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Abstract: Nowadays, the globally accepted UN concept of sustainable development (SD) is gradually
transferred to the city level, including small and medium-sized cities. The implementation of SD
settings requires regular measurement of developmental progress to monitor the level achieved in
statics and dynamics, and to make strategic decisions for the next period. The existing urban SD
indicator systems and indices are not well-suited for the monitoring of specific cities. Benchmarking
algorithms and mathematical modelling procedures were applied to create a methodology and
mathematical model for measuring the achieved urban SD level and to ensure the most objective
selection and proportions of key performance indicators (KPIs) to be included in the model. The
model (1) complies with the UN concept, (2) is usable for any EU city, (3) reflects the level of
quality of life achieved, and (4) includes a limited number of KPIs related to municipal functionality.
Mathematical computation of the (1) causality between the KPIs, (2) selection and proportions of KPIs,
and (3) the general level of urban SD, as well as the reasonable combination of universality, accuracy,
stability, and simplicity are strong advantages of the model. Using the published mathematical
expressions of the model, calculation of the SD level does not require specific skills; the performed
stability test also confirms that annual calibration of the model is not necessary. The index will
help municipalities in planning and managing SD, and in the rational use of their usually limited
resources. As a pilot project, SD level values are calculated for several cities.

Keywords: Agenda 2030; sustainable urban development; measuring development; local governance;
benchmarking modelling; key performance indicators

1. Introduction

The concept of sustainable development (SD) was institutionalized by the UN as the
core of global development in the 21st century [1]. It was noted from the very beginning that
limiting it to “environmental issues only would have been a grave mistake. The environment
does not exist as a sphere separate from human actions, ambitions, and needs” [2]. The
concept is based on three independent and mutually reinforcing pillars—economic, social, and
environmental. As an elaboration of the global development program “Agenda 2030” [3],
the concept has been expanded by setting 17 Sustainable Development Goals (SDGs) and
169 targets for the period up to 2030.

Knowledge, which is certainly the main resource of SD, has a necessity and ten-
dency to concentrate; it supports existing knowledge to create and attract new knowledge:
“knowledge, professional skills, creativity and technological inventions have never been
evenly distributed in space” [4]. A knowledge-based SD process has become a catalyst for
worldwide urbanization; more and more knowledge and economic and social resources
and activities are concentrated in cities, including small and medium-sized cities (see,
e.g., [5]). “The 19th century was a century of empires. The 20th century was a century of
nation states. The 21st century will be a century of cities” [6]. The concept of SD, both the
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benefits and the problems, is actually transferred at the city level: “In the 21st century cities
are at the centre of all key demographic, environmental and socio-economic trends” [7].

The implementation of SD settings requires regular measurement of developmental
progress to monitor the achieved level in statics and dynamics, as well as to make strategic
decisions for the next period. In order to reflect the situation in various aspects, the UN
SDG recommendations offer 242 narrow-profile indicators; numerical values of 100 SD
indicators are available in the most comprehensive Eurostat database.

However, direct measurement of many individual indicators cannot show the overall
progress of the multi-dimensional SD program due to complicated crosslinks, and the
integrity and interplay of dimensions. To assess the progress of SD, a composite index
is needed that covers all dimensions: “Indicators corresponding to the future SDGs are
most important for monitoring future progress, but they will need to be complemented by
composite indices of sustainable development progress” [8].

Experts are working on the perfection of a methodological basis for measuring urban
SD (e.g., [9,10]); a number of indicator systems and integrated indices have been created
to assess urban SD (see, e.g., [11-14]). However, the published methodologies for indices
calculation are too general, incomplete, unspecified, and non-transparent (as opposed to,
e.g., the available HDI methodology [15]); it is cumbersome to analyze and systematize the
proposed models, and there is not enough information to repeat the calculations.

The set goals are generally quite similar, relatively close to an increase in the quality of
life in the long run (e.g., [16]), although they are defined differently, such as a sustainable
city (e.g., [17-27]), competitive city (e.g., [28-33]), liveable city (e.g., [34,35]), green city/eco-
city (e.g., [36-38]), or smart city (e.g., [38—44]), while emphasizing the priority of knowledge
(e.g., [45-47]) or ICT (e.g., [48,49]) in some proposals. Narrow-profile tools are also available
for use in a specific branch (e.g., [50-55]) or country/city (e.g., [56-59]).

Unfortunately, the proposed indices and the methodologies of their creation are
not very suitable for municipalities for data-driven planning and implementing SD in
specific cities.

e The selected sets of indicators are as follows:

1.  They are selected voluntarily in all proposals; it is not justified whether these
choices are the best possible;

2. They do not fully conform to the globally accepted UN SD paradigm and SDGs,
and the obtained indices cannot be compliant with the UN SD vision; only
indicator sets in the proposals [17,27] adequately reflect the UN concept; some
confusion is caused by the fact that even in the last version of UN-Habitat
(2019-2020) [26], SDGs are mentioned but not used,;

3. Allindicator sets contain a huge number of indicators (tens and even hundreds),
which corresponds to an even larger number of action lines to be performed;
the municipalities also do not have sufficient capacity and resources for their
simultaneous implementation;

4. They contain indicators which do not relate to the functionality of municipal-
ities, including national (e.g., e-government development index [19], level of
censorship [31]), business (e.g., patent applications to the EPO [42], on-time
flight departures [24]), and even geographical (e.g., natural catastrophe exposure,
including drought, earthquake and extreme temperature [18]) indicators; the
municipality cannot influence such indicators; in addition, some of them directly
depend on the size of the city (e.g., length of the bicycle network [50]);

