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Abstract

The growing importance of maturity smart cities is currently observed worldwide. The vast

majority of smart city models focus on hard domains such as communication and technology

infrastructure. Scientists emphasize the need to take into account social capital and the

knowledge of residents. The smart cities invest in enhanced openness and transparency

data. Mature smart cities use real-time evidences and information to citizens, businesses

and visitors. The smart cities are characterized by bottom-down management and civil gov-

ernment. The paper aims to assess the urban smartness of selected European cities based

on the ISO 37120 standard. Several research methods including the Multidimensional Sta-

tistical Analysis (MSA) were applied. Using the statistical analysis of European smart cities

with the implemented ISO 37120 standard, the author tried to fill gaps in the knowledge and

to evaluate maturity smart cities. The results of the research have shown that the smart city

concept is a viable strategy which contributes to the urban sustainability. The author also

found out that urban sustainability frameworks contain a large number of indicators measur-

ing environmental sustainability, the smart city frameworks lack environmental indicators

while highlighting social and economic aspects.

Introduction

Cities play an extensive role in the sustainable development of the world. Cities constitute cen-

ters of innovation, entrepreneurship and creativity. According to United Nations, 56% of the

world’s population resides in cities, whereas forecasts indicate an increase to 69% in 2050. In

fact, the world’s 750 largest cities generate 57% of global GDP [1]. On the other hand, cities

face many challenges, including overpopulation, environmental pollution and social segrega-

tion. Cities emit over 70% of global greenhouse gases and consume 80% of the world’s energy.

The European Union assumes that cities will reduce greenhouse gas emissions by 60% to 2050

[2]. Contemporary urban development is increasingly focused on ICT and sustainability in the

so-called smartization process. Author’s smart city definition refers to Fernandez-Anez’s defi-

nition [3]. Smart city means a system achieves sustainable development and a high quality of

life using ICT infrastructure.
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The main purpose of the article is to attempt the assessment of urban smartness for selected

European cities. The manuscript aims to show dependences occurring between the theoretical

and practical considerations concerning cities based on the difficult implementation of the

urban smartness. Firstly, the paper serves to organize the terminology in the field of sustain-

ability and urban smartness in the smart cities concept and proposes smart city definition. The

literature available on the Web of Science, Springer, Scopus, IEEE and Elsevier databases has

been reviewed. Secondly, the article is concerned with reflection on sustainable city often con-

fronted with the smart city concept. The empirical part attempts to assess the urban smartness

indicators for selected European cities with the implemented ISO 37120 standard through the

use of the cluster analysis and the factor analysis. The manuscript is an attempt to answer the

research questions: how can we measure the urban smartness and which variables, which cities

have the highest level of urban smartness, how does classification of cities present in terms of

urban smartness and how are the dependencies between pillars of sustainability?

Smart city is a new method of urban management. According to this concept ICT is used to

improve the life quality of residents and urban services. Since there is no research on develop-

ment of urban management, the article focuses on identifying European cities most involved

in implementing the concept of smart city. The article attempts to fill this research gap.

In world literature there are many definitions of a smart city. Hollands [4] suggests that a

smart city helps to solve problems related to urbanization, in particular environmental pollu-

tion, land consumption, urban sprawl, traffic congestion, energy needs. On the other hand,

Harrison’s et al. [5] approach describes a smart city as an instrumented and interconnected.

According to Nam and Pardo [6], the concept of a smart city is linked to such fundamental

components as: (I) technology factors: physical infrastructure, smart technologies, mobile

technologies, virtual technologies, digital technologies; (II) human factors: social infrastruc-

ture, learning capital; (III) institutional factors: governance, policy, regulations. In turn, Lom-

bardi’s et al. [7] identified entrepreneurship and innovation as the most important features of

contemporary urban development. Giffinger et al. [8] distinguished six dimensions such as:

economy, mobility, environment, living, governance, people.

Furthermore, Cocchia [9] prepared a bibliometric analysis of publications on smart city.

