs has resulted in, among other
things, an increase in the amount of CO2 in the atmosphere.
An increase in atmospheric CO2 will, in turn, lead to the
warming of our planet precipitating the risk of flooding,
drought and an increase in natural disasters among other
things (IPCC 2018).
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The concept of sustainability was first introduced to the
urban domain in the early 1990s (Wheeler and Timothy
2014). It was born out of a realisation of the risks that urban
development poses to the environment which may lead to a
perilous future (Bibri and Krogstie 2017a). According to Bibri
andKrogstie (2017a), urban sustainability is Ba desired state in
which urban society strives for achieving a balance between
environmental protection and integration, economic develop-
ment and regeneration, and social equity and justice within
cities as long-term goals through the strategic process of sus-
tainable urban development as a desired trajectory .̂ This def-
inition is supported in the various literature which hinges sus-
tainable development on three components; economy, envi-
ronment and society (Jenks and Jones 2008; UNECE 2015b).

2.2 The BSmart^ Concept

The word Bsmart^ has been used in several contexts in litera-
ture. However, it has been most used to refer to the application
of ICT in the creation and management of products, services
and systems (Nasrawi et al. 2016). Its use in the urban domain
can be traced back to the 1960s when the term Bcybernetically
planned cities^ was used to refer to the use of ICT to plan
urban environments (Gabrys 2014). Since then, the word
Bsmart^ has been more uniformly used when referring to the
use of ICT in the urban domain (Mustafa and Kar 2017). This
practice ranges from understanding how cities function to im-
prove their management, to offering services that improve the
quality of life of citizens (Bibri and Krogstie 2017a; Rana
et al. 2018). It has also improved other aspects of society
connected to the urban domain such as education, communi-
cation, financial services and commerce (Cruz-Jesus et al.
2017).

2.3 The BCity^ Concept

According to Nasrawi et al. (2016), a city Bis a place where
people live that is larger or more important than a town^. Its
importance is due to the size of its population and the concen-
tration of economic opportunities in them. From being smaller
in size, they have rapidly grown because of urbanisation, and
this has profound consequences on global sustainability. This
research views cities as an object to which the Bsmart^ con-
cept and Bsustainability^ concept can be linked. In literature,
there are two research strands related to cities and sustainabil-
ity. One focuses on the impact of urbanisation and cities on
sustainable development and the other focuses on how we can
make cities more sustainable. One of the ways to make cities
more sustainable is through the proper deployment of ICT in
its various forms tomonitor, understand, probe and plan cities.
This approach has come to be known as the Bsmart sustainable
city concept^ by academia and the international community
(Bibri and Krogstie 2017a).

2.4 The Bsmart sustainable city^ Concept

Smart sustainable cities is a concept that fuses environmental
sustainability, urbanisation and technological development
(Höjer andWangel 2015). It is a term that combines smart city
and sustainable city, used to describe the use of ICT to enable
cities to become more sustainable and to improve the quality
of life of citizens (Akande et al. 2019; Al-Nasrawi et al. 2015;
Bibri and Krogstie 2017b; Höjer and Wangel 2015; A
Kramers et al. 2016). The use of ICT in urban systems and
domains includes but is not limited to Bsensing, collecting,
storing, coordinating, integrating, processing, analysing, syn-
thesising, manipulating, modelling, simulating, managing, ex-
changing, and sharing data for the purpose of monitoring,
understanding, probing and planning modern cities to achieve
particular goals^ (Bibri and Krogstie 2017a). The emerging
field of smart sustainable cities is gradually developing into
two main research strands; one that focuses on the effects and
implication of ICT use and infrastructure on urban sustainabil-
ity (Anna Kramers et al. 2014; Nasrawi et al. 2016) and an-
other that deals with the development of integrated frame-
works to measure the combined smartness and sustainability
of cities (Ahvenniemi et al. 2017). This research is line with
the first strand, focusing on the relationship between ICT and
environmental sustainability in cities.

2.5 The Link between ICT and Environmental
Sustainability

It is worthy to note that, despite the obvious link between ICT
and environmental outcome, there are no statistical indicators
that directly measure this link (OECD 2009). Research explor-
ing the impact of ICT and the information society on environ-
mental sustainability only began appearing in literature in the
year 2000 (Ospina and Heeks 2010). A survey of this litera-
ture reveals three interrelated research strands: sustainable de-
velopment, mitigation and adaptation.

The first strand of research in this field explores a global
perspective to link sustainable development and the
information society. These researches discussed the potential
effect the rapid expansion of ICT could have on the
achievement of the Millennium Development Goals and
environmental sustainability. Slob and van Lieshout (2002)
studied the trends of ICT development and their implication
on sustainability. Although they found that ICT has stimulated
economic growth, they were not certain of the effect the rapid
developments in ICTwill cause on the environment and called
for more research into technology-environment interactions.
Furthermore, (Willard and Halder 2003) considered the impli-
cation of Information Society on sustainable development,
highlighting the consequences environmental information
systems, e-commerce and e-participation will have on sustain-
ability from a broad perspective.
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The second research strand of literature found focuses on
the role ICT applications play in the reduction of CO2 emis-
sion. Here, the International Telecommunications Union plays
a prominent role identifying the direct, indirect and systematic
effects of ICT on CO2 emission and recommending policies
and activities aimed at reducing the adverse effects and pro-
moting the positive effects (ITU 2008). It focuses on how the
use of ICT can affect the environment in developed countries.
For example, how the use of video conferencing instead of
travelling can reduce the carbon footprint of the user or the use
of e-mails instead of sending a postal mail in paper form (Wu
and Raghupathi 2018). Literature here focuses on the oppor-
tunities posed by ICT to reduce CO2 emission generated by
energy consumption (ITU 2009), travel and mobility
(Sustainable Development Commission 2010) and industries
(Mingay and Pamlin 2008).

The third strand of research explores how ICT can play a
role in climate change adaptation issues in developing regions
because these are most vulnerable to the effect of increased
CO2 emission. This research strand examines how ICT can be
used as a tool to foster innovation and involve all stakeholders
in climate change strategies (Ospina and Heeks 2010). This is
exemplified by researches on poverty reduction and environ-
mental protection in Kenya (Mungai 2005) and the use of
SMS to report air pollution in the Philippines (Dongtotsang
and Sagun 2006).

Of these three strands, our research falls within the second as
we explore how to exploit this relationship and apply it within
the context of cities and urbanisation (Yi and Thomas 2007).

ICT products and services are playing an essential role in
improving the sustainability and liveability of cities. These
products and services range from the new wave of computing
such as big data analytics, Internet of Things (IoT) and
Artificial Intelligence (AI) to ICT-enabled applications such
as eCommerce, eBanking, eHealth, eLearning, and e-mail
(Bibri and Krogstie 2017a; Cruz-Jesus et al. 2017; Pappas
et al. 2018). They enable new sustainable ways of doing busi-
ness and providing services in what is known as BDigital
Transformation^ (Pappas et al. 2018; Venkatesh 2008).
Furthermore, when combined with e-government, these e-
services can facilitate the transition of society into Bdigital
nations^ (Kar et al. 2017). Most importantly, they promote
dematerialisation which has implications for the environment.
Big data generated from various IoT technology gives busi-
nesses an insight into how their products and services are af-
fecting the environment providing them with an opportunity to
help decarbonise the global economy (Mikalef et al. 2017).
Furthermore, ICT gives businesses a competitive advantage
via eCommerce (Gorla et al. 2017; Guo and Gao 2017), pro-
vides a cost- effective and flexible way to learn via eLearning
(Joseph et al. 2017; Teo et al. 2018), improves communication
between medical personnel and their patients via eHealth
(Maresova and Klimova 2017; Serrano et al. 2018), increases

the speed and flexibility of financial transaction via eBanking
(Garín-Muñoz et al. 2018) and reduces the cost of communi-
cation via e-mail (Gouvea et al. 2017). Overall, the ICTservices
highlighted above have reduced the need to commute and are
inherently connected with environmental sustainability.