5. They contain indicators specific to megacities only (e.g., university appearances
in rankings [17], world’s top 500 companies located [29]); such indicators are not
applicable even for relatively large cities.

e  The calculated complex indices are as follows:
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1.  Only a few methodologies use mathematical algorithms to determine indicator
proportions [21,22,42,56,57]; in other indices, the proportions of the indicators
(weighting) are chosen voluntarily, and the proportions are not justified;

2. Only methodologies containing the use of mathematical algorithms are taking
mutual relationships into account, as well as the interplay of the parameters and
developmental dimensions; this has not been done in the creation of other indices;

3. The key performance indicators (KPIs) are not defined in any proposal; the
municipalities have no recommendations for priority action lines.

The indices are practically unusable for municipalities to perform calculations on
their cities.

The COVID-19 pandemic has significantly damaged urban development: “The overall
global average liveability score has fallen by seven points” [35]. The follow-up long
recovery period significantly increases the importance of sustainability in global, national,
and city policy-making, in both the short and long term. While the pandemic is still
continuing, there is a risk that the long-term SD trend will not be supported by short-term
post-COVID recovery activities.

The aim of the study is to develop a mathematical model of city SD, a methodology for
calculating the achieved level of SD, and the corresponding city sustainable development
index (CSDI), which meet the following criteria:

e  They are usable for any EU city, including small and medium-sized ones:

1.  They correspond to the functionality of the city municipality regulation and
administration in sectors of local government autonomous functions and del-
egated public administration tasks, provision of services that are financed or
co-financed by the budget and paid services, maintenance and development of
public infrastructure, promotion of the civil society, and business development;

2. The municipality of a small city can also manage and improve performance
results.

They reflect the level of the city’s inhabitants” quality of life;

They are consistent with the UN SD’s vision;

They include a limited number of key performance indicators;

They ensure the most objective selection and proportions of KPIs in the model.

The methodology of the CSDI development is described in Section 2. Section 3 is
devoted to the linear and non-linear modelling processes. Section 4 discusses the results
obtained, and Section 5 presents conclusions and recommendations for introducing the
CSDI in practice for civil servants, experts, and politicians.

2. Methodology
2.1. Data Mining Algorithms as a Research Tool

Today, there is no direct theoretical calculation’s possibility for the SD model function
and the subsequent measurement of SD progress. Therefore, to achieve the aim, adapted
data-mining methods were used, which are well-suited to discover and generate knowledge
about the existing regularities in various data sets. Algorithms of regression analysis and
benchmarking were applied to explore cause-and-effect relationships, to identify the best-
performing leaders, and to determine how those that are currently less successful and
lagging behind could progress faster. The authors’ previous experiences in using modelling
procedures to simulate various socio-economic processes confirms the perspective of such
an approach [60,61].

Benchmarking modelling means searching for a mathematical model based on ob-
servations of specific cases (see, e.g., [62]). For our task, the modelling determined the
relationships between the indicators, which describe some aspects of SD as independent
(input) variables (predictors), and some SD indicator that is fully compliant with the UN
settings as the dependent (target) variable; its increased value reflects the progress achieved.
If the impact of external factors on all cases is similar, benchmarking provides a compara-
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tive assessment of the SD level; in this way, we determined the impact of various indicators
on the SD level and extracted the most significant ones (KPIs), reducing a large number
of predictors.

These algorithms can be applied using complete data sets that are already known;
unfortunately, they are not available at the urban level. To overcome this shortcoming, we
had to use a detour for the computations, basing the benchmarking modelling on statistical
data at the EU27 country level, because of the homogeneous environment with EU cities.
The available EU27-level data sets include a lot of indicators on countries of different sizes
with different populations, including relatively small countries with small populations
(e.g., Luxembourg, Malta). There are indicators that are neutral in relation to the size of
the area covered (e.g., percentage of the total population, enterprises, area). The linking of
indicators to specific countries may be in no way defined and/or used in the development
of the mathematical model. In general, this means that the mathematical expression found
can also be used to estimate the SD of cities.

2.2. Choice of Dependent Variable

The dependent (target) variable for the data mining should be fully consistent with
the SD vision of Agenda 2030 and politically accepted by the UN globally, with the balance
and integrity of economic, social, and environmental dimensions. We considered that the
UN expertise and political authority formed an adequate basis that must be fully respected
when developing such a variable. A suitable tool, the Advanced Human Development
Index (AHDI), was created by supplementing the globally accepted Human Development
Index (HDI) with the multidimensional Environmental Performance Index (EPI) according
to the Agenda 2030 vision [63]; the methodology for elaborating it ensures the necessary
consistency. We used the AHDI as the target variable for modelling.

2.3. Selection of Independent Variables

Direct transfer of global headline indicators (independent variables of the AHDI) to
the urban level is neither possible nor targeted, as they cover national economic, regulatory,
and other aspects that are determined and widely used at a high political level. They
cannot be defined at the level of an individual city (e.g., gross national income, purchasing
power standard, schooling years), and a municipality cannot influence them with activities,
the results of which would be disclosed and evaluated. For the motivated development of a
city, the input data set should include indicators related, at least in part, to the competence
of the municipality, enabling its activities to improve the overall SD level (see also [64]).