Smart cities invest in human and social capital as well as use ICT to conduct sustainability and

improve the life quality [10]. Cities managed in accordance with the guidelines of smart cities

concept effectively solve social and environmental problems [11]. Cities determine the per-

spectives of all components of the urban settlement unit by building intelligent connections

between self- decisive, independent and conscious citizens [3]. The smart city concept obtains

three paradigms: (I) a digital city, using ICT to support and create cooperation networks for

citizens and organizations, sharing data and information, and combining online service such

as e-administration and e-democracy [12]; (II) a knowledge city, based on the enforcement

and valuation of data and information available and produced in the city [13]; (III) a green

city, concerns an ecological vision of urban space based on sustainability and reduction of the

city’s footprint in the environment [14]. Worldwide, there are a lot of criterions classification

smart city such as goals, dimensions, generations, paradigms (Table 1).

Wiseman believes that urban management is a complex task because of urbanization and

climate change [22]. Cities should be innovative and creative in the face of global challenges.

Since the 1970’s, cities and other public institutions have been subject to many contemporary

management models, such as New Public Management which promotes managerial style of

management in the public sector and the use of: benchmarking, crowdsourcing, reengineering,

controlling, outsourcing, e-governance. An important strategic document related to urban

sustainability is the local spatial development plan. Unfortunately, many Polish cities do not

have these documents. The average planning coverage is 49.6% for cities (30.2% for Poland),
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and only 15.6% of areas have project of plans (7.2% for Poland). Additionally planning cover-

age are characterized by a great diversity, for instance Lodz is covered by plans only 16.1%, but

Gdansk—65.4%. In the cities 40.9% of planned local plans have been in preparation for more

than three years, which indicates a long process of developing planning documents [23, 24].

Marsal-Llacuna [25] suggests that smartness means to contribute to sustainable develop-

ment and resilience. Smartness in the smart city is when the three pillars of sustainability

(environmental, economic and social) are safeguarded while urban resilience is being

improved by making use of ICT infrastructure ICT. Smartness in the smart city equals urban

smartness which is a combination of three components such as: sustainability, urban resilience

and ICT infrastructure (Fig 1). The smart city value chain by Dameri is the basis of urban

smartness [21]. The smart city value chain obtains: (i) sustainability (carbon neutral, clean air

and water); (ii) quality of life (safe, diverse, leisure, convenience); (iii) smart growth (knowl-

edge, innovation, employment, investments). Furthermore Trindade et al. analysed scientific

studies focusing on both environmental sustainability and smart city concepts to understand

relationship between these two [26].

In the 2014, International Organization for Standardization published ISO 37120 norm

which helps to measure and compare urban performance in terms of urban service and quality

of life. It is a tool for uniform reporting of the state city’s development in 17 thematic groups

such as: education, energy, environment, finance, fire & emergency response, governance,

Table 1. Classification of terms in academic Smart City definitions.

Criterions Goals Dimensions Generations Paradigms

Environment

Sustainability Economy Smart City 1.0 Digital city

Classes Quality of life Mobility Smart City 2.0 Green city

Efficiency People Smart City 3.0 Knowledge city

Living

Governance

Note: author’s elaboration on the based [11, 15–21].

https://doi.org/10.1371/journal.pone.0240260.t001

Fig 1. Components of urban smartness (Note: author’s elaboration on the based [21, 25]).

https://doi.org/10.1371/journal.pone.0240260.g001
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health, recreation, safety, shelter, solid water, telecommunication & innovation, transporta-

tion, urban planning, wastewater, water & sanitation. Urban leaders can effectively manage

and plan the sustainability of their cities [27, 28]. Moreover, Fox [29] introduces the Global

City Indicator Ontology which it addresses the problem of how city indicators and their sup-

porting data are to be published on the Semantic Web.

Arroyo-Caňada and Gil-Lafuente [30] suggest that there are significant differences between

western and eastern European cities. Additionally Western European cities, particularly those

in the Nordic countries, are the best positioned to attract creative IT designers. Researchers

explored fuzzy subsets which composed of 29 factors related to the economy, people, gover-

nance, mobility, environment, quality of life. The study focuses on 71 European cities using

hierarchical cluster analysis. Similarly, Akande et al. [31] note that Nordic cities and cities in

Western Europe perform better scores than cities in Eastern Europe. Berlin and other Nordic

capital cities lead the ranking, while Sofia and Bucharest obtained the lowest rank scores. Fur-

thermore Maltese et al. [32] investigated the relation between smartness and energy dimension

concerning renewable energy, energy consumption and energy policy. The study refers 103

