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of society and reducing the depletion of natural resources 
(Patrakeyev, 2015).

In a large number of studies (Bolshakov, 2002; Kara-
vaeva, Levchenko, & Trohimenko, 2011), attention is paid 
to assessing the quality of the urban environment. In ac-
cordance with the urban welfare index developed by the 
McKinsey Global Institute, the urban development envi-
ronment is characterized by indicators of population den-
sity, public transport intensity and the degree of greening 
of public places.

The purpose of the article is to examine the method 
for constructing an indicator of efficiency of the urban 
environment metabolic (UEM). This indicator allows 
to take into account the relationship between the urban 
structure, energy consumption, emissions of pollutants 
and the intensity of consumption of natural resources. 
Formally, this indicator is built on the mathematical 
apparatus of fuzzy logic, taking into account incomplete 
and inaccurate knowledge. This method is used by us on 
the example of cities in Ukraine.
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Abstract. The urban environment is a networked metabolic organism. The urban environment includes networks that feed 
it with energy, resources, people, goods and information. The urban environment carries out a permanent transformation 
of matter, energy and produces waste, which together change the urban environment. We have proposed to use an indicator 
for assessing the efficiency of the metabolism of the urban environment, which allows to take into account the relationship 
between the urban structure, energy consumption, emissions of pollutants and the intensity of consumption of natural 
resources. We use this indicator as a tool for forecasting sustainable urban development. Using the example of Poltava city, 
we have shown that the indicator for assessing the metabolic efficiency of the urban environment can be used as one of the 
decision-making tools for the sustainable development of Ukrainian cities. The improvement of existing and development 
of new indicators is an important task towards the implementation of the concept of sustainable development, which is a 
logical continuation of the teachings of V. I. Vernadsky on the noosphere.

Keywords: resource flows, energy balance, free energy, metabolism of the urban environment, material-energy streams, 
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Introduction

Today, our civilization is experiencing an “urban era”. 
Therefore, issues related to the effective management 
of energy consumption and energy consumption for 
recycling in cities are relevant. 

In this regard, special attention is paid to the concept 
of “energy balance” in the urban environment, which 
was proposed by the working group of the World Energy 
Council: the energy produced must cover the energy 
consumed (Newman, 2004). 

The city is a non-equilibrium system. The state of 
imbalance is determined by the scale of anthropogenic 
pressures on the environment. Indicators of anthropogenic 
load can be: population density, area of settlements, the 
load from the weight of buildings and structures, industrial 
production, the level of motorization, etc. (Bolshakov, 
2002; Karavaeva, Levchenko, & Trohimenko, 2011).

Modern research is aimed at creating indicators 
and other tools to support decision-making on the 
implementation of strategies for low-carbon development 
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1. Method for assessing the metabolic efficiency 
of the urban environment

This method is based on the concept of black box systems. 
With this approach, emphasis is placed on the balance of 
material, energy and information flows. Meanwhile, the 
interaction of the processes that generate this balance 
receives much less attention.

According to Odum (1998), and Lotka (1998), every 
social or living system is governed by the fundamental 
laws of conservation of power (Santamouris, 2004). 
According to the law of conservation of power, the total 
power at the entrance to the system is equal to the sum of 
the active powers and the loss power at the system output:

,N P L= +

where N is the total power of the system; P is active 
(useful) power of the system; L is the loss power of the 
system.

From this law it follows that any change in the active 
power is compensated by the change in the power of losses 
and is controlled by the total power of the system.

Urban environment can be considered as a set of in-
teracting subsystems. From a functional point of view, the 
most significant subsystems of the urban environment can 
be considered the transport subsystem, the subsystem of 
the urban economy and the socio-economic subsystem 
(Bertalanffy, 2004; Kennedy, Cuddihy, & Engel-Yan, 2007).

The transport subsystem is characterized by popula-
tion and cargo mobility. As a result of the functioning of 
this subsystem, energy is released, 2CO  emissions are 

increasing, and emissions of other pollutants from the ur-
ban environment are also increasing.