In fact, the set of SDGs already detail the UN’s understanding of the SD format, while
related indicators show progress towards the achievement of a concrete SDG target as the
result of performed activities. This means that the selected indicators should correspond to
one (or several) SDGs in order to maintain compliance with the UN vision.

There is a stand-alone goal SDG11 in Agenda 2030 [3] related to cities and urban
development. Several of its targets related to housing, basic public services, healthcare,
and pollution are more detailed in SDG3, SDG5, SDG6, SDG7, SDG12, SDG13, and SDG15.
There is also recognition of the cross-cutting nature of urban issues, which are interlinked
“with a number of other SDGs, including SDG6, SDG7, SDGS, SDGY, SDG12, SDG15, and
SDG17 among others” [7]. We also considered SDG4 (quality education) and SDG16 (peace,
justice and strong institutions) as important for the urban level.

In turn, we did not include several SDGs as being inconsistent with the functionality
of municipalities in the study:

SDG14 does not correspond to the city level;
Poverty and hunger (SDG1, SDG2), as understood by the UN, are not relevant in
the EU27;

e The key target of SDG10 (reducing inequality) is achievable only as a result of na-
tional political settings and decisions—minimum income level, minimum wage level,
distribution of benefits through the tax system, and so forth.
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Thus, 13 of 17 SDGs relate fully or partly to the functionality of the city council and
municipality. This means that the municipality should work simultaneously on many
different action lines to achieve progress in SD. It is absolutely clear that no municipality
can perform all of them, even partly, due to both insufficient capacity and resources to
cover the whole very wide spectrum, and the inability to invest simultaneously in all
action lines. Prioritizing the action lines is an essential, sometimes even critical factor for
many municipalities.

To obtain relatively abundant data sets at the EU27 country level, we used not only
statistical data from Eurostat as independent variables for data mining and modelling,
but also data from other databases: the Organisation for Economic Cooperation and
Development, the World Bank, the Council of European Municipalities and Regions, the
Digital Agenda Scoreboard, the European Innovation Scoreboard, and the Eurobarometer.
These data are processed according to unified methodologies and regularly updated; their
quality is sufficient for modelling.

2.4. Determination of Research Plan

The methodological principles described above show that several sequential steps
were required to create the model (Figure 1).

Independent variables,
related to the SDGs and to the

functionality of the city municipality, Analysis of Values of the KPIs,
EU27 countries the linear model city
“SHDI Target variable Selected KPIs, § Proportions of the KPIs, B
. N N . N SD level, city
} AHDI appropriate action lines city SD index
EPI
~ | | |
HDI mea; rement : I
u Modelling methodology Calculation

methodology | |
1

[ | [

Adding nonlinearities,

variable compliant wirh final model (AHDIm)

the UN vision

\
|
Elaboration of the target ‘
| linear model (AHDIm1)

\ \
| |
Computing relationships, ‘ ‘ . .
| | Pilot project

Figure 1. Creation of SD model; methodology. Developed by authors.

The modelled AHDI (AHDIm) was defined as a multi-parameter function (f) of the
set (IT) of n KPIs (pn):
AHDIm = f(IT) = f {p1, p2, - .- , Pn}- 1)

The KPIs in the modelling process were computed from the gathered broad set of
indicators. To achieve objective selection of the KPIs, as many quantitative indicators
(related to the municipalities) as were accessible were selected and tested for each SDG
(49 indicators in total, see Appendix A). The achieved level of compliance of the model’s
target values AHDIm to the real values AHDI (mutual correlation) served as a quality
criterion in the modelling procedure. The determination coefficient R?> was used as the unit
of correlation during the modelling.

The KPIs found for EU countries will be no different from those for EU cities, due
to defined principles for selecting indicators and an analogue SD treatment. The found
mathematical expression of the AHDIm (with respect to the specific weights of the KPIs as
well) can be transposed at the urban level and used for calculating the CSDI with respect
to the SD level of the city.

3. Modelling Process
3.1. Linear Modelling
The choice of the optimal modelling algorithm tools was determined by the require-

ments set by the task to be solved: (1) the mode and tool of modelling should allow easy
repeatability of the modelling if data and/or indicators change, and (2) the model should
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be implementable, recalculable and adaptable to a specific city by a person with mediocre
programming skills.

We started modelling by using the linear regression algorithm, because (1) it is mathe-
matically the simplest method, (2) there is a simple and clear interpretation of the model,
and (3) general knowledge in mathematics and programming is sufficient for model com-
putation. Initial ad hoc experiments with creating a linear regression model showed good
results, so it was decided to use linear modelling. Post-modelling analysis will show the
need for and purposefulness of non-linearities to obtain stronger causal relationships.

By the linear algorithm, the benchmarking model (1) was expanded into a linear
mathematical expression:

AHDImM1 =« +31 X p; + B2 X Py + - -+ B X P, 2)

where « is the intercept and 3, is the modelled proportion of KPI p,, in the linear model
AHDIm1.

Several general and specialized programming languages are suitable for our task.
Among them is the R language, which is specialized for data analysis; it has a number of
advantages that are important to our study: (1) open access to the most popular operating
systems; (2) a qualitative connected open integrated development environment (IDE)
RStudio; (3) an interpretation mode that speeds up program development; (4) many
open access external libraries for data analysis and display, and (5) simple and easy-to-
learn syntax.

