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The dynamics and morphology of municipal solid waste generated in Mykolayiv (Ukraine) during fifteen years are studied in
the paper. The dynamics of morphological composition was determined and analyzed by seasons for the municipal solid waste of four
districts of Mykolayiv city based on the data from the container sites of the city and the city waste landfill in the village of Vesnyane
which occupies an area of 37.93 hectares. The annual dynamics of morphological composition of solid household waste for further use
as a secondary raw material is studied to determine ways to improve efficiency of municipal waste management (stages of separate
collection, sorting and processing of individual components of sorted waste, construction of complex recycling facilities, etc.). The
main components of municipal solid waste, their percentage of total waste are identified. These empirical time dependences for the total
amount of municipal solid waste, as well as the volumes of solid waste components, are approximated by polynomials and extrapolated
to the next five years. This approach to forecasting the volume of municipal solid waste and its morphology can be useful in determining
areas for further development and improvement of the solid waste management system.

Statistical data on the generation of municipal solid waste in Mykolayiv indicate an increase in volumes and growth of this dynamic
until 2024, which has a significant negative impact on the environment and requires modern management solutions in the field of waste
management.

The indicated statistical data of annual changes in the percentage content of the organic component, paper and cardboard, polymers,
glass, fabric and wood, as well as the total volume of municipal solid waste were modeled using approximation by the 3-rd order
polynomial. Key words.: municipal solid waste, morphological composition, modeling, forecasting.

Busnadenns: Mop¢oIoriyHOro cKjIaay TBEPAUX MOOYTOBHX BinxomiB micta MukosnaeBa (YkpaiHa) Ta NMPOrHO3YBaHHSA iX
HAKONMM4YeHHs B Maii0yTHboMy. Yiikany C., Mixeses 1., ’Koso6enxo H., Mapkina JI.

JlocmipKkeHo UHaMiKy Ta MOp(OIIOTiio TBEpANX MOOYTOBUX BiJXOJIB, 1[0 YTBOPIOBAIKCS 3a I’ SITHAAUATH POKIB Y M. MuKoaeBi
(Yxpaina). BusHadeHo Ta mpoaHasi30BaHO 3a CE30HAMU AWHAMIKY MOPQOIOTIYHOIO CKJIaay TBEPAMX MOOYTOBHX BIIXOIIB YOTHPHOX
paifoHiB M. MuKonaeBa Ha OCHOBI JTaHUX 3 KOHTCWHEPHUX MAJaHYMKIB MiCTa Ta MiCHKOTO MOJITOHY TBEpPIUX MOOYTOBHUX BiJXOMIB
B ceiti Becusine MukonaiBcbkoro paiiony, mo 3aiimae miomty 37,93 ra. JlocnimkeHo piuHy AMHAMIKY MOP()OIOTIYHOTO CKIIaIy TBEPAUX
MOOYTOBHMX BIIXOMIB 3 METOIO iX MOJANIBIIOIO BUKOPUCTAHHS B SKOCTI BTOPMHHOT CUPOBUHH 33J1sl BU3HAYCHHS IIISXIB IMiABUIICHHS
edexTuBHOCTI y cepi MOBOLKEHHS 3 BiXOAAaMU (BIIPOBA/DKEHHS €TaIliB PO3JUIBHOTO 30MpaHHS, COPTYBAHHS H IEPEepOOKH OKpEMHX
CKJIQJIOBHX BiJICOPTOBAHUX BIJXOMIB, OYJIBHUITBO KOMIUICKCHHX OO0 €KTiB INepepoOKH TOmI0). BCTaHOBIEHO OCHOBHI KOMIIOHEHTH
TBEpIUX MOOYTOBUX BIXOMIB, X BIICOTKOBUH CKJIAJI BiJl 3arajlbHOI KITBKOCTI BiixoaiB. LI emmipuydHi 94acoBi 3a1€KHOCTI ISt 3aralIbHOTO
00’eMy TBepMX MOOYTOBUX BiZXO/IB, @ TAaKOX OOCSTIB KOMIIOHEHTIB TBEpIHX MOOYTOBHX BiJXO/IB alpOKCHMYIOTBCS IOJTiHOMaMH
Ta eKCTPAIOJIIOIOTHCS Ha HACTYIIHI IT’ATh POKIB. Takwii mixiz 10 IpOrHo3yBaHHs 00’ €My TBEpANX MO0y TOBHX BiJIXO/IIB Ta Horo Mopgoorii
MoyKke OyTH KOPUCHHM JUIsl BU3HAYCHHSI HAMPSIMIB I10/1aJIBIIOT0 PO3BUTKY Ta BIOCKOHAJICHHS CHCTEMH HOBOUKEHH 3 TIIB.