The urban economy subsystem is characterized by 
the total amount of consumed material and energy flows, 
residential area per inhabitant. The urban economy is also 
characterized by the amount of relevant waste generated 
by the vital processes in the urban environment.

The socio-economic subsystem is characterized by the 
amount of gross domestic product produced by the city’s 
enterprises, the number of jobs, the number of students, 
the amount of energy, water, waste, the number of taxes 
per capita, and so on.

Each of the subsystems under consideration can be 
abstractly represented as a flowchart of interaction with 
the environment, as shown in Figure 1. 

Supporting the livelihoods of the urban environment 
is the circulation of substances (Butera & Caputo, 2008). 
That is, the very existence of the urban environment 
depends on the constant flow of the external energy 
flow ( ),N t  which is necessary for the life of both living 
organisms and for the production of materials, substances, 
products, resources and services.

The subsystem receives a certain amount of various 
types of energy, matter and information ( )N t . In addi-
tion, the subsystem produces two types of products. One 
type of product is a negative product, it is determined by 
the loss stream ( )L t . And another type of product is used 
by each subsystem to ensure its own life activity. This type 
is determined by the useful work flow ( )P t  (Bolshakov, 
2002). 

 Figure 1. The scheme of exchange of material resources, information and energy between  
the environment and subsystems of the urban environment
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Each of the subsystems of the urban environment 
discussed above has its own effectiveness iξ . This efficiency 
depends on the energy costs in each of the subsystems. 
In aggregate, each of the subsystems contributes to 
a comprehensive assessment of the efficiency of the 
metabolism of the urban environment.

Thus, two questions arise. First, how to measure 
the effectiveness of each of the subsystems of the urban 
environment. And secondly, how to integrate the 
effectiveness scores of each of the subsystems iξ  to obtain 
a general integrated assessment of the effectiveness of the 
metabolism of the urban environment. The integration 
of different types of data into a single information space 
provides the possibility of comprehensive data analysis. 
This approach allows us to obtain new knowledge about 
the urban environment (Urban development and urban 
metabolism: A spatial approach, 2013).

2. Fuzzy model for assessing the metabolism of 
the urban environment

To simulate multidimensional dependencies, such as 
MISO (multiple input, single output), it is advisable to use 
a hierarchical fuzzy logic output system. The advantage of 
such hierarchical systems is their compactness. A small 
number of fuzzy rules (Lozano & Gutierrez, 2008) can 
adequately describe the multi-dimensional dependencies 
“multiple input, single output”. The use of a hierarchical 
system of fuzzy inference makes it possible to overcome 
the “Curse of dimensionality”, when, with a large number 
of inputs, it is difficult for an expert to describe causal 
relationships in the form of fuzzy rules (Chekmarev, 2010). 

The Takagi-Sugeno-Kang (TSK) model (Haurie & 
Viguier, 2004) has gained the most popularity among 
fuzzy inference systems. In the TSC, the function of the 
conclusion is determined by a fuzzy, but pointwise way. 
Various aspects related to the theory of design and the 
use of fuzzy logic systems are discussed in detail in nu-
merous monographs (Yanshin, 2007; Chekmarev, 2010; 
Tistol, 2013).

To evaluate the effectiveness of UEM, we use a 
mathematical model based on fuzzy logic.

Consider the task of evaluating input primary indica-
tors (variables) 1, , , , k nx x x… …  (leaves of a tree structure, 
Figure 2) as fuzzy variables, for each of which you can 
assign three membership functions 1 2 3,  ,  k k kµ µ µ .

Each of the measured values of the primary indicators 
of the material-energy and information flows of the urban 
environment can refer to one of three fuzzy statements 
(Santamouris, 2004):

– the value kx  corresponds to small quantity;
– the value kx  corresponds to average quantity;
– the value kx  corresponds to large quantity.
Each fuzzy statement is characterized by a correspond-

ing therm-set j
kA  and has a corresponding membership 

function of j
kµ , where { }1,2,3j∈ . This function charac-

terizes the degree to which the value belongs to the terms 
“small quantity”, “average quantity”, “large quantity”. On 

the basis of this, one can construct 3nm =  antecedents of 
the TSK production rules in the form (Santamouris, 2004; 
Harvey, 2011):