There are various studies on the connection between ICT,
urbanisation and sustainability. Using ideas proposed by
Giffinger et al. (2007), Bifulco et al. (2016) studied the roles
of ICT in improving sustainability within smart cities. Using
the Network Readiness Index of the World Economic Forum
as a proxy for ICT and the Environmental Performance Index
as a proxy for environmental sustainability, Gouvea et al.
(2017) studied this link at a country level. This link was stud-
ied using ordinary least squares regression with ICT as the
predictor variable. They found a positive and significant linear
relationship between ICT and environmental sustainability.
Their work was in line with Wu and Raghupathi (2018),
who did an exploratory study on the strategic association be-
tween ICT and sustainability at country level using data from
the World Bank Group. Wu and Raghupathi (2018) studied
this relationship using multiple linear regression with five ICT
factors derived from averaging various ICT measurements as
explanatory variables. They found that ICT factors are posi-
tively associated with sustainability. However, Añón Higón
et al. (2017) using ordinary least squares regression, discov-
ered that the relationship between ICT and CO2 emission is
not linear but rather an Binverted U-shaped^ at country-level.
Watson et al. (2010) also discussed the role of ICT in improv-
ing energy efficiency and fostering changes that reduce the
environmental impact of cities.

Despite the wealth of literature in analysing the relationship
between ICT development and environmental sustainability
across different countries from a broad perspective, this rela-
tionship is not yet fully understood at a micro-level. Hence,
there is a need to take a comprehensive approach to under-
stand the relationship between ICTsolutions and environmen-
tal sustainability (Bibri and Krogstie 2017a, b). Although
Kramers et al. (2016) argue that it is difficult to determine
the role of ICT in environmental sustainability because of
the larger socio-technical system which encapsulates ICT,
we believe that this complex relationship can be broken down
by operationalising theoretical constructs and studying specif-
ic aspects of this relationship. A foundational step in
deciphering this relationship is understanding how this rela-
tionship varies different cities at a micro-level.

3 Measuring the Connection between ICT
and Environmental Sustainability

Measuring the link between ICT and environmental sustain-
ability requires the use of indicators. The Organization for
Economic Co-operation and Development (OECD) Working
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Party on Indicators for the Information Society (WPIIS) is the
international body charged with the responsibility for setting
international standards for ICT indicators, which it has been
doing since 1997. Although there are existing information
society / ICT indices which we could have made use of, these
indices exist only at macro (national) level. Some of these
indices include the IDC’s Information Society Index
(Karvalics 2005), ICT development Index (ITU 2005,
2017a) the International Telecommunications Union’s (ITU)
Digital Access Index and Digital Opportunity Index (ITU
2005), the World Bank’s Digital Adoption Index (World
Bank Group 2016), the United Nations Development
Program’s Technology Achievement Index and the Infostate
Index (Huyer et al. 2005). These macro-level indices represent
a country with a single index and fail to consider the individ-
ual differences within the cities in the country. For example, in
line with Oni and Papazafeiropoulou’s (2014) idea, we would
expect that the characteristic of a capital city is different from
other cities within the same country.

Furthermore, some of these existing ICT indices are
opaque on their derivation methods, while others incorporate
several indicators that are not relevant for our study (Taylor
2016). This inconsistency implies that the methodological
characteristics of existing ICT indices cannot be fully evalu-
ated. The indicators included in these ICT indices reflect the
purpose for which they were developed, which is not aligned
with ours. Hence, we build our own index by analysing tech-
nologies which are relevant to the scope of our study, as op-
posed to making use of a generic index. The challenge with
this approach is the unavailability of consistent data, relevant
for this study, for all cities. We need to make a compromise
between the number of variables to include in our study and
the number of cities for which these data are consistently
available. Cruz-Jesus et al. (2017) described this as making
Ba trade-off between the depth and the width of the analysis^.
If more variables are used, and fewer cities are included in our
study, our findings may be narrow and limited to only the
cities we have included, making it impossible to generalise
our conclusions to other contexts. Conversely, if we include
more cities and make use of fewer variables, our analysis may
not fully capture the various dimensions of ICT development,
and hence, we may arrive at misleading conclusions.

Lastly, the process of associating a weight to each variable
used to build the ICT index can lead to unreliable results if
subjectively done (Bruno et al. 2010). Some of the subjective
approaches used in previous studies include the Equal
Weighting approach (World Bank Group 2016) and the par-
ticipatory approach. The Equal Weighting approach assumes
that all variable contributes equally to the index (OECD
2008). However, this is not interesting because there is no
empirical basis for this assumption. The participatory ap-
proach involves the use of principal stakeholders to assign
weights based on their experience. Both approaches create

indices without taking cognisance of the interrelationship be-
tween indicators. Having fully understood the opportunities
and obstacles of building an ICT index from variables, we
opted for the use of multivariate statistics to explore the suit-
ability, underlying nature and structure of our data and used
that information to assign weights and build an index. This
approach takes care of the redundant variables included in our
analysis as a result of the subjective selection of indicators.
Furthermore, it provides an empirical basis for weighting by
determining how the different indicators change in relation to
each other and across European cities. Several authors have
used this method in the past (Cruz-Jesus et al. 2012; Cuervo
and Menéndez 2006; Vicente and López 2011).

3.1 Conceptual Model

We turn to the literature to build on previous theoretical work
to help us develop a conceptual model and select appropriate
indicators for analysis. The conceptual framework proposed
by OECD for measuring the information society consists of
the following interconnected modules: ICT supply, ICT
Infrastructure, ICT demand, ICT products, information and
electronic content and ICT in a broader context (OECD
2005). Several researchers have adapted modules from this
framework and used it to study the ICT impact relationship
in different contexts such as economic development (Cruz-
Jesus et al. 2017) and sustainable development (Azadnia
et al. 2017). Furthermore, building on the framework pro-
posed by Berkhout and Hertin (2001) to study the demand
side (users and uses) of ICTand its effect on the environmental
sustainability, we sought to explore this link by including in-
dicators that measure the infrastructure and pervasiveness of
ICT in our study.

ICT demand entails the use of ICT goods or services by
various groups and industries to carry out their activities effi-
ciently. The European Commission’s Digital Agenda for
Europe clearly outlines the role of e-services and their impor-
tance to service delivery in connection with improving the
quality of life of citizens (European Commission 2014).
Specifically, eBanking, eLearning, e-mail and eHealth were
listed as being Bsome of the most innovative and advanced
online services^ (European Commission 2014). The use of
these services has been included as variables to outline the
use of ICT by individuals within cities. Furthermore, we in-
cluded the percentage of enterprises selling online to take
cognisance of the pervasiveness of ICT among business units.
This variable is an important indicator of dematerialisation
and electronic commerce (Cruz-Jesus et al. 2012; OECD
2009).