Italian NUTS3 province capitals using cluster analysis. Researchers identified four cluster

labelled competitive cities e.g. Roma, Milano, specializing cities e.g. Palermo, Catania, attrac-

tive cities e.g. Bologna, Verona and liveable cities e.g. Rimini, Como. Papa et al. [33] examined

13 Italian metropolitan cities between 2006 and 2014 by using the principal component analy-

sis. Researchers suggest that northern cities perform better than southern cities in reducing

private transport and increasing the share of sustainable modes of transport such as public

transportation, cycling and car sharing. Besides Alonso et al. [34] carried out the mobility and

environmental evaluation 62 Spanish cities. Researchers claim that the cities better scored are

Valencia, Madrid, Barcelona and Sevilla. Jolliffe and Cadima described some variants of prin-

cipal component analysis and their application [35].

Materials and methods

The test procedure consists of several successive stages: (I) date work (selection of urban sus-

tainability indicators and European cities with ISO37120 standard from the WCCD database;

computation of basic statistics; standardization of variables); (II) clustering (estimation of the

number of principal factors based on the Kaiser criterion; determining the eigenvalues of the

correlation matrix; calculation of the eigenvectors of the correlation matrix; rotation selection;

identifying the values of the factor loadings after equamax rotation; calculation of factor scores;

for objects; drawing the variables configuration in the two factors space; drawing the objects

configuration in the two factors space; determining the clusters number from the agglomera-

tion chart; grouping of cities on the basis of cluster analysis for Ward agglomeration with the

Euclidean distance from the link tree diagram; characterization of each cluster based on the k-

means analysis from the mean variable graph); (III) results analysis—finding recommenda-

tions. The most important stages of the research procedure were visualized in the Fig 2.

The selection of urban smartness indicators is a huge challenge because this issue is

approached in the scientific literature, international strategic documents and reports of various

organizations in so many different ways. Indicators from the ISO 37120 standard were used in

the conducted study. The choice of indicators (structure or intensity) was motivate by sugges-

tions from Transforming our World: The 2030 Agenda for Sustainable Development [36]. The

availability of statistical data at the city level becomes the second criterion. Empirical materials

within this study were based on currently available statistical data listed by the World Council

on City Data between 2014 and 2017. There are 100 indicators of urban service and life quality

(46 basic and 54 additional) for 54 cities. The research facilities were selected from the list of
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cities with the ISO 37120 standard (www.open.dataforcities.org). The following analysis

includes only European cities. Table 2 presents the general overview of the analyzed cities.

The selection of analyzed cities was carried out using three criteria: (i) spatial coverage con-

cerns Europe; (ii) possession of an ISO 37120 certificate at the platinum level; (iii) all manda-

tory indicators identified. Fig 3 shows the location of the analyzed cities.

The selection of diagnostic variables to assess sustainable urban development included sev-

eral stages. It was checked whether the variables fulfill the formal criteria in terms of measur-

ability, completeness and comparability. Regarding statistical premises, the set of variables

eliminated those for which the coefficient of variation was below 10%. A further reduction of

the variables related to excessive correlation with the analysis of the matrix of coefficients used

Pearson correlations. It allowed the identification of diagnostic features that were excessively

correlated, which should be removed from further research. Finally, the following indicators

were selected for analysis: a share of city’s unemployment, a ratio of primary education student

to teacher, a amount of fine particulate matter (PM2,5) concentration, a number of firefighters

per 100,000 population, a number of total collected municipal solid waste per capita, a number

of green area per 100,000 population.

The evaluation of sustainable development is very complex due to the wide range of factors.

Assessment of urban sustainability requires the determination of a set of indicators character-

izing key aspects in three dimensions economic (X1), social (X2, X4) and environmental (X3,

X5, X6) as well as an indication of their importance for sustainable development. The research

was carried out using STATISTICA version 13.1 program and EXCEL. Table 3 presents the

list of analyzed cities with the characteristics of sustainability.

The factor analysis was developed by C. Spearman in 1904 [37]. It is a popular multivariate

method used for data reduction purpose. The basic idea is to represent a set of variables by a

smaller number of factors. The variables used in factor analysis should be linearly related to

each other. This can be checked by looking at scatterplots of pairs of variables.