( )1 1 1
1 1 2 2                 R IF x IS A AND x IS A AND…  

( )1
1 1                                         , , ,  n n nAND x IS A THEN y f x x… = …

                                                             … … … … …
( ) 1 2

1 2                 m
n nR IF x IS A AND x IS A AND…  

( )1                                         , , ,  n
n n m nAND x IS A THEN y f x x… = …

If we use operations ∧  (AND), then fuzzy logic output 
system of TSK can be rewritten into a compact (vector) 
view:

( ) ( )1
1

, , , 1, .
n

j
i nk

k
x A y f x x i m

=

 
= → = … = 

  
∏

Figure 2 shows an example of phase-out of 2CO  
emissions produced by private motor vehicles (see Table 1, 
variable 3a ) with the use of appropriate thermo-sets: 

3
1
aA   – “small quantity”, 

3
2
aA – “average quantity”, 

3
3
aA – 

“large quantity”.
Each of the term sets is characterized by the corre-

sponding membership function, which can be given ana-
lytically by the following expression:
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Figure 2. Example of phase-out of 2CO  emissions produced by 
private motor vehicles (primary indicator of 3a )
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Each membership function 
3 3 3

1 2 3,  ,  a a aµ µ µ  generates 

normally-convex unimodal fuzzy sets 
3 3 3

1 2 3,  ,  a a aA A A  with 
corresponding kernels of each fuzzy set

( )3 3
1 1;a aw core A= =

( )3 3
2 1.5;a am core A= =

( )3 3
3 2a ab core A= = ,

where 
3aw , 

3am , 
3ab  are a clear values for determining 

the “small quantity”, “average quantity” and “large quan-
tity” for the variable 3a  respectively.

Clear values 
3aw , 

3am , 
3ab  for each primary indicator 

depend on various factors. These factors can be as follows: 
environmental quality standards, economic development 
programs of the city, regulatory and technical documenta-
tion, legal standards for the development of engineering 
and transport infrastructure of the city, and so on. De-
pending on the value of the primary indicator of kx , the 

3 3 3
 a a aw m b< <  or 

3 3 3
 a a aw m b> >  relationships may oc-

cur.
According to the primary indicator of the 3a , we have 

the following conditions:

( )
33

1
3 31           ;aa a if a wµ = ≤

( )33
2 1;    aa mµ =

( )
33

3
3 31           .aa a if a bµ = ≥

In order to provide flexibility, the importance level of 
kp  for each primary indicator of kx  is used in the calcu-

lation of the indicator of the UEM estimation. The higher 
the value of ki , the more important the influence of the 
primary indicator of kx  on the indicator of the effective-
ness evaluation of UEM. kx  Five important levels are used 
to assess the effectiveness of the UEM:  1, 2, 3, 4, 5.kp =

Next, you need to select three piecewise linear 
functions of 1 2 3,   ,    k k kf f f  for each input variable of kx .

The j
kf  function corresponds to the contribution of 

the variable kx  to the final UEM performance indicator. 
We assume that we evaluate the case, corresponding to 

the rules of the ( )      j
k kIF x IS A , where the k lp p>  for all 

l k≠ .
Functions of the j

kf  are chosen in concert with respect 
to the functions of the membership of the j

kµ :

( )1 0,         ;k k k k kkf x x m x b= ∀ ≤ ∨ ∀ ≤  (1)

( )2 50,             ;   k k k k k k k k kkf x x m x b x m x w= ∀ ≤ ∧ ∀ ≤ ∨∀ ≤ ∧ ∀ ≤  
 (2)

( )3 100,         .k k k k kkf x x b x m= ∀ ≥ ∨ ∀ ≤  (3)

The function j
kf  is non-decreasing and complies with 

the restrictions:

0 ( ) 100. j
kkf x≤ ≤  (4)

Condition (4) requires that the interval of values of the 
indicator of the evaluation of the effectiveness of the UEM 
be between 0 and 100.