R allows for interactive execution of commands on the fly and an immediate display
of the result; this speeds up the ad hoc analysis of data. It is possible to create complex
data analysis programs. RStudio is a user-friendly environment for development that
allows users to interact with, as well as develop and operate complex applications. For
these reasons, we chose to use the well-developed R and the associated RStudio for data
analysis and modelling. The general algorithms and standard software package needed to
be adapted and supplemented to perform our specific tasks.

The gathered indicators should associate with one of the 13 SDGs related to city-
level performance. To achieve the most objective mathematical selection of KPIs by the
modelling process, as many quantitative indicators as were accessible were gathered (see
the full list of indicators in Appendix A). Thirteen separate groups of indicators related to
one of the SDGs were created; each group of SDGx consisted of a series of indicators (INx
indicators Gx.Kx, see Figure 2) that were used for modelling as independent variables.

SDG3 SDGx —-—- SDG17
G3.1;...G3.K3...G3.N3 Gx.1;...Gx.Kx...GX.Nx — — ~ |G17.1,...G17.K17...G17.N17

~

[t} & 5

o

‘ Modelling procedures (1.7M in total) 1
- x =~
-k ~~_
- - n =~ -
—~ ~ -
- 4 ~
IS P - [

<_Mathematical expression > < Matt ical expression > < Mathematical expression ~>

y

Compatibility test Compatibility test Compatibility test
P Veu ~ %
» ~
P - - . ~
<Mathematical expression1 > — — - Mathematical expression 232 >

‘ Determination of statistically significant indicators (15 indicators) J

‘ Intensitytest(6indicators)J

‘ Individual modelling procedure (6 KPIs) 1

Figure 2. Linear modelling process. Developed by authors.
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To obtain reliable modelling results based on the causal relationships between the P
independent variables and the dependent variable and to exclude individual deviations,
T >> P is required, where T is the number of cases (27 countries in our study). The
stronger this inequality, a more accurate causal relationship (from the point of view of
general causality) can be created. If T < P, we could certainly find several relationships
that perfectly cover all T data points, but without the possibility of further generalization
(which is needed to transfer the results to cities).

On the other hand, according to the UN’s vision of balanced SD, all SDGs should be
evenly represented in the search for KPIs in the modelling process. Together, this means
that only one indicator Gx.Kx from the set of indicators of each SDGx can be used as the
predictor in each modelling procedure (P = 13 in our study, providing T >> P).

Obviously, the highest obtained efficiency of the SD process will be achieved if all
terms in expression (2) are compatible, and the progress of all predictors used had a positive
effect on the progress of the target variable AHDI. To determine such good combinations of
predictors, it was necessary to model all possible combinations in which a single indicator
from each SDGx indicator set was used as the predictor; more than 1.7 million models for
subsequent testing were created in total. Each modelling procedure was supplemented
with a compatibility test to check the mutual compatibility of the specific indicators’ combi-
nations, and 232 “good” combinations were identified; they were analyzed to determine
statistically significant indicators.

Of the 49 indicators, 15 were found to be statistically significant in at least one of
the good combinations, even using a low threshold for evaluating the significance of
predictors: the probability of rejection of the null hypothesis (p-value) was less than 0.1.
These indicators were divided into two drastically different groups by the intensity of their
inclusions in the “good” combinations: 11 indicators were represented fewer than 10 times
each, while for 6 indicators, more than 25 times each (Table 1; indicator numbering from
Appendix A).

Table 1. Key performance indicators.

No Key Performance Indicators

G3.1 Share of people with good or very good perceived health, % of population aged 16 or over
G6.2 Population not having indoor flushing toilet for the sole use, % of population

G7.2 Share of population unable to keep home adequately warm by poverty status, %

Percentage of enterprises who have ERP software package to share information between

9.2 different functional areas (10+ employees)

Gl12.1 Recycling rate of municipal waste, % of generated

G162 Perceived independence of the justice system, % of population perceived as very good or
' fairly good

Using only these six indicators as predictors, we performed an individual modelling
procedure by creating the mathematical expression of the six predictors’ linear model,
AHDIm1 (3):

AHDIm1 = 0.6527891 + 0.0012563 x G3.1 — 0.001596 x G6.2 — 0.0019518 x G7.2+

3
40.0013329 x G9.2 4+ 0.0006729 x G12.1 4 0.0010646 x G16.2 ©)

The modelled linear expression (3) reflects reality with high accuracy. The determi-
nation coefficient R? indicates a very strong correlation between the actual AHDI and
modelled AHDIm1 (Figure 3), while the p-value is extremely low (Table 2). The adjusted
determination coefficient R? adj Shows that more than 90% of variability in the data is ex-
plained by the model. All predictors are of high statistical significance; the small p-values
of the predictors show their decisive role in the model’s regularity. This clearly means
that they are the searched KPlIs; action lines, which lead to progress in these KPIs, can be
recommended to municipalities to increase the sustainability of their cities.
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Figure 3. Regularity of linear model AHDIm1 vs. AHDI. Developed by authors.

Table 2. Numerical characteristics of linear model AHDIm1 and non-linear model AHDIm.