ICT infrastructure is the services on which the information
society relies on for its proliferation (Rossy de Brito et al.
2018). We decided to include Broadband Internet per
100,000 persons because of the importance of a broadband

Inf Syst Front



connection to access the Internet. Broadband Internet is in-
creasingly becoming important because of the recent explo-
sion of bandwidth-intensive applications such as online gam-
ing, audio and video streaming (Kim and Hwang 2012).
Broadband Internet per 100,000 persons has been used by
many authors to measure ICT development (Cruz-Jesus
et al. 2017; OECD 2009; Vicente and López 2011) Data on
this variable are widely available with relatively long-time
series. There are standardised methodologies and collection
procedures of this data (OECD 2009). This variable is includ-
ed to measure the level of connectivity with regard to ICT
infrastructure within cities (Cruz-Jesus et al. 2012).

In the domain of environmental sustainability, several au-
thors have discussed the strong connection between environ-
mental sustainability and GHG emission in cities (Owusu and
Asumadu-Sarkodie 2016; Privitera et al. 2018). Although
GHG comprises CO2, methane gas, nitrous oxide and fluori-
nated gases, CO2 is the primary pollutant accounting for about
80% of emissions (World Bank 2007). CO2 emission origi-
nates from anthropogenic sources such as power generation,
fossil fuel generation and use, construction and heating.
Hence, we will be making use of CO2 as our leading indicator
of environmental sustainability. As such, our conceptual
framework is schematised in Fig. 1. It is made up of two pillars
(perspectives): technological development, measured by ICT
development, and environmental sustainability, measured by
GHG emission. The technological development pillar is divid-
ed into two dimensions: ICT demand, which measures the
pervasiveness of ICT by characterizing its various users and
uses, and ICT infrastructure, which measures the connectivity
of the information society using broadband Internet. The en-
vironmental sustainability pillar is assessed as the environ-
mental impact of GHG emission as measured by CO2

emissions.

4 Methodology

4.1 Data

Based on our theoretical framework as outlined in section 3.1,
we have selected six variables to characterise the ICT devel-
opment of cities and one variable to characterise the environ-
mental sustainability of cities in Europe. These variables are
listed in Table 1. The selected variables are in line with rec-
ommendations from the OECD, the European Commission
and the Intergovernmental Panel on Climate Change (IPCC)
(European Commission 2010a; OECD 2009). These indica-
tors were selected based on literature and recommendations
from the ITU, OECD, IPCC and the European Commission.

CO2 emissions are a key indicator of contribution to cli-
mate change by cities. The parameter has been used in the past

as a core indicator or environmental sustainability and climate
change by the IPCC (IPCC 2014b).

It is important to note that the variables listed in Table 1 are
not all-inclusive of every factor that contributes to the ICT
development and digital sustainability of a city. However,
we believe they are adequate within the bounds of data avail-
ability limits to measure the ICT development and environ-
mental sustainability within cities in Europe. Data for vari-
ables were sourced from the ITU, OECD and Eurostat as
compiled by 2thinknow City Benchmarking.1 These second-
ary data sources were primarily chosen because of the follow-
ing reasons:

– They are the most authoritative source of data about the
availability of ICTs in households and usage of ICTs by
individuals (Eurostat 2016; ITU 2017b).

– They ensure the quality and integrity of their data are not
compromised by following an encompassing quality
management approach (European Commission 2017).
Hence their data is suitable for research purposes.

– Their data have been used for previous similar researches
including accessing the pattern between economic and
digital development of countries (Cruz-Jesus et al.
2017), accessing the digital divide in Europe (Cruz-
Jesus et al. 2012) and accessing factors driving GHG
emission in Europe (Andrés and Padilla 2018).

4.2 Exploratory Data Analysis

An exploratory analysis was done using numerical techniques
that are statistically robust to understand the structure of our
data. Summary statistics were calculated for each variable
with the coefficient of asymmetry (skewness) and histograms
used to check for the presence of outliers. Although, all vari-
ables under consideration are numerical, the range of values of
eBank. eLearn, e-mail, eHealth and eCom differ from that of
BroIt. While eBank, eLearn, e-mail, eHealth and eCom are
expressed as percentages with a range of 100, BroIt is
expressed as a count with a range of 100,000. Hence, if used
in their raw form, variables with higher numerical values will
be assigned higher weights which would undermine the con-
tribution of other variables in our analysis (Oliveira et al.
2017). We, therefore, normalised all explanatory variables
using the minimum and maximum values of each respective
variable transforming them to a scale between 0 and 1 before
performing our hierarchical clustering tests (Akande et al.
2017). Furthermore, because PCA depends on the correlation
structure of our data, Pearson’s linear correlation coefficient
was calculated to assess the existence of a linear relationship
between our explanatory variables. The presence of a

1 http://www.citybenchmarkingdata.com
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correlation between our explanatory variables will help us get
meaningful results (Cruz-Jesus et al. 2017).

4.3 Principal Component Analysis (PCA)

PCA was used to transform our data from high dimensional
space into a low-dimensional space (Spicer 2005). However,
before performing PCA, we checked the suitability of our
dataset to be analysed by testing for certain PCA assumptions.
Firstly, we tested the linear relationship between all variables
using Pearson correlation coefficients. Secondly, we tested for
the sampling adequacy of our dataset using the Kaiser-Meyer-
Olkin (KMO) measure of sampling adequacy. Thirdly, we
tested our data’s suitability for reduction using Barlett’s test
of Sphericity (Cruz-Jesus et al. 2017). After that, we per-
formed PCA on the six ICT variables to derive a single mea-
sure each of ICT development. PCA describes the variation in
our data by a set of uncorrelated variables known as the prin-
cipal components. The ICT variables produced six principal
components. We then investigated if the first few components
account for most of the variation in our original dataset to

retain them and discard the remaining components. Selecting
the number of principal components to retain is a fundamental
decision, as choosing fewer principal components than re-
quired will produce an incomplete representation of results
and selecting more principal components than necessary will
result in the inclusion of noise in the results (Friesen et al.
2016). Kaiser’s criterion was used to determine the number
of principal components to retain (Cruz-Jesus et al. 2017).

Variable eigenvectors were investigated to determine
which variables contributed the most to each dimension to
aid the interpretation of our PCA results. We made use of
the contribution of each variable to the inertia explained by
each axis (CTA) and the part of variance associated with each
variable explained by each axis (CTR) (Koch 2013) to deter-
mine the contributing variables to each axis. We made use of
CTA and CTR because they can be used in interpreting our
results statistically and geometrically (Abdi and Williams
2010).

Cronbach’s Alpha was used to measure the internal consis-
tency of each component (Cruz-Jesus et al. 2017). Finally,
each component selected was weighted based on its variance

Table 1 Acronyms, descriptions, year and literature support of variables

Code Variable Year Support

BroIt Broadband Internet per 100,000 persons 2017 (Cruz-Jesus et al. 2017; OECD 2009; Vicente and López 2011)

eBank Percentage of population using eBanking services 2016 (Cruz-Jesus et al. 2012; European Commission 2014)

eLearn Percentage of population using eLearning services 2017 (Çilan et al. 2009; Cruz-Jesus et al. 2012)

e-mail Percentage of population using e-mail 2017 (Billón et al. 2008; Bunz et al. 2007; Cruz-Jesus et al. 2012;
Ferro et al. 2011)

eHealth Percentage of population using the Internet to seek
health information

2017 (Cruz-Jesus et al. 2012)(European Commission 2014)

eCom Percentage of enterprises selling online 2017 (Cruz-Jesus et al. 2012; Cuervo and Menéndez 2006)

CO2 CO2 emission (Tonnes) 2014 (Añón Higón et al. 2017; OECD 2009; UNECE 2015a)

Fig. 1 Conceptual Framework
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in proportion to the total variance of all selected components.
Variable loadings were multiplied by each selected principal
component’s weight and summed up to obtain a factor score.
From the normalised table, we then calculated the coordinate
of each city in relation to this factor score, multiplying the
coordinate of vectors representing these cities by their respec-
tive factor score and summing them together (Friesen et al.
2016). This is more fully explained in Appendix B.