Thus, the factor analysis model can be expressed using the following formula:

Xi ¼ ai1F1 þ ai2F2 þ � � � þ aimFm þ ei ð1Þ

where: X1,X2,. . .,Xp—p variables, then variable i can be written as a linear combination of m
factors F1,F2,. . .,Fm, m<p;

ai—the factor loadings for variable i;
ei—the part of variable Xi.

Fig 2. The research design (Note: author’s elaboration).

https://doi.org/10.1371/journal.pone.0240260.g002
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The cluster analysis, derived from the modeling classification, was developed by R.C. Tryon

in 1939 [38]. It is a popular a method of grouping a set of objects in such a way that objects in

the same group are more similar to each other than to those in other groups. The cluster analy-

sis refers to data mining and machine learning. Grouping is strictly conditioned by the data

source and the expected form of results. The cluster analysis algorithms are divided into two

basic categories of hierarchical and non-hierarchical methods. Agglomerative procedures cre-

ate a similarity matrix of classified objects, and then in the next steps combine the most similar

objects into clusters. K-means methods consists in pre-dividing the set into a predetermined

number of classes. The most popular distance is the Euclidean metric, which can be calculated

using the following formula:

dðp; qÞ ¼ dðq; pÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðq1 � p1Þ
2
þ ðq2 � p2Þ

2
þ � � � þ ðqn � pnÞ

2

q

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1
ðqi � piÞ

2

q

ð2Þ

where: p = (p1,p2,. . .,pn), q = (q1,q2,. . .,qn) – two points in the Euclidean n-space,

d–the distance from a point p to a point q.

Results

The research began with computing the basic statistics for urban indicators by measuring posi-

tion (arithmetic mean) and variability (standard deviation, variation coefficient, skewness,

kurtosis). The most diverse indicator is number of a green areas, while the least is a ratio of pri-

mary education student to teacher. Table 4 presents information on general statistics for each

indicator. Afterwards indictors were standardized using the following formula:

z ¼
x � �x
SX

ð3Þ

Table 2. The general overview of the analyzed cities.

City Country Year of certification ISO 37120 Population Area [km2] Population density

Amsterdam Netherlands 2014 834,713 164.7 5,065.0

Eindhoven Netherlands 2016 224,788 88.8 2,530.3

Heerlen Netherlands 2016 87,406 45.5 1,944.0

Rotterdam Netherlands 2014 618,357 208.9 2,959.0

The Hague Netherlands 2017 519,988 98.1 5,299.0

Zwolle Netherlands 2017 124,896 119.3 1,046.0

London United Kingdom 2014 8,538,700 1,572.0 5,341.7

Koprivnica Croatia 2016 30,872 90.9 339.0

Zagreb Croatia 2016 790,017 641.3 1,232.5

Aalter Belgium 2017 20,218 81.9 247.0
Gdynia Poland 2017 247,478 135.0 1,831.0

Kielce Poland 2017 197,704 110.0 1,797.3

Barcelona Spain 2014 1,611,822 102.2 15,777.4

Valencia Spain 2015 787,266 137.5 5,849.2

Porto Portugal 2016 214,329 41.4 5,180.5

Sintra Portugal 2017 382,521 319.2 1,198.3

A italic font–a minimum value; a bold font–a maximum value.

Note: author’s elaboration on the based WCCD ISO37120.

https://doi.org/10.1371/journal.pone.0240260.t002

PLOS ONE Assess the urban smartness on the example of selected European cities

PLOS ONE | https://doi.org/10.1371/journal.pone.0240260 December 23, 2020 6 / 17

https://doi.org/10.1371/journal.pone.0240260.t002
https://doi.org/10.1371/journal.pone.0240260


The next stage was to determine the eigenvalues of the correlation matrix (Table 5). The

eigenvalues for a given factor measure the variance in all the variables which is accounted for

by that factor. The ratio of eigenvalues is the ratio of explanatory importance of the factors

with respect to the variables. If a factor has a low eigenvalue, then it is contributing little to the

explanation of variances in the variables and may be ignored as redundant as compared to

more important factors. It reflects the significance of factors in explaining the information of

input variables (percentage in the variability of the data set). The number of factors was deter-

mined using the eigenvalues method greater than 1 (a Kaiser criterion). The decision on the

number of factors can also be made on the basic of the scree criterion. The higher the correla-

tion coefficient of a variable with a factor means the higher the significance of the variable for a

given factor.