Model R? R2,4 p-Value Max Residual Number of Residuals
adj .
Residual  Standard Error >2.5% 1.5-2.5%
AHDIm1 (3) 0.9421 0.9247 2502 x 10711 0.0258894 0.01472 2 8
AHDIm (8)  0.9638 09622 <22 x 107  0.0197030 0.01042 0 3

3.2. Non-Linear Modelling

Despite the excellent numerical characteristics of the model, a detailed analysis also
shows the possibilities for further improvement. The R diagnostic plot (Figure 4a) shows
that residuals are not quite evenly spread around a horizontal line (especially at high
fitted values). This indicates that the linear model does not fully capture the existing
non-linear causal relationships. Further, the plot (Figure 4b) identifies data point 23, which
sits behind the threshold, the so-called “Cook’s distance”. This data point is not an outlier;
nevertheless, in model (3), it can become influential against general regularity. A reduction
of residuals would also be desirable. Together, these point to a challenge to add some
non-linearity to the model in order to further improve the compliance of the modelled
target variable AHDIm with the actual AHDI. This was done at both the level of individual
predictors and the level of the mathematical expression of the model.

Residuals vs Fitted

Residuals vs Leverage

a) b o
. ° 50 § o 05 230
pay oo o o ° 015
o - o o o 2« -
2 o o © Og 8 o 08 °©
3 _ o e ° T o 08 og
2 5 o e 5 °
i o o o, oo
r o |o °© ° & 7 - o T © 5 Codq
| o 2 o
© o ol
3 | O21 1 & o o o
Q T T T T T T T T T
0.75 0.80 0.85 0.90 00 02 04 06 08
Fitted values Leverage

Figure 4. Residual characteristics of linear model (printout). Developed by authors.

To process the level of predictors, we checked the individual causal relationships
between each predictor and the target variable AHDIL The real impact of each individual
predictor on AHDI is, of course, different from the individual regularity (e.g., due to some
mutual impact of predictors). Nevertheless, the qualitative differences among the six
individual regularities provide some comparative indication. Five of the six regularities
show weaker or stronger proportionality. However, the sixth regularity (G6.2 versus AHDI)
is obviously very far from linear (Figure 5a); this, of course, reduces the quality of the
linear model.
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Figure 5. (a) Regularity G6.2. vs. AHDI and (b) regularity NG6.2 vs. AHDI. Developed by authors.

By means of the RStudio function NLS, we modeled several non-linear functions
to transform the G6.2 data set into a new data set NG6.2, achieving a stronger linear
relationship between NG6.2 and AHDI:

AHDI ~a+b x (G6.2)°
AHDI ~ axIn(b x G6.2) +c )

AHDI ~ +b

_a

G6.2+c
The strongest correlation (Figure 5b), using the correlation correl(NG6.2:AHDI) as the

quality criterion, was achieved by modelling the inverse proportionality expression (4),

obtaining the NG6.2 expression (5):

0.13606

2=0.764 _
NGé 076488 + G6.2 + 0.91652 ©)

By repeating the linear modelling, we obtained intermediate model M6:

M6 = 0.3781410 4 0.0005767 x G3.1 + 0.3869453 x NG6.2 — 0.0017305 x G7.2+

6
+0.0011321 x G9.2 4+ 0.0006888 x G12.1 4 0.0009180 x G16.2 (©)

A scatterplot (Figure 3) shows that the linear trendline of the data points is slightly
skewed with respect to the axis of symmetry. As a result, smaller fitted values of AHDIm1
are generally slightly above the corresponding AHDI values, while large fitted values are
below. Such shifts indicate that the sigmoidal function is best-suited for improving the
model. We modeled several S-shaped functions:

Mé

AHDI ~« +f x (a x atan(tanh(b>>)

AHDI ~« +f x (a X tan(tanh(l\]/:)[6 >)

AHDI ~ o+ B *(a * tan(b * M6))

AHDI ~o« +f x (a x tanh(b x M6))

AHDI ~c +B x (a x atan(b x M6)) @)
a

b+ e_Mé)

AHDI ~o +8 x (1+e M)"

AHDI ~o +B x (a x ﬁ).

b + (M6)?

AHDI ~o +8 x (
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The strongest correlation was achieved by modelling expression (7), obtaining the
final AHDIm expression (8):

AHDI ~ —6329 + 84701 x (1 4 ¢ M6) 4 ®)

It can be seen that AHDIm can be calculated sequentially using expressions (5), (6),
and (8).

4. Results and Discussion

The achieved accuracy of model AHDIm and its coincidence with the real AHDI clearly
demonstrates the correctness of the trend of the current study and its perspective. One can
see that the final non-linear model AHDIm coincides much better with the actual AHDI
values compared with the linear model AHDIm (Figure 6). All numerical characteristics
(R?, Rzad]-, p-value) were further improved (Table 2). The analysis of results (Figure 6)
shows that all 27 data points are located in the corridor +2.5%, while 24 of them are in the
corridor +1.5%. The formula of the linear trendline shows reduced deviation of the data
points from the axis of symmetry.

0.95

AHDIm y =0.9633x+0.0311 _=
R?=0.9638
0.9 e AHDImM
0.85 — — - Axis of
o symmetry
L] . X
0.8 ° - — Linear
i (AHDIm)
//4
0.75 === =
=T AHDI
07 =~
0.7 0.75 0.8 0.85 0.9 0.95

Figure 6. Regularity of the final non-linear model AHDIm vs. AHDI. Developed by authors.

R diagnostic plots (Figure 7) show good behaviour of the residuals. They are quite
equally spread around the horizontal zero line (Figure 7a); no data point is even near
Cook’s distance (Figure 7b).