Figure 3 shows the piecewise linear functions of the 

3 3 3
1 2 3,   ,   a a af f f  which satisfy the constraints (1–4) and 

Table 1. A fragment of the primary indicators of the material and energy flows of the urban environment  
(this is an example of the transport subsystem)

Primary indicators of the material-energy
flows of the urban environment Deno tation N(t) P(t) L(t) Units of  

measu rement

1. The density of the street and road network 1a
2

km
km

2. Share of carbonless transport (“green transport”) 2a %

3. Volume of CO2 emissions produced by private motor 
vehicles 3a

t
vch year×

4. Volumes of nitrogen of xNO  emissions produced by 
passenger cars 4a

kg
vch year×

5. Volume of  CO2 emissions produced by public transport 5a
t

vch year×

Figure 3. An example of a function of 
3

j
af  that is consistent 

with the membership functions shown in Figure 2 and meets 
the constraints (1–4)

3

j
af

3
1
af

3
2

af

3
3

af

3
1aw =

   3
1.5am =

   3
2ab =

   3
( )j

aCore A
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are agreed upon with the corresponding functions of 
the 

3 3 3
1 2 3,   ,   a a aµ µ µ  membership. 

29 29
1 3,   b bµ µ As can be 

seen from Figure 3, the greatest power in the integral 
estimation brings the variable 39 ,c  when the condition 

of the production of ( )3
1

3      aIF a IS A  takes the value of 
“truth”.

Fuzzy mathematical model of the indicator of the eval-
uation of the effectiveness of UEM in the form of a set of 
TSK rules can be presented in the form (Paola, Giulia, & 
Marco, 2016):

( ) ( ) ( )
1 1

:       ,
m n

j ji k
k ik k

i k

p
R IF x IS A THEN y f x

P= =

= ×∏ ∑

where i is number of TSK rules ( ) 1,  ;i m=  n is number of 

conditions; k is serial number of the input variable; kx   is 
input variable ( ) 1,  ;k n=  j

kA   is fuzzy set with associated 

membership function of j
kµ , {1, 2, 3);j∈  kp  is coefficient 

of importance of the input variable of
1

  ;   .
n

k k
i

x P p
=

=∑
In accordance with condition (4), it is necessary to 

ensure the implementation of inequality: 0 100iy≤ ≤ .
Fuzzy logical conclusion for m of the number of TSK-

rules is given in the form:

1 11

1 1

( )
,

m n jkm
i iki ki ii

m m
i ii i

p
w f xw y Py

w w

= ==
a

= =

× ×
=

×
=
∑ ∑∑

∑ ∑
where a is intermediate level of computation of the overall 
hierarchical structure of the indicator of the effectiveness 
of the UEM after the received input data; iw  is weight 
factor i-th rule that characterizes the level of activation 
TSK-rule, if the level of activation is determined by the 
t-norm from: 

( ) ( ) ( ){ }1 1 1
1 21 2min  , , ,  .

ni nA A Aw x x x= µ µ … µ

Interim evaluations at the a level will be new input 
variables for interim evaluations at the 1a +  level.

Let us consider an example of the use of piecewise 
linear functions of 

3 3 3
1 2 3,   ,   a a af f f  (Figure 3) to obtain an 

intermediate estimate at the a level. Suppose that in the 
simplest case, if the value of the primary indicator:

( ) ( )2 3,  0,  0,  1, ,   
k k

k k k kA Ax w w w k n≤ µ = µ = ∈

then  0,iy ya= =   if   ( )1 0;kkf x =

( ) ( )1 3,  0,  0,  1, ,   
k k

k k k k kA Am x b m b k n≤ ≤ µ = µ = ∈

then  50,iy ya= =   if  ( )2 50;kkf x =

( ) ( )1 2,  0,  0,  1, ,   
k k

k k k kA Ax b b b k n≥ µ = µ = ∈

then  100,iy ya= =   if   ( )3 100.kkf x =

In the general case, at the intermediate level of the a, 
the computation of the efficiency of the UEM will depend 

on the level of activation of the kw  of each TSK-rule that 
is determined by the t-norm.

To evaluate the generalization indicator UEM, we 
have identified equal importance indices for intermediate 
values.