CraTtucTryHi JaHi 010 YTBOPEHHS TBEPIUX MOOYTOBHX BiAXO/iB B M. MHKOJIa€Bi CBIAYATh MO 301IbIICHHS 00CSTIB Ta 3pOCTaHHS
iei guaaMiku 10 2024 poky, 1110 3HAYHOIO MiPOI0 HEraTUBHO BILTMBAE Ha HABKOJIMIIIHE CEPEIOBHUILIE TA BUMArae Cy4acHHUX YIPaBIiHCHKHUX
pimeHs y cdepi MOBOKEHHS 3 BIIXOIAMH.

3a3Ha4eHl CTAaTUCTUYHI JaHI PIYHHUX 3MiH BiJICOTKOBOTO BMICTYy OpPraHI4HOi CKJIQJOBOi, Mamepy Ta KapTOHY, MONIMEpiB, CKIa,
TKAaHMHU U JEPEBUHH, a TAKOXX 3arajJbHOTO 00CATY TBEpAUX MOOYTOBHX BiJXO/AIB MOJEITIOBAIUCH 3a JOIMOMOTIOI0 ampOKCHMALii
HOJIIHOMOM 3-TO CTYIICHS.

Kniouogi crosa: TBepl KOMyHIIBHI BiIX0AN, MOP(OIOTIYHHI CKIIaJ1, MOACTIOBAHHS, IIPOTHO3YBAHHSL.

Formulation of the problem. Current analytical in conditions where the actual component composition
forecasts in the field of resource conservation show that, of waste may differ significantly and vary by time.
in the nearest future, the waste disposal will be much In the city of Mykolayiv, as well as in the majority
more expensive than recycling. In turn, such recycling of the cities of Ukraine, there are a lot of enterprises
will require the corresponding efficient industry of waste  specialized in the transportation of waste to landfills,
processing, which can work with various raw materials but they become less competitive when the waste
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conservation will cost more than its processing. On
the other hand, any recycling as more efficient
waste management requires accurate forecasts for
the composition of municipal solid waste (MSW) and its
technologically valuable qualities. This issue becomes
especially relevant in the context of Ukraine’s path to
European integration [1, 2].

Since the structure of MSW is a decisive factor for
the development of the waste management system (stages
of separate collection, sorting and further processing
individual components of sorted MSW and, in general,
construction of complex processing facilities, etc.),
modeling and forecasting of morphological composition
and quantity of MSW as well as their dynamics will
allow determining the requirements and measures to
be applied in the field of MSW management and, in
particular, in the choice of ways of SW processing.

Analysis of recent research and publications.
Existing statistical data on municipal solid waste
generation in Mykolayiv (and Ukraine in general) show
a rapid increase of waste, which negatively affects
the environment and requires modern management
decisions in the field of waste management, which, in
turn, will provide an economic and environmental aspect
of security of Ukraine.

In the works of Petruk V., Markina L., Wambol
V., Onishchenko S., Khyzhnyakova N., Samoylik
M., Galushkina T., Dovga T. and others, attention is
given to a multilevel approach in the field of waste
management [3-9], where it is necessary to consider all
the elements and factors (scientific and technological,
environmental, socio-economic, natural and climatic,
etc.) that affect the system as a whole. However, today
the issue of further use of waste remains open.

The aim of this work is a detailed study
of the morphological structure of MSW in Mykolayiv
during recent years, as well as modeling (forecasting) of its
dynamics for the coming years, which will allow improving
the environmental and economic efficiency of the recycling
industry due to the disposal of secondary resources and will
reduce the anthropogenic impact on the environment.

In accordance with that aim, the following issues are
considered in the paper:

1. Qualitative and quantitative comparative
analysis of municipal solid waste (its volume
and morphology in dynamics) for a period from 2005
to 2020 in Mykolayiv.

2. Mathematical approximation of changes
in the volume of municipal solid waste as well
as its morphology on the territory of Mykolayiv
and the corresponding extrapolation (forecasting) for
the next five years.

Materials and methods of research. During
the theoretical and empirical studies the following
general scientific methods were used: analysis (analysis
of MSW accumulation), comparison and analogy;
generalization and abstraction; modeling and forecasting
(approximation by cubic polynomial).

Analysis of MSW and its morphology. The
problem of solid waste for Mykolayiv is as urgent as
for the majority of Ukrainian cities. In particular,
1203387 m® of solid waste was generated on the territory
of the city in 2020 [10].

The analysis of statistical indicators in the sphere
of waste management in the city indicates the increasing
dynamics of the MSW volume and the corresponding
increase of waste per capita, which is a general trend in
Ukraine.

Today the city has implemented a containerized
system of MSW collection (except for the individual
housing sector, where some part of it is serviced
by a planned-subordinate or demand system). This
containerized system, in turn, requires accurate data
on the total volume of waste in the city to calculate
the optimal number of containers, their location
and the appropriate number of service vehicles.

The dynamics of the total amount of MSW, which
were generated on the territory of Mykolayiv for
2005-2020 is shown in Fig. 1.