Residuals vs Fitted b) Residuals vs Leverage
a) g g 2 o
o9 © °
3 g oo
" - © 0 o P 2 < ° o8 °
© o o o = o 0©
o ° o o o © ] R-] o
© q4° ] ] o © § A ] & o goc
o L o o °
S %21 19° » 21 19
! T T T T T T T T T
075 0.80 0.85 0.90 0.00 0.05 0.10 0.15 020

Fitted values Leverage

Figure 7. Residual characteristics of non-linear model (printout). Developed by authors.

In order to more accurately reflect reality, the statistical raw data used as predictors,
in addition to their justified changes, are typically revised repeatedly and updated by data
holders. We checked if and how these data changes affect the model AHDIm, with respect
to whether the model is stable against such data variability. Several AHDIm 5% control
models were computed using the modified data, with 5% chosen as the maximum level
of random variability of the input data; 5% is close to the median change in EU27 data
over the previous 3 years. Of course, these changes have a corresponding effect on the
modelled assessment of each individual country; however, the shift using models AHDIm
and AHDIm 5% is negligible; it does not exceed 0.2% across the EU27 countries. This means
that for practical applications, annual calibrations of model AHDIm are not necessary.

The quality of the obtained modelling result, which is confirmed by the excellent
correlation with AHDI and the statistical significance of all predictors, assures that six
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mathematically selected predictors (Table 1) can be defined as SD KPIs. The results obtained
could be applied to cities of the EU27 countries because (1) benchmarking modelling has to
be performed and it was performed in the relatively homogeneous (politically, normatively,
socially, economically) territory of the EU27 countries and cities (CSDI is therefore limited
to EU cities), (2) all six KPIs are neutral relative to the scale of the issue covered, and (3)
KPIs, at least in part, relate to the competence of the city municipality. This means:

AHDIm — CSDL )

when transferring the results at the city level, these KPIs show the priorities for the
municipalities of the EU cities, while the changes in the CSDI show the progress achieved.

The developed urban SD model has a number of advantages over the existing offers.
For the first time in the practice of creating urban SD indexes and indicator systems,
the CSDI:

e Is created as a mathematical model of SD; the causality between the indicators of
various development aspects, selection and proportions of KPIs, and the general level
of urban SD are mathematically calculated; and the quality (accuracy) of the model
is quantified. Currently, in all proposals, indicators are selected voluntarily; it is not
justified whether these choices are the best possible. Only a few methodologies use
mathematical algorithms to determine indicator proportions [21,22,42,56,57]; however,
this process has remained at a conceptual level, and no proposal has published the
obtained values and mathematical expressions of the models, from which the SD level
of the specific city can be calculated. In all other proposals, the proportions of the
indicators (weighting) are chosen voluntarily, and the proportions are not justified.
Model validations are not published.

e Is compliant with the UN vision on SD, created by high-level experts and accepted
by the UN General Assembly as the global development strategy; we consider that
the UN expertise and political authority are crucial in defining SD substance as the
integrity and balance of social, economic, and environmental dimensions. Existing
proposals have more or less deviated from the UN concept. Currently, only indicator
sets in the proposals [17,27] adequately reflect the UN concept. The last version of
UN-Habitat [26] only mentions SDGs, without using them to select indicators. Sets of
indicators in all other models do not fully conform to the globally accepted UN SD
paradigm and SDGs, therefore the obtained indices cannot be compliant with the UN
SD vision.

e Isapplicable for any EU city, including small and medium-sized ones, because for all
used independent variables, all six KPIs (1) are neutral relative to the scale of the issue
covered (only share or percentage of population, households, area, enterprises, etc.
is applied), in contrast to existing models, which also use indicators that are directly
dependent on the size of the city (e.g., length of bicycle network [50]); and (2) at least
in part, relate to the competence of the city municipality; it was not used at a national
level (as, e.g., e-government development index [19], level of censorship [31]), business
(as, e.g., patent applications to the EPO [42], on-time flight departures [24]) and even
geographical (as, e.g., natural catastrophe exposure, including drought, earthquake
and extreme temperature [18]) indicators; also indicators that can characterize only
metropoles are not used (as, e.g., university appearances in rankings [17], world’s top
500 companies located [29]). The municipality cannot influence such indicators.

e Isbased on the limited number of KPIs that were mathematically selected maintaining
the quality of the model from a huge set of independent variables corresponding to
the municipal functionality. The KPIs are not defined in any existing proposal; no
recommendations are provided to municipalities on priority action lines. Actually,
municipalities have a lack of capacity and resources to work simultaneously in a huge
number of action lines, and prioritization of action lines (resp. related KPIs) is an
advantage of the CSDI. It should be mentioned that KPIs, which are drivers of the
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model, are at the peak of the pyramid; in fact, they reflect the quality of life of urban
communities in the broad sense of the term, integrating many aspects.

e Isalso considering complicated crosslinks, and the integrity and interplay of separate
actions; this had become possible due to the simultaneous mathematical processing
of all predictors in the modelling process as opposed to the traditional mechanical
summation of indicator values. Only a few existing methodologies, containing use
of mathematical algorithms for the simultaneous processing of all indicator data,
can take into account mutual relationships and the interplay of the parameters and
development dimensions (as, [21,22,42,56,57]); this cannot been done in the creation
of all other indices.

e Is computed by achieving an overall reasonable combination of universality (the
applicability of the index to each EU city has been achieved), accuracy (confirmed
by excellent numerical characteristics (R?, Rzad]-, p-value) and R diagnostic plots),
stability (shown by the stability test), and simplicity (only six KPIs are used; using
the published mathematical expressions of the model, any municipality can easily
calculate the SD level of its city using only a calculator) that are strong contributing
factors to the practical application of the model.