4.4 Cluster Analysis

Cluster analysis was used as a robust method for identifying
homogeneous groups of objects (in this case, cities) called
Bclusters^ sharing similar ICT development / environmental
sustainability characteristics in such a way that these groups
Bcan achieve maximum internal homogeneity (within the
cluster) and maximum external heterogeneity (between
clusters)^ (Brian Everitt et al. 2011; Oliveira et al. 2017).
After developing a quantitative index to measure the ICT de-
velopment of cities in Europe using PCA, we made use of
cluster analysis to create homogenous groups of cities based
on this index and the amount of CO2 emission in each city. We
made use of a hybrid clustering approach, combining both
hierarchical clustering method and partitioning method
(Kumar et al. 2014). Hierarchical clustering was done to de-
termine the number of clusters to extract since we had no prior
information about the number of clusters to group the cities
(Balcan and Gupta 2014). In hierarchical clustering, the struc-
ture of our data determines the number of clusters at each
hierarchy. We also made use of the centroids of the selected
clusters in the hierarchical clustering as seeds for the
partitioning clustering method. The basic algorithms for hier-
archical clustering can be described as follows:

1. There are N objects to group
2. We find the closest two points and merge them into a new

point
3. We compute the similarity (distance) between this new

point and the remaining points.
4. Iterate through steps 2 and 3 until there is only one point

remaining.

The hierarchical algorithm and distance measurement used
determines the quality of clusters obtained (Leisch 2006). We
made a comparison of the cluster solutions obtained by using
different hierarchical clustering algorithms. These include
centroid, Ward’s method, average-linkage, single-linkage
and complete-linkage method. Each of these methods was
evaluated using its R-Squared (R2) value and the method with
the highest R2 value was selected. The R-squared value is a
measure of the proportion of the total variance that is retained
in each solution (see Appendix A). The selected hierarchical
algorithm was thereafter tested using different distance

measurement including Euclidean distance, squared
Euclidean distance, Minkowsky and city-block distance
(Brian Everitt et al. 2011). Each of these distance measures
gave similar results. The result of the best hierarchical cluster-
ing algorithm was visualised using a dendrogram (also known
as a binary tree) which provides a visual depiction of the
formation path of the clusters (Salah et al. 2012).

K-means clustering algorithm requires that the number of
clusters, K, be specified before applying the algorithm. To
determine the number of clusters to use from the hierarchical
clustering, we made a visual comparison of the number of
clusters and the distance value at which individuals agglom-
erate to form a group (Cabral et al. 2017). The dendrogram
was thereafter Bcut^ at the appropriate number of clusters
level. The centroids of each cluster were used to generate
initial seeds for the partitioning clustering methods (k-means).
The k-means algorithm is also implemented in four steps:

1. Partition objects into k non-empty subsets
2. Calculate initial seeds as the centroid of the cluster of the

current partition.
3. Assign each object to the cluster that has the closest

centroid
4. Iterate through steps 2 and 3 until the centroid no longer

moves.

This two-step approach is guaranteed to generate reliable
results (Brian Everitt et al. 2011). The mean of the ICT index
and CO2 emission (previously normalised) were computed
within each final cluster to profile each city, allowing us to
formulate a hypothesis about the distribution of the associa-
tion between ICT and CO2 among cities in Europe.

Furthermore, we sought to find out if the relationship be-
tween ICT development and environmental sustainability and
the geographical location of each city is correlated using
Global Moran’s I spatial autocorrelation (Gutiérrez et al.
2017).

Choropleth maps to visualise our results were designed in
ArcMap, and all other statistical analyses were carried out in R
(B. Everitt and Hothorn 2006) and SAS (Der and Everitt
2010).

5 Results

5.1 Exploratory Analysis

A total of 129 European cities for which we were able to
obtain data were analysed for all variables under consider-
ation. The average percentage of the population using
eBanking, eHealth, e-mail and eCommerce services are less
than the median of each variable. Hence, the asymmetry of the
distribution of each of these variables can be inferred as being
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negatively skewed. Conversely, the mean percentage of the
population using eLearning services, the mean number of
broadband Internet per 100,000 persons and mean amount
of CO2 emission is more than the average of each variable
making the asymmetry of the distribution of each variable
positively skewed. Further exploration of the coefficient of
asymmetry and histogram of each variable showed that the
variables had an absolute skewness value close to zero and
did not need to be transformed (Aesaert et al. 2017). It is
interesting to note that while only 5% of the population uses
eBanking service, and 42% of the population uses e-mail in
Timisoara (Romania), being the lowest among the cities under
consideration, Copenhagen (Denmark) has the highest values
in both categories with 93% of its population using eBanking
service and 97% using e-mail. Timisoara (Romania) also has
the lowest percentage of people using the Internet for
eCommerce related activities with a value of 7%. The highest
percentage of a city’s population using the Internet for health-
related and learning activities was in London with a value of
80% and 20% respectively. Although Dubrovnik (Croatia)
had the lowest amount of CO2 emission, it also had the lowest
percentage of people using the Internet for learning activities.
Paris (France) had the highest amount of CO2 emission among
all cities under consideration. Even though these results give
us an idea of the relationship between ICT and environmental
sustainability among cities in Europe, simple univariate statis-
tics is not sufficient in clearly assessing this relationship be-
cause we are dealing with multiple variables. Hence, we make
use of multivariate statistical techniques to analyse all seven
variables.

The Correlogram of the explanatory ICT variables shown
in Fig. 2 shows that each variable has, at least, one statistically
significant (0.01) correlation coefficient of 0.55 with another
variable. This illustration shows the presence of a linear rela-
tionship between all variables. Of particular interest is the
relationship between the percentage of people using the
Internet for Banking services and the number of people using
e-mail which has a correlation value of 0.9 showing that they
are extremely correlated. Conversely, the broadband Internet
penetration has a low correlation value of 0.25 with the num-
ber of people using the Internet to seek health-related
information.

5.2 Principal Component Analysis

We performed the KMO test to confirm the sampling
adequacy of our data for PCA. The KMO for the over-
all dataset gave 0.77, which means that our PCA will
produce reliable results. We also executed Bartlett’s test
of sphericity to test the suitability of our data for reduc-
tion. This test gave us a chi-square value of 370.2 with
a p value less than 0.01 making it significant. Hence,

we have adequate correlations between our variables for
it to be reduced to a smaller number of components.

We carried out a PCA to reduce the complexity of the ICT
variables. As indicated in our methodology, selecting the
number of principal components to retain is an important de-
cision. Following the Kaiser criterion, we selected the first two
principal component which has a cumulative variance of 77%
to represent our data (Table 2).

The first principal axis (PC1) has a variance of 60%.
Variables with CTA and CTR values higher than the average
in an axis are considered to contribute significantly to that
axis. These CTA and CTR values and their corresponding
variables have been highlighted in green in Table 2. eBank,
eHealth, e-mail, eCommerce and eLearn all contribute signif-
icantly to the inertia attributable to this axis (91.7%).
Furthermore, the second axis (PC2), which represents an ad-
ditional 17% of the total variance, only has broadband con-
tributing significantly to it (50.2%). Overall, all explainable
variables under consideration are very well represented on the
two selected components. We obtained a Cronbach’s Alpha
value of 0.91 for the first component and 0.80 for the second
component indicating an acceptable reliability of our results
(Dunn et al. 2014).