There are several ways to conduct factor analysis for instance unweighted least squares, gen-

eralized least squares, maximum likelihood. The interpretability of factors improved through

rotation. There are many different types of rotation, but they try make factors each highly

responsive to a small subset of items. Rotation works through changing the absolute values of

the variables whilst keeping their differential values constant. There are two major categories

Fig 3. The location of the analyzed cities (Note: author’s elaboration).

https://doi.org/10.1371/journal.pone.0240260.g003
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of rotations as orthogonal and oblique. Orthogonal rotations produce uncorrelated factors,

but oblique—correlated factors. Varimax, quartimax and equamax are the variant of orthogo-

nal rotation. The most commonly oblique rotations are Direct Quartimin, Promax and Har-

ris-Kaiser Orthoblique.

The next step of investigation was to determine the values of the factor loadings after equa-

max rotation (Table 6). Each of measures are linearly related to each factors. The strength of

this relationship is contained in the respective factor loading, produced by rotation. This load-

ing is interpreted as a standardized regression coefficient, regressing the factor on the

measure.

Consequently, it was calculated the projection of each observation on each of the factor.

The factor scores gave the location of each observation in the space of the common factors.

Table 7 presents the factor scores for objects.

Table 3. The characteristics of indicators in analyzed cities.

City X1 X2 X3 X4 X5 X6

% - μg/m3 units/ 100,000 t/capita hectares/100,000

Amsterdam 7.6 16.7 13.6 61.2 0.37 595.4

Eindhoven 8.3 17.5 15.1 38.0 0.50 869.0

Heerlen 8.6 19.3 15.2 37.4 0.56 995.0

Rotterdam 12.6 14.7 14.9 34.6 0.43 652.0

The Hague 8,8 16.7 11.9 98.3 0.49 472.0

Zwolle 7.0 19.5 10.4 32.0 0.54 886,0

London 7.2 18.9 14.6 63.8 0.42 338.9

Koprivnica 10.4 13.0 15.5 220.3 0.29 140.0

Zagreb 9.6 11.5 21.0 46.1 0.39 83.9

Aalter 3.3 18.2 12.2 9.9 0.13 4,465.8

Gdynia 4.9 13.2 13.5 130.0 0.36 347.4

Kielce 7,7 12.2 20.7 102.7 0.33 464.9

Barcelona 17.0 22.7 15.3 36.1 0.45 180.6

Valencia 21.7 21.4 12.0 36.2 0.39 46.9
Porto 17.6 13.1 5.1 99.8 0.63 133.2

Sintra 6.3 12.4 12.2 43.1 0.40 192.1

A italic font–a minimum value; a bold font–a maximum value

(X1) a share of city’s unemployment; (X2) a ratio of primary education student to teacher; (X3) a amount of fine particulate matter (PM2,5) concentration; (X4) a

number of firefighters per 100,000 population; (X5) a number of total collected municipal solid waste per capita; (X6) a number of green areas per 100,000 population.

Note: author’s elaboration on the based WCCD ISO37120.

https://doi.org/10.1371/journal.pone.0240260.t003

Table 4. The basic statistics of indicators.

M Min Max S V A K
X1 9.92 3.33 Aalter 21.70 Valencia 4.96 49.98 1.206090 0.94073

X2 16.32 11.52 Zagreb 22.71 Barcelona 3.53 21.65 0.230733 -1.16097

X3 13.95 5.10 Porto 21.00 Zagreb 3.74 26.82 -0.131652 1.86634

X4 68.09 9.87 Aalter 220.26 Koprivnica 52.26 76.75 1.831362 3.94211

X5 0.42 0.13 Aalter 0.63 Porto 0.12 28.12 -0.558799 1.47621

X6 678.94 46.92 Valencia 4,465.80 Aalter 1,054.14 155.26 3.462621 12.93413

M—arithmetic mean; Min—minimum value; Max—maximum value; S—standard deviation; V—coefficient of variation; A—skewness; K- kurtosis.