As a pilot project, CSDI values were calculated for several Latvian cities (Figure 8);
their populations range from 20,000 to 620,000. The widespread perception that Riga, the
capital, has the highest level of sustainability among the country’s cities is not confirmed.
Valmiera (23,000 inhabitants) and Ventspils (34,000 inhabitants) received the highest scores,
clearly indicating the sustainability resources in smaller cities.

g':i csol 0.8419 0.8379
0.82 0.8047 0.8163 0.8136
0g 07827 0.8017 0.7888 0.7882
078 0.7662
0.76
0.74
0.72
07
A 2 AS N o\ o 03 o(@ AS W2
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Figure 8. CSDI for cities of Latvia. Developed by authors.

5. Conclusions and Recommendations

There is serious scientific novelty that has been achieved in the modelling and mea-
suring of SD and in creating methodology and tools for urban municipalities in planning
and managing the city SD. The mathematical model, CSDI, of urban SD was created; the
causality between the indicators of various development aspects, selection, and proportions
of KPIs and the general level of urban SD found in this way was mathematically computed,
and its quality (accuracy) was quantified. The model is compliant with the UN vision of
SD, and applicable for any EU city, including small and medium-sized ones; it is based on
a limited number of KPIs that were mathematically selected from a huge set of indicators
corresponding to the municipal functionality. An achieved reasonable combination of
universality, accuracy, stability, and simplicity of the model are strong advantages over
existing proposals using the subjectively selected set of indicators and their proportions in
the complex index.

The transparent project methodology and open access to mathematical expressions
provide an opportunity for municipalities to put the project results into practice to monitor
the achieved SD level in statics and dynamics, to see progress and backwardness in separate
aspects, and take it into account when making policy planning and strategic decisions,
as well as programming the municipal budget; it will undoubtedly make a significant
contribution to the SD process. For CSDI:



Mathematics 2021, 9, 2888

13 of 18

e  The planning process shows the priority action lines for increasing the SD level, and
justifies the distribution of the budget and the need and priorities for investments
(local, national, EU);

e It supports SD management, monitors the implementation of the SD concept and
plans, shows the achieved progress and the SD level, as well as the compliance of the
medium-term development program with the goals and strategy of SD, and evaluates
the achievements and weak points in statics and dynamics;

e  For selecting new projects/initiatives for the current year’s budget, it gives an oppor-
tunity to compare projects in different sectors, calculating project’s efficiency, which is
a target function in the project tendering;

e It provides an opportunity, which is based on objective data, for dialogue with public
administration institutions in the scope of local government functionality and for
contribution to national SD programs;

e It improves communication with the population/voters by clearly explaining the
municipality’s plans, priorities, and activities, showing how the specific actions of the
municipality affects the overall SD level, increasing confidence in the municipality.

Using the published mathematical expressions of the model, any municipality can
easily calculate the SD level of its city using only a calculator. The methodology, which is
described in detail, makes it possible to test the purposefulness of using new indicators;
it requires only mediocre programming skills. All research results have been transferred
to a data technology company to actively disseminate study results after the completion
of the research and to help municipalities in usage of the model for the SD planning
and managing.

The above aspects of the use of CSDI are gaining in importance in the context of the
challenges posed by the COVID-19 pandemic. The ability of the municipality to react
sharply to opportunities and use short-term recovery benefits in the city’s SD is of great
importance. For example, the inevitable decline in the level of globalization of processes
and changes in value chains, the growing importance of self-sufficiency at the national
level poses a challenge for EU countries to attract companies located far beyond the EU’s
borders. However, not all companies promote urban SD; CSDI shows which companies
are desirable to attract: energy-efficient companies with modern and transparent business
transactions (G9.2) generating little pollution and waste (G3.1) in the production process.

Another example is the prudent use of the substantial funding that is being allocated
by Recovery and Resilience Facility regulations [65]: €672.5 billion “to mitigate the eco-
nomic and social impact of the coronavirus pandemic and make European economies
and societies more sustainable”. Each Member State has to spend 37% of the funding for
climate policy objectives. The key issue for reduction of greenhouse gas (GHG) emissions
is massive renovation of urban heating systems that clearly shows the strong involvement
of local governments. The municipality must overcome the understandable temptation
to focus on such fragmented building insulation projects that have the greatest immedi-
ate effect, while losing the overall long-term vision (cherry-picking). CSDI shows that
sensible implementation of the renovation program provides an opportunity to increase
the level of urban SD, reducing household heating costs (G7.2) and improving the health
of the population (G3.1), if the possible increase in corruption due to high cash flow is
prevented (G16.2).

The scientific team is planning to continue and expand research using the knowledge
and experience gained in creating the SD model.