For the level of the 1a >  hierarchy, we calculate the 
arithmetic mean 1ya+  weighed for the set of numbers of  

ly  with positive real weight coefficients. This calculation 
will be performed for each of the subsystems under study 
in the urban environment:  

1
1

1

,
v

l ll
v

ll

v y
y

v
=

a+

=

×
=
∑
∑

where ly  is the number of exits at the level of the hierar-
chy of the a; lv  is positive actual weighting coefficient for 
each subsystem of the urban environment.

Elements of the hierarchical structure of the integrated 
evaluation of the effectiveness of UEM are shown in Figure 4. 

They are interpreted as follows:
– the root of the tree hierarchy is an integral assessment 

of the effectiveness of the UEM ( );I∑
– , ,  a β γ  are the evaluations of the metabolic efficiency 

for each of the subsystems under study in the urban 
environment;

– 1 2 3 1 2 3 1 2 3, , , , , , , ,a a a β β β γ γ γ  are the quantities that 
characterize metabolic transformations. They affect 
the overall assessment of the effectiveness of UEM 
( );I∑

– 1 5 1 6 1 7, , ; , , ;  , , a a b b c c… … …  are the terminal vertices 
of the tree of the hierarchy are primary indicators. 
They characterize the energy, material and informa-
tion flows of the urban environment.

Each of the subsystems of the urban environment has 
three levels of data. The first level is the measured pri-
mary indicators. The second level is an interim evaluation. 
These estimates characterize the flow of energy consumed. 
This energy is a measure of the real capacity of the urban 
environment. The third level is the flow of losses, that is, 
the power of losses. These losses are a measure of lost 
opportunities in the urban environment. In conclusion, 
three evaluations of the efficiency of each of the subsystems 
are synthesized in the final integrated evaluation of the 
effectiveness of the UEM. Therefore, the structure of the 
integrated assessment of the effectiveness of the UEM is 
four levels of the hierarchy. 

Cities of Ukraine are a typical model of a modern 
industrial city. Strong zoning of the territory led to the 
use of land in two main directions. One zone is intended 
for industry, the other zone is intended for housing. At 
the same time, such zones are intentionally located at 
distances that imply the need for an efficient transport 
system. This system connects residential buildings and 
workplaces (Enkvist, Naucler, & Rosander, 2007). Thus, 
the system creates a form of “compulsory mobility”. Today, 
the post-Soviet cities are very far from the EU cities in 
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transformations of the three subsystems of the urban 
environment of Poltava city. Geographic or spatial data 
is the basic component of the assessment of the quality 
of the urban environment. These data are presented in 
the form of digital data on spatial objects. They include 
information about their location, properties, their spatial 
and non-spatial attributes, see Figure 5 and Figure 6.

One of the interaction measures of the UEM and 
geographic information system performance evaluation 
model is the interface developed by the MatLab software 
(The MathWorks Inc) with the widespread ArcGIS 10 (Al-
len, 2009).

Figure 5. Geoinformation modeling of the urban environment 
by indicatirs of amount of energy used for heating buildings 

(kWh/m2 per year)

Figure 6. Geoinformation modeling of the urban environment 
by indicatirs of amount of solid household  

wastes (kg/inh. per year)

Figure 4. Hierarchical structure of the evaluation of the effectiveness of the metabolism of the urban environment

terms of the effectiveness of the metabolism of the urban 
environment.

3. Approval of the fuzzy model of the indicator 
of the efficiency of the metabolism of the urban 
environment

To prepare the initial data, we used the GIS capabilities for 
the formation of geospatial models and thematic layers. 
This corresponds to the primary indicators presented 
in Table 1. In total, the table contains 37 basic primary 
indicators. These indicators characterize the metabolic 
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The result of this connection is that model studies 
(calculations) in the MatLab environment can be presented 
as characteristics of spatial objects with all the advantages 
of geographic representation and integration with other 
possibilities of using geo-information technologies. This 
approach provides a flexible way to use the characteristics 
of both program environments (Bertalanffy, 2004).