Figure 3 gives some interesting insights into the behav-
iour of cities in Europe with respect to their ICT devel-
opment. From our analysis, their ICT development can be
represented by two dimensions. The percentage of the
population using the Internet to access banking services,
health-related services, mail services, learning services
and sell things online are strongly correlated with the first
axis. Hence, this axis is related to the use of ICT and is
therefore named ICT use. The second axis is only strongly
correlated to broadband Internet access which is related to
the availability of ICT infrastructure. Hence, we call the
second axis ICT infrastructure. We computed the loading
for each city and plotted it in Fig. 3. An initial visual
inspection of the plot reveals that except for certain cap-
ital cities, cities from the same country tend to have sim-
ilar ICT infrastructure and use characteristics and are
hence clustered together. Furthermore, we computed a
factor score for each ICT variable as the weighted sum-
mation of the two principal loadings, multiplied it by their
respective values in each city and summed it to obtain an
ICT development index which can be found in Appendix
C. Odense in Denmark is the best-ranked city for the two
components together. It performs very well in terms of
joint ICT use and infrastructure. Conversely, Timisoara
in Romania is the least ICT developed city in the EU
having a meagre ICT development score. These findings
are consistent with Cruz-Jesus et al. (2012) who found
Denmark to be the highest digitally developed country
and Romania to be the least digitally developed country
in the EU.
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5.3 Clustering

We thereafter made a comparison of various hierarchical
clustering aggregation algorithms using the ICT index
and the amount of CO2 emission. The result of the com-
parison of the r-squared values of the various hierarchi-
cal methods considered is shown in Fig. 4. Ward’s ag-
gregation criterion was chosen because it consistently
had a high r-squared value which is a measure of the
extent to which clusters are different from each other.
Beyond this, Ward’s aggregation method has been found

to be the most robust of the other algorithms being able
to handle noise efficiently (Balcan and Gupta 2014;
Brian Everitt et al. 2011).

Hierarchical clustering was thereafter done on the ICT
index and CO2 emission using Ward’s method. The result
of this clustering is shown in the dendrogram in Appendix
E, which shows the cities on the horizontal axis and the
distance at which they agglomerate on the vertical axis.
The dendrogram intuitively suggests the presence of four
well-detached clusters. Hence, we cut our dendrogram at
the four-cluster level opted for a four-cluster solution. The

Fig. 2 Correlogram of ICT
variables. * Correlation is
significant at 0.01 (pairwise two-
sided).

Table 2 Indicator Variable Loadings, CTA and CTR*1000

Variables PC1 CTA CTR PC2 CTA CTR Factor Score

eBank 0.85 19.88 717 0.28 7.80 077 0.72

eHealth 0.75 15.44 557 -0.52 27.33 270 0.47

e-mail 0.93 23.93 863 0.16 2.45 024 0.76

eCommerce 0.79 17.35 626 -0.27 7.59 075 0.56

Broadband 0.55 8.27 298 0.70 50.12 493 0.58

eLearn 0.74 15.13 546 -0.22 4.72 047 0.53

Variance (%) 60 17

Cumulative Variance (%) 60 77

Cronbach’s 0.91 0.80

Inf Syst Front



four clusters are shown with the red overlaid boxes
representing the final clusters while the Bcut^ line is
shown in blue.

The centroid of the four clusters obtained from the
hierarchical clustering was extracted and used as seeds
to initialise the k-means clustering algorithm. We also
obtained four clusters using this approach. From the anal-
ysis of the clusters, we found out that certain cities belong
to a cluster with a high value of ICT index and low CO2

emission. Although this cluster is labelled cluster 3 in
Fig. 5, we call this cluster the Bsmart and sustainable^
cluster. The average value of ICT development for cities
in this cluster is 2.53 while the average CO2 emission for
cities in this cluster is 6.39 Million Metric Tonnes. We
also noticed that some other groups of cities have

extremely low values of ICT development and a moder-
ately low amount of CO2 emission. Hence, these cities
form the Bnot smart but sustainable^ group labelled as
cluster 2 in Fig. 5 because the average ICT development
index is 0.99 while the average CO2 emission is 8.65
Million Metric Tonnes.

Furthermore, another group of cities have a moderate ICT
development and extremely high CO2 emission. Hence, this
group is called the Bsmart but not sustainable^ cluster labelled
as cluster 4 in Fig. 5. Finally, we have a group of cities with
small CO2 emission and an average ICT development, and
hence we refer to the cities in this group as being Bon the path
of being smart and sustainable^. It is labelled as cluster 1 in
Fig. 5. All cities under study and their respective cluster are
listed in Appendix C.

Fig. 3 Cities ICT development coordinates on principal components
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5.4 Geographical Analysis

The geographical distribution of the relationship between ICT
development and environmental sustainability in cities was
observed using maps to allow for the visual assessment of

their comparative spatial distribution (Fig. 6). Some interest-
ing insights drawn from Fig. 6 include:

& The geographic location of each city has a relationship with
the link between ICT development and environmental

Fig. 4 Comparison of the r-squared values of the hierarchical methods

Fig. 5 Average value of ICT development and CO2 emission in each cluster
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sustainability. Of the 56 cities grouped as Bon the path
of being smart and sustainable^, 48 (86%) are located
in central Europe while the remaining eight cities
(14%) are located in eastern and southern Europe;
The 33 Bnot smart but sustainable^ cities are predom-
inantly found in south-eastern Europe with the excep-
tion of five cities (15%) found in western and central
Europe; all 29 Bsmart and sustainable^ cities are found
on the northern belt of Europe; and eleven Bsmart but
not sustainable^ cities are spread around central
Europe.

& An obvious follow-up point is the presence of spatial
autocorrelation. This factor means that cities with simi-
lar groups are clustered together in space. This cluster-
ing implies that the relationship between ICT and envi-
ronmental sustainability is not randomly distributed
across the EU, rather, physically adjacent cities tend to
have similar characteristics and form clusters. The pres-
ence of spatial autocorrelation was tested using Moran’s
Index. We obtained a Moran’s Index of 0.083024 with a
statistically significant z-score of 4.748540 and p value
of 0.000002 indicating a tendency towards clustering
with a less than 1% likelihood that our clustered pattern

is a result of random chance. We have identified these
clusters as Bsmart and sustainable^, Bnot smart but
sustainable^, Bsmart but not sustainable^ and Bon the
path of being smart and sustainable^.

& Although we see that different cities within a country
tend to have similar characteristics in terms of ICT
development and environmental sustainability, we also
noticed some exceptions. Of the 28 EU countries under
study, five countries (Italy, France, Germany, Spain
and the United Kingdom) have more than ten cities
included in our study. The availability of data from a
significant number of cities makes these five countries
good for an intra-country comparison. Except for Italy,
the capital city of each of these countries have a dif-
ferent group from the group of the other cities within
them.

& Finally, it did not come as a surprise that smart and sus-
tainable cities are located in the United Kingdom,
Belgium, Netherlands, Denmark, Sweden, Finland, and
Luxembourg which are clustered in the North of Europe.
Furthermore, the best performing cities in terms of ICT
development and environmental sustainability are in
Nordic countries.