To minimize GHG emissions (i.e., heat consumption) in the city, it will be needed
to combine many projects that include the large-scale renovation of buildings as well as
district and local heat production, transmission, and distribution systems also beyond
2030. There will be varied stochastic financing options with different conditions and target
variables; each option must be quickly responded with a competitive project that meets the
specific conditions to the maximum.
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On the other hand, implementation of medium- and short-term climate projects must
not conflict with territorial and business SD, with economic and energy sustainability in
the area, as well as with reducing the burden of the heat costs on municipal and household
budgets. That would be the effect of unreasoned project selection and execution. The
goal of the following research will be studying and developing easy-to-use methodology
and an appropriate innovative tool for sustainable management of the urban heating
system, which would allow for rapid and sufficiently accurate and objective analysis at
the pre-design stage regarding the potential and benefits of the various heating system
renovation projects’ variants in a given area, as well as comparisons of them according
to their efficiency and impact on SD. The application for such a research project has been
submitted to the Latvian Council of Science.
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Appendix A
Designation Indicator Source
G3.1  Share of people with good or very good perceived health, % of population aged 16 or over Eurostat
G3.2  Obesity rate by body mass index (BMI), % of population aged 18 or over Eurostat
G353  Self-reported unmet needs for medical examination and care, % of population aged 16 or over Eurostat
SDG3 G534  Number of generalist medical practitioners, per 100,000 population Eurostat
G35  Neonatal mortality rate, per 1000 live births WB
G3.6  Under-five mortality rate, per 1000 live births WB
G3.7  Avoidable mortality, per 100,000 population below 75 years Eurostat
G4.1 Early leavers from education and training, % of population aged 18 to 24 Eurostat
GA.2  Share of top performers in at least on subject (level 5 or 6) OECD
SDC4 G453 Share of population with tertiary education (levels 5-8 ISCED 2011) from 15 to 64 years Eurostat
G44  Adult participation rate in and training (last 12 months), from25 to 64 years Eurostat
45 Graduates in tertiary education, in science, math., computing, engineering, manufacturing, construction per 1000 of population E
- urostat
aged 20-29
G5.1 Gender pay gap in unadjusted form, % of average gross hourly earnings of men Eurostat
G52 Gap in higher educational attainment level, females — males, aged 15-64, percentage points Eurostat
G53  Gender employment gap, males — females, aged 15-64, percentage points Eurostat
SDG5 G54 People gap with good or very good perceived health, males — females, population aged 16 or over, percentage points Eurostat
G55  Seats hold by women in national parliament (%) Eurostat
G56  Percentage of women among elected local government representatives CEMR
G5.7  People gap (males — females) with at least basic digital skills, aged 16-74, percentage points Eurostat
G6.1  Population having neither a bath, nor a shower in their dwelling, % of population Eurostat
SDG6 G6.2  Population not having indoor flushing toilet for the sole use, % of population Eurostat
G6.3  Population connected to at least secondary wastewater treatment, % Eurostat
G7.1  Share of renewable energy in heating and cooling Eurostat
SDG7 A
G7.2  Share of population unable to keep home adequately warm by poverty status, % Eurostat
G8.1 Employment rate, population from 20 to 64 years Eurostat
SDG8 G82  Newly employed (percentage of people in current job for 12 months or less, in total employment), from 15 to 64 years Eurostat
G8.3  Long-term unemployment rate, % of active population from 15 to 74 years Eurostat
G9.1 Employment in high- and medium-high technology manufacturing and knowledge-intensive services, % of total employment Eurostat
G9.2  Percentage of enterprises who have ERP software package to share information between different areas (10+ employees)  Eurostat
G9.3  Percentage of the gross value added by industry (B - E, NACE Rev. 2) Eurostat
G94  Percentage of enterprises(10+ employees) having a fast (>30 Mbit/s) fixed broadband connection DAS
G9.5  Percentage of enterprises that provided any type of training to develop ICT related skills of their personnel EIS
e 96 Percentage of SMEs who introduced at least one product innovation or process innovation either new to the enterprise or new EIS
. to their market
G9.7  Percentage of SMEs who introduced at least one new organisational innovation or marketing innovation EIS
G9.8  Percentage of SMEs with in-house innovation activities EIS
9.9 Total innovation expenditure as percentage of total turnover of enterprises, excluding intramural and extramural Ré&D expend- EIS
itures
G9.10  Percentage of SMEs with innovation cooperation activities EIS
Population living in a dwelling with a leaking roof, damp walls, floors or foundation or rot in window frames or floor by pov-
Gl11 4 ; Eurostat
erty status, % of population
SDGI11 : ; ; ; o
G112 Young people neither in employment nor in education and training, from 15 to 24 years, percentage Eurostat
G11.3  Average number of rooms per person Eurostat
SDC12 G121 Recycling rate of municipal waste, % of generated Eurostat
G122 Recycling rate of e-waste, % Eurostat
SDC13 G13.1  Greenhouse gas emissions, tonnes per capita Eurostat
G13.2  Pollution, grime or other environmental problems, % of households Eurostat
SDG15 G15.1  Share of forest area, % of land area Eurostat
Gl6.1 Individuals interacting online with public authorities in the last 12 months, % of total DAS
SDGl16 G16.2 Perceived independence of the justice system, % of population perceived as very good or fairly good Eurobarometer
G16.3  Crime, violence, or vandalism in the area, % of households Eurostat
SDG17 G17.1  Households with fast (>30 Mbit/s) fixed broadband connection, % of total DAS

Figure A1. Selected indicators for the modelling of urban SD. Sources: CEMR—The Council of European Municipalities
and Regions; DAS—The Digital Agenda Scoreboard; EIS—The European Innovation Scoreboard; OECD—The Organisation
for Economic Cooperation and Development; WB—The World Bank.
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