Note: author’s elaboration on the basis of STATISTICA 13.1.

https://doi.org/10.1371/journal.pone.0240260.t004
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The Fig 4 shows graphically the dependence between input variables and the obtained

factors.

The next step of the study involved the identification of outliers based on the configuration

of objects in the space of the two factors space. The Fig 5 presents the graphic location of cities

in the two factors space.

The next step involved the cluster analysis. Grouping was carried out using agglomeration

and k-means methods. In the agglomeration analysis, the Ward method was selected, in which

the Euclidean distance was used to compare cities. The agglomeration graph presents informa-

tion about the binding distance relative to the binding steps. The objects clusters have been

identified in the dendrogram—sopel chart (Fig 6). Groups of objects were characterized by the

k-means cluster analysis. The graph of variables’ average values in individual clusters contains

information about the best and the worst cluster of cities (Fig 7).

Table 8 presents the assessment of the level of sustainable and smart development based on

the average values of indicators for individual city clusters.

Discussion

The considerations, carried out in the manuscript, allowed to state that the smart city concept

is implemented using sustainability in economic, social and environmental aspects. The appli-

cation of the factor analysis presented relationships between indicators characterizing sustain-

ability in selected European cities. The evaluation of the implementation of sustainability

using cluster methods has allowed to identify similar cities.

In the case being analyzed, the impact of input indicators on the sustainability of cities was

described through the first two factors (Table 5). The two factors contain 77.13% of the vari-

ability of input variables. The first factor transfers 42.57% of the information contained in the

input variables. The second factor explains 34.56% of the variability of the input data.

Table 5. The eigenvalues of the correlation matrix.

Value number Eigenvalues Variance [%] Cumulative eigenvalues Cumulative Variance [%]

1 1.844699 42.56670 1.844699 42.56670

2 1.497700 34.55966 3.342399 77.12636

3 0.588016 13.56855 3.930414 90.69490

4 0.393098 9.07080 4.323512 99.76570

5 0.005189 0.11973 4.328701 99.88543

6 0.004965 0.11457 4.333666 100.00000

Note: author’s elaboration on the basis of STATISTICA 13.1.

https://doi.org/10.1371/journal.pone.0240260.t005

Table 6. The values of the factor loadings after equamax rotation.

Variables Factor 1 Factor 2

X1 -0.624872 0.024753

X2 -0.480099 0.885440

X3 0.282024 -0.067826

X4 0.092310 -0.510658

X5 -0.728974 0.014362

X6 0.647019 0.855507

Note: author’s elaboration on the basis of STATISTICA 13.1.

https://doi.org/10.1371/journal.pone.0240260.t006
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The first factor consists of positively correlated variables (Table 6) with a green area (X6) as

well as those that are negatively correlated: a total collected municipal solid waste (X5) and a

city’s unemployment (X1). The above correlations testify to the association of high values of

variables X5, X1 with low value of the number of firefighters (X4) and accordingly, with the

increase of the latter the former decrease. The second factor consists of positively correlated

variables with a ratio of primary education student to teacher (X2) and a green area (X6) as

well as also negatively with a responsible for number of firefighters (X4).

In the analyzed example, most of the information contained in input variables is transferred

by the factors (Fig 4). The strong correlation (two variables next to each other) occurs between

a city’s unemployment (X1) and a collected municipal solid waste (X5). The lack of correlation

is between a fine particulate matter concentration (X3) and a green area (X6) or a collected

municipal solid waste (X5) and a ratio of primary education student to teacher (X2). The nega-

tively correlated is between a number of firefighters (X4) related to a ratio of primary education

student to teacher (X2).

The position of cities shows the graph of objects’ configuration in the two factors space (Fig

5). Aalter (cluster 3) is outlying city because of the high level of socio-economic development.

Table 7. The factor scores for objects.