Fig. 6 European Map of its cities in terms of ICT and environmental sustainability
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6 Discussion

The exponential growth of ICT in the last decade and its ap-
plication in the push for smart cities has been fundamental in
addressing several urbanisation challenges ranging from ener-
gy use to quality of life of citizens. This phenomenon has led
to a debate on the role of ICT in urbanisation and urban sus-
tainability because of its growing use in urban systems and
domains (Bibri and Krogstie 2017a). Cities are particularly
important because they generate a huge chunk of global
GHG due to their urban population density while consuming
70% of the world’s resources (Riffat et al. 2016). However, the
relationship between ICT and environmental sustainability is
quite complex and has not been empirically studied at sub-
national (cities) level (Dedrick 2010; Melville 2010).
Understanding this relationship is paramount in helping
policymakers improve urban sustainability with the support
of smart ICT.

In this study, using our proposed ICT framework, we mea-
sured the ICT development of cities in Europe using PCA, and
we were able to extract and represent the two dimensions of
ICT development; ICT infrastructure and ICT use. We were
also able to represent the ICT development of cities in Europe
using a single index and found cities in Sweden, Denmark,
Netherlands and Finland to have a high level of ICT develop-
ment while cities in Romania and Bulgaria have a low level of
ICT development. This result corroborates previous studies
which also obtained similar results at a country-level (Cruz-
Jesus et al. 2017). Furthermore, we performed a cluster anal-
ysis of the ICT index and CO2 emission of cities in Europe
obtaining four clusters of cities with homogenous ICT-CO2

relationships.
Regarding the relationship between ICT development

and environmental sustainability across cities in the EU,
we found that this relationship can be grouped into four
categories; ‘Not smart but sustainable’, ‘smart and sustain-
able’, ‘smart but not sustainable’ and ‘on the path of being
smart and sustainable’. This finding is consistent with ear-
lier research (Añón Higón et al. 2017), implying that the
relationship between ICT and environmental sustainability
is not the same for all cities but differs depending on their
stage of ICT development. Hence, the possibility exists for
this relationship to be positive in the case of cities
categorised as Bsmart and sustainable^ or negative as seen
in cities categorised as Bsmart but not sustainable^. At low
levels of ICT development, a further increase in ICT devel-
opment may result in an increase in CO2 emission in cities.
However, after a certain ICT development threshold, a fur-
ther increase in ICT development in cities will result in a
decrease in CO2 emissions. This finding differs from con-
clusions in previous studies (Gouvea et al. 2017; Wu and
Raghupathi 2018) that infer that the relationship between
ICT and environmental sustainability is linearly positive

and the same for all countries. On the other hand, this find-
ing supports previous suggestions that even though ICT
contributes significantly to GHG emissions, it also has the
potential to reduce emissions by a fraction of five
(Buttazzoni 2008; European Commission 2009).

Comparing the relationship of ICT development and GHG
emission of cities within a country, we found that there is a
tendency for the smart/sustainable profile of capital cities to
differ from that of the other cities within the same country.
Regarding GHG emission, our findings reveal that the mag-
nitude of this difference is large as the capital city of a country
hasmuchmore CO2 emission than other cities within the same
country. This result is consistent with findings by (Chen et al.
2016) and is expected, as capital cities are usually larger, more
populated and more urbanised and hence emit more CO2

when compared with other cities within the same country. In
terms of ICT development, our findings reveal that the mag-
nitude of difference in ICT development between the capital
city of a country and other cities within the same country is not
as significant as that of GHG emission. However,
decomposing the ICT index into its principal component
shows that this difference is more pronounced in principal
component 2 which represents broadband connections (see
Table 2). This aspect can be explained by the fact that ICT
services such as eBanking, eLearning, e-mail, eHealth and
eCommerce are more centrally organised and offered by the
government and companies. Hence, the main barrier to the use
of these services is the availability of ICT infrastructure which
is higher in capital cities compared to other cities (Prieger
2003). This finding is also in line with Ono and Zavodny
(2007) who posit that differences in ICT access at an intra-
national level often occur because of different characteristics.
This inference could also imply that the extent to which the
citizen has access to ICT infrastructure significantly influences
his ability to use ICT services.

Comparing the relationship of ICT development and GHG
emission of capital cities across Europe, we found Amsterdam
and Copenhagen to be the best performing capital cities in
terms of smartness and sustainability while Bucharest and
Warsaw are the least performing capital cities. The assessment
is also in line with previous studies with similar analysis at
country level (Añón Higón et al. 2017). The most substantial
indicator of the difference between the performance of the
capital cities is the amount of CO2 emission. Best performing
capital cities in Europe have found ways to utilise ICT and
other means effectively to reduce their carbon footprint, how-
ever, the least performing capital cities have not been so suc-
cessful in doing so. Also, our results show that the second
indicator of the difference between the performance of capital
cities within Europe is the level of ICT infrastructure. The
wealth of countries has been identified in the literature to be
a major driving factor in determining the level of ICT infra-
structure (Cruz-Jesus et al. 2017). This reasoning can also be
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applied to cities as we observed that wealthier cities are
performing better than others.

The main contribution of our study is two-fold. Firstly, we
proposed a new approach to study the relationship between
ICT development and CO2 emission using cities in the EU as a
case study. We employed multivariate statistics to overcome
the limitations identified in alternative approaches to create an
ICT development index and created clusters of cities with
similar smartness and sustainability profile. Secondly, our
study sheds light on the intra-country and inter-city compari-
sons between the role the different components of ICT devel-
opment play in urbanisation and environmental sustainability
on a micro-level.

6.1 Practical Implications

Understanding the relationship between technological devel-
opment and the environmental sustainability of cities is critical
for entities that promote smart and sustainable urban
development.

The first implication can be drawn from the type of cities
found in each cluster. Cities in Nordic countries and northern
Europe perform best in terms of ICT development and envi-
ronmental sustainability in EU. The wealth of cities has been
established in literature to be a major driving factor of their
performance because economic wealth is a critical prerequi-
site in building ICT infrastructure and adopting ICT (Billón
et al. 2008; Cruz-Jesus et al. 2012). It is essential that less
wealthy cities in Europe recognise the need to take advantage
of the growing market of low-cost technologies to foster en-
vironmental sustainability while taking cognisance of the po-
tential adverse effects of such. Furthermore, they also need to
adopt urban policies and regulatory frameworks to foster the
use of ICT in dematerialisation, travel substitution and build-
ing and energy efficiency. Finally, they need to explore
environmentally-sustainable business practices and move to-
wards a knowledge-based economy driven by ICT for an all-
round Bsmart and sustainable^ economic growth.

The second implication can be drawn from the way
policymakers and the public perceive the concept of smart
cities and sustainable cities. A commonmistake is the assump-
tion andmisconception that all smart city concepts incorporate
the goals of sustainable urban development. This misconcep-
tion has been driven by previous literature which showed that
the relationship between ICT development and environmental
sustainability is positively linear (Gouvea et al. 2017; Wu and
Raghupathi 2018). As a result, leading to the design of various
smart city assessment frameworks that strongly focus on ICT
with little attention given to environmental sustainability
(Ahvenniemi et al. 2017). However, as evidenced by this re-
search, the relationship between ICT and environmental sus-
tainability varies among different cities. Hence, it is advisable
that urban policymakers be intentional about explicitly

including environmental sustainability in their smart city goals
and leverage the use of ICT in achieving their sustainability
goals.