Input data for Poltava city were formed on the basis 
of the use of an open source: “Poltava 2030. Integrated 
development of the city” (n.d.). These are regional reports 
on the state of the environment in the Poltava region for 
2015, 2016 years.

In Figure 7 shows the dependence of assessing the 
effectiveness of the UEM of Poltava city to changes in the 
amount of solid municipal waste generated by the city 
population. 

On Figure 8, we see the dependence of the metabolism 
efficiency of Poltava city on the amount of energy for 
heating buildings.

The graphs shown above show that the sensitivity of 
the evaluation of the effectiveness of UEM is different 
depending on the change of the studied variables. For 
example, if the population of the city reduces the formation 

of solid household waste by 0.1     ,t per year
person

 then 

this provides an increase in the efficiency of the urban 
environment by 5%. At the same time, reducing the 
amount of energy consumed for heating buildings and 
structures by 210 kWh / m  provides an increase in the ef-
ficiency of UEM by 8–10%. In Figure 9 shows the UEM 
efficiency landscape, depending on the amount of energy 
consumed for the heating of buildings and produced solid 
household waste. 

This can be interpreted as a kind of terrain of the 
effectiveness of the UEM of Poltava city, depending on 
the relevant factors of influence.

In Fig. 10 shows a comparison of calculated estimates 
of the efficiency of UEM in Poltava city (see Table 2) with 
similar estimates for the cities of Barcelona and Lugano 
(Acebillo & Maggi, 2008). 

Table 2. Interim estimates of the UEM efficiency indicator  
in the city of Poltava

Subsystems of the 
municipal economy N(t) P(t) L(t)

Estimates of 
efficiency of UEM

of Poltava city 

1. Transport 
subsystem 4 15.5 23.5 26

2. Subsystem of 
city economy 5 34 35 26.5

3. Socio-economic 
subsystem 24 70 68 53

The last estimations received within the limits of the 
program of monitoring of metabolism of cities of the Eu-
ropean Union (Bettencour, Lobo, Helbing, Kühnert, & 
West, 2007).

Figure 7. Dependence of the urban environment metabolism 
Poltava city from the amount solid household waste

Figure 8. The dependence of the efficiency of the metabolism 
of the urban environment of Poltava city on the amount of 

energy consumed for building heating

Figure 9. The landscape of the efficiency of the urban 
environment metabolism Poltava city, depending on the 

amount of energy consumed for the heating of buildings and 
municipal solid waste produced by the population

Figure 10. Comparison of estimates of the metabolism 
efficiency urban environment of Poltava, Barcelona,   Lugano



Geodesy and Cartography, 2019, 45(3): 102–109 109

Conclusions

A promising approach to reducing environmental im-
pacts is the analysis of metabolic transformations of the 
real, water, energy, and information flows in the urban 
environment. In this article, the fuzzy model of the 
indicator of the evaluation of the effectiveness of the 
metabolism of the urban environment is proposed, based 
on fuzzy logic. The use of the indicator of the effectiveness 
of UEM makes it possible to significantly expand the 
capabilities of the subsystems of city planning decisions 
(European Green City Index, 2009). For example, you 
can perform clustering of functional areas of the city 
based on selected indicators. This approach allows you to 
define cadastral districts or administrative units of a city 
with similar characteristics. These cadastral areas can be 
compared by the same characteristics. For example, we 
can compare energy consumption and population density, 
the use of renewable energy and gross domestic product, 
the annual energy consumption of industrial enterprises 
and the volume of  2CO  emissions, and so on.

The requested indicator can be used as a tool for a city 
planner to justify measures that will keep the productivity 
of the urban environment. That is, this tool can help solve 
the problem of ensuring implementation of the strategy 
of building a carbon-free and resource-efficient urban en-
vironment. It should be noted that the future direction of 
perfection and testing of this indicator of the evaluation 
of the effectiveness of UEM is related to the evaluation 
of metabolic transformations by the example of other 
Ukrainian cities. These estimates can be compared to the 
similar results of the monitoring of metabolism in the 
European Union cities, carried out under the Sustainable 
Urban Metabolism for Europe program (SUME) 
(Bettencour et al., 2007). 
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