Amsterdam Eindhoven Heerlen Rotterdam Hague Zwolle London Koprivnica Zagreb Aalter Gdynia Kielce Barcelona Valencia Porto Sintra

Factor 1 -0.00085 -0.19009 -0.49659 0.18155 -0.37554 -0.71328 -0.53364 0.57077 0.65316 2.54653 0.45071 0.94909 -1.34059 -1.28439 -0.67674 0.25989

Factor 2 -0.93388 1.08908 2.29738 -0.21264 0.23991 0.66529 -0.26491 -0.54089 -1.06215 2.59781 -1.56048 -0.34347 1.22611 -0.11400 -0.31370 -2.76948

Note: author’s elaboration on the basis of STATISTICA 13.1.

https://doi.org/10.1371/journal.pone.0240260.t007

Fig 4. The variables configuration in the two factors space (Note: author’s elaboration on the basis of STATISTICA 13.1).

https://doi.org/10.1371/journal.pone.0240260.g004
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Koprivnica (cluster 1) and Porto (cluster 4) are distinctive from the other cities. The results of

grouping cities by methods of the cluster analysis (Fig 6) and the factor analysis (Fig 5) are

identical.

The level identifying the cluster number at 13th step corresponds to 6 binding distances On

the basis of the agglomeration graph,. The four clusters of cities were identified on the dendro-

gram (Fig 6). The urban indicators were characterized using the k-means analysis. The graph

of variables’ average values in particular clusters presents information about the best and the

worst group of cities. The fourth cluster is the weakest set of cities, but the third cluster is the

best set of cities.

The clusters’ characteristics were prepared based on the k-means analysis (Fig 7).

The cluster 2 is the most numerous group. It consists of eight cities (Amsterdam, Eindho-

ven, Heerlen London, Rotterdam, Sintra, The Hague, Zwolle). The number of a green areas is

higher (625.05 hectares/100,000), and the remaining indicators’ average values have an

medium value.

The cluster 3 is the least numerous group with an isolated Aalter. The value of a green areas

is the highest (4,465.8 hectares/100,000) as well as a unemployment (3.3%), the number of fire-

fighters (9.9 units/100,000) and the amount of collected municipal solid waste (0.13 t/capita)

are the lowest.

The cluster 4 consists of three cities (Barcelona, Porto, Valencia). The value of a unemploy-

ment (18.8%), the ratio of primary education students to teachers (19.1) and the amount of

collected municipal solid waste (0.49 t/capita) are the highest. The amount of fine particulate

matter concentration (10.8 μg/m3) and a green areas (120.24 hectares/100,000) are the lowest.

Finally, cluster 1 includes four cities (Gdynia, Kielce, Koprivnica, Zagreb). The amount of

fine particulate matter concentration (17.7 μg/m3) and the number of firefighters (124.8 units/

Fig 5. The objects configuration in the two factors space (Note: author’s elaboration on the basis of STATISTICA 13.1).

https://doi.org/10.1371/journal.pone.0240260.g005
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100,000) are the highest. The ratio of primary education student to teacher (12.5) is the lowest.

Table 9 shows the assessment of urban smartness.

If we look at scientific literature, the factor analysis is rarely used to study the diversity of

indicators of sustainability in cities. Salvati [39] applied this method to identify factors shaping

land consumption in 155 European cities. The Northern European and United Kingdom cities

had the lowest level of land consumption. Furthermore Yan et al. [40] assessed the perfor-

mance of urban sustainability in Chinese cities based on natural resource input (water, energy,

land) and human welfare (safety, health, basic material for good life, freedom of choice, free-

dom of action) using data envelopment analysis. An interesting investigation was conducted

by Gonzalez-Garcia [41]. Spanish cities evaluated on the basis of ratio of people at risk of pov-

erty and social exclusion, the unemployment rate, criminology ratio, educational places, edu-

cation level, net disposable income as well as an environmental endpoint.

Conclusions

This paper indicates the possibility of using a certain methodology to study the urban smart-

ness. The smart city is rapidly becoming a key success factor for contemporary urban world.

The importance of the smart city concept has increased along with the development of the

Fig 6. The dendrogram and clusters (Note: author’s elaboration on the basis of STATISTICA 13.1).

https://doi.org/10.1371/journal.pone.0240260.g006
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globalization process. Given these facts, the paper aim was to assess of the urban smartness of

selected European cities. The presentation of the unique quantitative research related to this

topic can be regarded as evidence of the originality of the manuscript. Using the analysis of

selected European cities data, the findings brought diversified results, allowing to answer the

research questions. This study contributes to the knowledge base in several ways. Firstly,

thought this research adopts a single-continent approach, analyzing smart cities in Europe

Fig 7. The graph of variables’ average values in clusters (Note: author’s elaboration on the basis of STATISTICA 13.1).

https://doi.org/10.1371/journal.pone.0240260.g007

Table 8. The indicators’ average value in individual clusters.