Consequently, the concept of Bsmart sustainable city^
should be used for emphasis when referring to the use of
ICT to promote environmental sustainability by stakeholders.
This shift presents a more holistic front and does not under-
mine the importance of either ICT or environmental sustain-
ability in the quest for a more liveable city. Urban
policymakers need a well-rounded approach when designing
strategies that make use of ICT to drive environmental sus-
tainability focusing on the built environment, living environ-
ment and resource flows.

The last practical implication is derived from the gap in
ICT development and environmental sustainability between
the bigger cities (capital cities) and other cities within a coun-
try. Capital cities are urbanised because of the myriad oppor-
tunities that capital cities offer as opposed to smaller cities.
However, this urbanisation comes with various challenges,
one of which is the emission of GHG in large quantities.
People will not mind staying in smaller cities as long as they
have the same level of access to services available in large
cities, among other factors. ICT can help to bridge this gap
by offering services such as education, health, mail, banking
and commerce remotely. However, people’s ability to use all
these is dependent on available infrastructure. People with
broadband connections will take advantage of services offered
through the Internet, using more applications and for a longer
time (Van Dijk 2009). Policymakers should keep in mind that
to reduce urbanisation and associated GHG emissions in large
cities, they will need to broaden access to broadband Internet
in smaller cities. This will reduce the pressure on the bigger
cities as citizens will be able to carry out various services
available through the Internet in smaller cities.

Overall, urban policymakers need a well-rounded approach
when designing strategies that make use of ICT to drive envi-
ronmental sustainability focusing on the built environment,
living environment and resource flows. This strategy can
range from the effective use of ICT to increase citizen engage-
ment on climate change issues, to facilitating the use of appli-
cations allowed by ICT such as remote working and
telecommuting.

6.2 Limitations and Future Research

It is important to note that in an attempt to operationalise
theoretical constructs that are not directly measurable, we
have proposed observable measures based on literature.
While we made an effort to perform a complete and multidi-
mensional exploratory analysis, we had to make a compro-
mise between the depth and width of our analysis (Cruz-Jesus
et al. 2017). There is an inverse relationship between the num-
ber of cities we could have included in our analysis (width)
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and the number of indicators we could have used to charac-
terise ICT development and environmental sustainability
(depth). Hence, we ended up including just 129 cities in
Europe and seven indicators. So, some features of ICT and
environmental sustainability may not be covered as we could
not include other cities and other indicators because of data
constraints. Additional variables relating to teleworking inci-
dence, changes in paper production and physical mail,
patenting activity connecting ICT and the environment and
research and development by the ICTsector on environmental
sustainability may affect the results of this study. Including
other cities in Europe and beyond may also impact our results
as other cultural, political and economic factors come into
play. Furthermore, this study does not infer a direct causal
relationship between ICT and environmental sustainability.
We simply performed a cross-sectional study to cluster a ho-
mogenous group of cities based on the relationship between
ICT and environmental sustainability.

For future work, it would be interesting to expand this
research and include other indicators and other cities beyond
Europe to better capture the relationship between ICT and
environmental sustainability on a global stage. It will also be
interesting to do this analysis for historical years to character-
ise the long-term relationship of ICT and environmental sus-
tainability and its evolution over the years using a longitudinal
study. This work will make it possible to forecast a
Bsmartainability^ (smart and sustainable) path of global cities
into the future based on past data.

7 Conclusion

Several authors have explored the relationship between ICT
and environmental sustainability, but this link has not been
empirically explored at a sub-national level using multivariate
statistics. In this research, we set out to explore the link be-
tween ICT development and environmental sustainability on a
micro-level, clustering 129 cities in Europe based on this re-
lationship. We achieved this using PCA to create an ICT index
for the cities under study and subsequently using cluster anal-
ysis to group and characterise each city based on its ICT and
CO2 emission. We explored the two dimensions of ICT devel-
opment and also carried out an intra-country and inter-city
comparisons of the joint ICT-CO2 characteristics of
European cities. Based on our analysis, there are four groups
of cities with similar ICT (smart) and CO2 (sustainable) char-
acteristics namely; smart but not sustainable cities, not smart
but sustainable cities, smart and sustainable cities and those on
the path of being smart and sustainable cities.

Furthermore, we found that although cities from the same
country usually have similar ICT infrastructure and use charac-
teristics, capital cities tend to have a different profile. This differ-
ence is primarily due to the amount of GHG emission and ICT

infrastructure in capital cities. Comparing the profile of capital
cities across the EU,we found capital cities in northern Europe to
be the best performing cities in terms of smartness and sustain-
ability while capital cities that are Bnot smart but sustainable^ are
predominantly located in south-eastern Europe. The practical
implications of this research have also been highlighted. The
results of this research will help urban policymakers design ap-
propriate strategies for achieving integrated smart, sustainable
and inclusive growth at European level.
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Appendix 1

R2 is a measure of the similarity (or dissimilarity) of groups in
a cluster. It is given by the formula below:

R2 ¼ 1−
∑G

g¼1∑iCg∑
P
k¼1 xik−xgk
� �2

∑G
g¼1∑iCg∑

P
k¼1 xik−xk
� �2

Appendix 2

Procedure to obtain the score of each city from a PCAwith 6
selected variables.

Let Si be the final score attributed to each city i (I = 1, 2, 3,
……., 129)

Si ¼ ∑
2

k¼1
αkγ

k
i ðB:1Þ

with

αk ¼ λk

∑2
k¼1λk

ðB:2Þ

where λk is the k-eigenvalue of the variance and covariance

matrix V ¼ 1
129 ∑

129

i¼1
xitxi with xi being the 6-dimensional vec-

tor describing city i after data normalization. So, ∑
2

k¼1
λk is the

total inertia explained by the first two axes.
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Also, γki is the coordinate of city i on axis k generated by
the unit eigenvector μk given by:

γki ¼ xi;μk

D E
¼ txiμk ðB:3Þ

So,

γki ¼ ∑
6

j¼1
x jiμ

j
k ðB:4Þ

and

Si ¼ ∑
2

k¼1
αk ∑

6

j¼1
x jiμ

j
k

 !
ðB:5Þ

Si ¼ ∑
6

j¼1
x ji ∑

2

k¼1
αkμ

j
k

� �
ðB:6Þ

where ∑
2

k¼1
αkμ

j
k is the factor score associated with variable j.

Appendix 3

# City Country Code ICT
Index

Cluster # City Country Code ICT
Index

Cluster

1 Salzburg Austria SZG 1.857 1 35 Marseille France MRS 1.604 1

2 Graz Austria GRA 1.793 1 36 Nice France NCE 1.777 1

3 Linz Austria LNZ 1.756 1 37 Grenoble France GNB 1.885 1

4 Vienna Austria VIE 1.767 1 38 Lyon France LYS 1.807 1

5 Brussels Belgium BRU 2.345 3 39 Saint-Étienne France SXE 1.650 1

6 Gent Belgium GNT 2.213 3 40 Berlin Germany BER 1.939 4

7 Antwerp Belgium ANR 2.223 3 41 Bochum Germany BOC 2.080 1

8 Leuven Belgium LVN 2.458 3 42 Bonn Germany BNN 1.931 1

9 Liège Belgium LGG 2.227 3 43 Bremen Germany BRE 2.019 4

10 Sofia Bulgaria SOF 0.499 2 44 Cologne Germany CGN 2.058 4

11 Dubrovnik Croatia DUK 0.731 2 45 Dortmund Germany DTM 2.119 1

12 Zagreb Croatia ZAG 1.043 2 46 Dresden Germany DRS 1.768 1

13 Nicosia Cyprus NIC 1.333 2 47 Duisburg Germany DSG 2.057 1

14 Prague Czech Republic PRG 1.774 4 48 Düsseldorf Germany DUS 2.087 1

15 Brno Czech Republic BRQ 1.764 1 49 Essen Germany ESS 2.129 1

16 Copenhagen Denmark CPH 2.963 3 50 Frankfurt Germany FRA 2.077 1

17 Odense Denmark ODE 3.203 3 51 Hamburg Germany HAM 2.050 4

18 Tallinn Estonia TLL 2.138 1 52 Hannover Germany HAJ 2.052 1

19 Helsinki Finland HEL 2.623 3 53 Karlsruhe Germany KAR 2.053 1

20 Strasbourg France SXB 1.820 1 54 Kiel Germany KEL 2.047 1

21 Bordeaux France BOD 1.978 1 55 Leipzig Germany LEJ 2.095 1

22 Dijon France DIJ 2.089 1 56 Heidelberg Germany HDB 1.823 1

23 Rennes France RNS 1.691 1 57 Munich Germany MUC 2.054 4

24 Reims France RHE 1.832 1 58 Nuremberg Germany NUE 1.974 1

25 Le Havre France LEH 1.869 1 59 Stuttgart Germany STR 2.112 4

26 Rouen France RNE 1.613 1 60 Wuppertal Germany WUP 2.120 1

27 Paris France PAR 1.825 4 61 Aachen Germany AAH 2.131 1

28 Montpellier France MPL 1.319 2 62 Athens Greece ATH 1.051 4

29 Limoges France LIG 1.887 1 63 Thessaloniki Greece SKG 0.979 2

30 Metz France MZM 1.837 1 64 Budapest Hungary BUD 1.377 2

31 Toulouse France TLS 1.907 1 65 Dublin Ireland DUB 1.844 1

32 Lille France LIL 1.385 2 66 Bologna Italy BLQ 0.928 2
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(continued)

# City Country Code ICT
Index

Cluster # City Country Code ICT
Index

Cluster

33 Nantes France NTE 1.645 1 67 Florence Italy FLR 0.873 2

34 Cannes France CEQ 1.744 1 68 Milan Italy MIL 0.907 2

69 Modena Italy MOD 0.972 2 104 Granada Spain GRX 1.945 1

70 Napoli Italy NAP 0.747 2 105 Madrid Spain MAD 1.914 4

71 Padova Italy PAD 0.937 2 106 Málaga Spain MAL 1.807 1

72 Parma Italy PMF 0.921 2 107 Pamplona Spain PNA 2.018 1

73 Rome Italy ROM 0.820 2 108 Seville Spain SVQ 1.841 1

74 Torino Italy TRN 0.900 2 109 Valencia Spain VLC 1.985 1

75 Trieste Italy TRS 1.028 2 110 Gothenburg Sweden GOT 2.583 3

76 Venice Italy VCE 0.746 2 111 Malmö Sweden MMA 2.577 3

77 Verona Italy VBS 0.944 2 112 Stockholm Sweden STO 3.065 3

78 Riga Latvia RIX 1.525 1 113 Bath &
NE Somerset

United Kingdom BES 2.552 3

79 Vilnius Lithuania VNO 1.682 1 114 Belfast United Kingdom BFS 2.583 3

80 Luxembourg Luxembourg LUX 2.280 3 115 Bristol United Kingdom BRS 2.522 3

81 Valletta Malta MLA 1.019 2 116 Cardiff United Kingdom CWL 1.980 1

82 Amsterdam Netherlands AMS 2.582 3 117 Coventry United Kingdom CVT 1.980 3

83 Eindhoven Netherlands EIN 2.645 3 118 Edinburgh United Kingdom EDI 2.529 3

84 Rotterdam Netherlands RTM 2.679 3 119 Glasgow United Kingdom GLA 2.429 3

85 The Hague Netherlands HAG 2.688 3 120 Kingston-
upon-Hull

United Kingdom KIN 2.503 3

86 Utrecht Netherlands UTC 2.313 3 121 Leeds United Kingdom LBA 2.270 3

87 Gdansk Poland GDN 1.059 2 122 Liverpool United Kingdom LPL 2.012 1

88 Katowice Poland KTW 1.037 2 123 London United Kingdom LON 2.970 4

89 Kraków Poland KRK 1.179 2 124 Manchester United Kingdom MAN 2.047 1

90 Warsaw Poland WAW 0.966 2 125 Newcastle-upon-Tyne United Kingdom NCL 2.477 3

91 Wroclaw Poland WRO 1.416 2 126 Nottingham United Kingdom NQT 2.438 3

92 Lisbon Portugal LIS 1.308 2 127 Sheffield United Kingdom SZD 2.132 1

93 Oporto Portugal OPO 1.087 2 128 Southampton United Kingdom SOU 2.437 3

94 Guimaraes Portugal GMS 1.391 2 129 Birmingham United Kingdom BHX 2.377 3

95 Bucharest Romania BUH 0.407 2

96 Timisoara Romania TSR 0.230 2

97 Bratislava Slovakia BTS 1.393 2

98 Kosice Slovakia KSC 1.048 2

99 Ljubljana Slovenia LJU 1.551 1

100 Santa Cruz
de Tenerife

Spain TCI 2.114 1

101 Barcelona Spain BCN 1.933 1

102 Bilbao Spain BIO 1.866 1

103 Gijón Spain GIJ 1.965 1
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Appendix 4

options center;
%let Dataset =WORK.SAS_CLUSTER_ANALYSIS;
%let Variables = CO2_s ICT_s;
%let Algorithm = ward;
%let NClus = 4;
%let ID = Cities;
Title ‘Hierarchical Cluster Analysis’;
Data CA_Input_Table;
Set &Dataset;
Run;
PROC CLUSTER SIMPLE NOEIGEN RMSSTD

RSQUARE NOTIE NONORM /*STANDARD*/
METHOD =&Algorithm OUT =HCA_Tree_&Algorithm;

ID &ID;
VAR &Variables;
Run;
PROC TREE DATA =HCA_Tree_&Algorithm

OUT =HCA_&Algorithm NCLUSTERs =&NCLUS;
ID &ID;
COPY &Variables;
RUN;
/* Hierarchical Cluster Analysis */
PROC SORT;
BY CLUSTER;
PROC PRINT;
BY CLUSTER;
VAR &ID &Variables;
Run;
Proc means data = HCA_&Algorithm mean nway;
Var &Variables;
by cluster;

output out = Initial_Seeds (LABEL = BInitial Seeds^)
mean=;

RUN;
/* Initial Seeds Extraction */
Data CA_Input_Table;
Set &Dataset;
Run;
Title ‘Kmeans - Initial Seeds from &Algorithm’;
Data Initial_Seeds;
SET Initial_Seeds;
RUN;
Data kMeans_Input_Table;
Set &Dataset;
RUN;
Proc Fastclus SEED = Initial_Seeds

MAXCLUSTERS =&NCLUS OUT =KMeans_Results
MAXITER = 50 REPLACE =NONE;

ID &ID;
Var &Variables;
PROC SORT;
BY CLUSTER;
PROC PRINT;
BY CLUSTER;
VAR &ID &Variables;
Run;
Proc means data = KMeans_Results N MEAN

MEDIAN MODE MIN MAX STD VAR NWAY P10 P90;
Var &Variables;
by cluster;
output out = KMeans_Statistics mean=;
RUN;
/*K-MEANS FROM HIERARCHICAL INITIAL

SEEDS */

Inf Syst Front



Appendix 5

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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