The

cluster

Cities X1 X2 X3 X4 X5 X6

Cluster 1 Gdynia, Kielce, Koprivnica, Zagreb 8.1 12.5 17.7 124.8 0.34 259.05

Cluster 2 Amsterdam, Eindhoven, Heerlen London, Rotterdam,

Sintra, The Hague, Zwolle

8.3 17.0 13.5 51.1 0.47 625.05

Cluster 3 Aalter 3.3 18.2 12.2 9.9 0.13 4,465.8

Cluster 4 Barcelona, Porto, Valencia 18.8 19.1 10.8 57.4 0.49 120.24

A italic font–a minimum value; a bold font–a maximum value.

Note: author’s elaboration on the basis of STATISTICA 13.1.

https://doi.org/10.1371/journal.pone.0240260.t008
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gives the opportunity to compare the results with other continents. Secondly, given the grow-

ing role of the smart city concept, it is expected that many decision makers would have to take

this growing trend into account if they wish to help achieve sustainability in urban develop-

ment. The result of this study can offer guidance for city managers willing to obtain benefits

from the implication of the smart city concept. This study had several limitations, the most

important of which was the analysis of only a few variables and selected cities.

In this study cluster analysis and factor analysis were used to identify significantly variables

related to sustainability of selected European cities with the implemented ISO 37120 standard.

The method allows replacing the input set of correlated features with a small number of uncor-

related factor which are linear combinations of variables. Two of the extracting factors explain

nearly 77% the variability of input data. The first factor justifies 43% of the variability of input

data. The second factor explains almost 34% of the variability of data. It can be concluded that

the factor analysis is useful in reducing the dimensionality of variables in the description of the

problem under considered. The first factor mainly contains the a green area (X6), but the sec-

ond factor—a ratio of primary education student to teacher (X2). The strong correlation occurs

between the city’s unemployment (X1) and the collected municipal solid waste (X5). Aalter,

Koprivnica and Porto are distinctive from the other cities. The cluster analysis allowed to iden-

tify and characterize four groups of similar cities. The fourth cluster (Barcelona, Porto, Valen-

cia) is the weakest set of cities, but the third cluster (only Aalter) is the best set of cities. The

results of grouping cities by methods of the cluster analysis and the factor analysis are identical.

The conducted research shows that the analysed cities present a huge diversity of the sustain-

ability level.

This ranking is intended to attract attention and induce competition between cities. The

city managers can see in the objective state of the extent in which they are perceived as smart

and sustainable, but also are able to identify the points in which to improve their sustainability.

The proposed test procedure can be used to assess the sustainability level of other European

and non-European cities.

Aalter (cluster 3) has the highest level of urban smartness because of the environmental and

the economic pillars of sustainability. The main pillar of sustainability is social in the cluster 1.

The cluster 4 presents the low urban smartness because of the environmental and the eco-

nomic pillars of sustainability.

The paper fills the gap in the editorial market by reviewing issues related to urban smartness

through the use of extensive literature. Another advantage of the article is the application of an

original cluster and factor analysis methods to assess the indicators of cities in the area of

urban smartness. The further research could be conducted through direct interviews with city

managers and players in order to understand their attitude towards the development of smart

city projects. However, the research carried out in this manuscript does not fully cover the

Table 9. Assessment of urban smartness.

The cluster The main pillars of smart cities The level of urban smartness

Economic Social Environmental

Cluster 1 +/- ++ +/- Average smartness

Cluster 2 + + + Higher smartness

Cluster 3 ++ +/- ++ The highest smartness

Cluster 4 - + - Low smartness

(++) strong relation; (+) positive relation; (+/-) neutral relation; (-) negative relation.

Note: author’s elaboration.

https://doi.org/10.1371/journal.pone.0240260.t009
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extensive research topic. Interesting research on the future of urban smartness should include

following issues: (i) operationalization of urban smartness measurement; (ii) determinants of

the level of urban smartness depending on the size and type of urban units; (iii) conceptualiza-

tion of the urban smartness model; (iv) using e-Planning tools to build a smart city strategy.
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