That Figure demonstrates that, on average, the total
volume of SW was increasing since 2005, except for
some decline in 2010 and 2015.
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Fig. 1. Dynamics of the total MSW volume in Mykolayiv for 2005-2020

191



Exoutoriuni Hayku N° 4(43)

HAYKOBO-TTPAKTUYHUI XKYPHAA

Accordingly, the analysis of the collected quantitative
data and prediction of the MSW volume for future
years can allow some conclusions about the feasibility
of the development of specific areas of the industrial
processing industry in the region.

The situation concerning the qualitative (i.e.,
morphological composition of MSW) is quite
problematic. There has been no systematic study
of the structure of MSW in our country, and the data
available in the public domain are rather due to sample
non-systematic studies in several regions of Ukraine:
their results differ significantly from each other,
and sometimes contradict one another. According
to the research materials of the Sixth National
Communication of Ukraine on Climate Change [11],
the structure of MSW is the following: food waste —
35-50%, paper and cardboard — 10-15%, polymers —
9-13%, wood — 8-10%, metal — 2%, textiles — 4—6%,
construction waste — 5%, wood — 1%, and other
waste — 10%.

The current morphological composition of waste
significantly differs even from that of ten years ago [12,
13]. The increased need for disposable packaging
materials [14], especially due to the pandemic, has
significantly widened the morphology of modern MSW.
In contrast to the general dynamics of the total MSW
volume, the empirical data on MSW morphology
considerably vary in different cities: sometimes,
certain indicators differ by several times (!). The results
of the research might be affected by several factors:
seasonal features, geographic location, characteristics
of the economic wellbeing of the city’s population,
industrial and secondary food market conditions, etc.
Morphological structure of some basic household waste
products determined for settlements with different
numbers of inhabitants is given in Table 1 [15, 16].

It is known that the MSW morphology has
a heterogeneous nature and depends on a lot of various
factors [17]. Taking into account the periodicity
and frequency of measurements, there is always some
variability of empirical data, which leads to significant
deviations of results. In order to obtain valid results, it
is extremely important to use proven and theoretically
grounded methods to investigate the MSW morphology
that will allow the accurate and adequate analysis
and predictions. One of the important conditions for
such a complex research is a motivated selection of point
(representative) samples, where the measured values

of the ingredients do not change, which will ensure
the validity of the primary data, and the subsequent
statistical analysis of the information obtained by taking
into account the necessary criteria.

The corresponding studies the MSW composition
in Mykolaiv were carried out in accordance with
the Methodological Recommendations for determining
the morphological composition of municipal solid
waste [18] by the gravimetric method [19] and using
natural measurements. In addition to the data on the MSW
generation, the local population of Mykolaiv regions
was analyzed. In particular, the research territory
covered four administrative districts of Mykolayiv
with the corresponding facilities of waste generation
(residential apartment buildings and individual houses;
institutions, non-production enterprises of social
and household purposes) and the city landfill for
the disposal of MSW in the village Vesnyane. According
to the Methodological Recommendations [18],
the actual value of each indicator at the selected points
was determined using the measurement protocol,
and the dynamics of those values were examined with
regard for the season components.

Empirical measurements of the volumes and density
of MSW were carried out directly at the objects of their
generation. The content of different test containers
(from 0.75 to 1.1 m?®) was manually disassembled into
morphological components which than were weighted
separately. Such field experiments were carried out
at 20 sites for the collection of waste serving more
than 12,000 people totally. Research continued during
2019-2020 (Fig. 2): in the winter, spring, summer,
and autumn periods. Samples were selected with at least
three times repeatability and followed by statistical
processing of the obtained data.

Based on the collected and processed data on
the MSW morphology, it is possible to approximate
the corresponding time dependence for each MSW
component (as well as their total volume) and even
predict the behavior of such dependence for several years
ahead that, in turn, will indicate the directions in which
the system of MSW management should be improved
and possibly demonstrate the investment attractiveness
of Mykolayiv region in that field.

Thus, to create the required model, we used
statistical data on annual changes over the years
for each morphological component in Mykolayiv
city and the city landfill, which would characterize

Table 1
Morphological structure of MSW in some Ukrainian cities

Components of waste Chernihiv Odesa Ternopil Lviv
Food and other organic waste 36% 36,1% 35% 26%
Paper and cardboard 15% 14,3% 12% 10%
Plastic 9% 2% 16% 13%
Glass 16% 6,2% 7% 4%
Textiles 2% 3,4% 8% 8%
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Fig. 2. Morphological structure of MSW in Mykolayiv for the seasons of 2020
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Fig. 3. The morphological structure of MSW in Mykolaiv for 2020 Approximation
and extrapolation

the changes in the amount of MSW generated at given
facilities.

These statistics of annual changes in the volumes
of organic matter, paper/cardboard, polymers, glass,
fabric and wood, as well as the total volume of MSW were
modeled by the 3-rd order polynomial approximation,

6]
the power coefficients of which were determined by
the method of least square deviations:

P(x,a,b,c,d)=ax +bx’ +cx, +d,

the power coefficients of which were determined by
the method of least square deviations:

Zn:[y,. —P3(xi, a,b,c, d)]2 =<D(a, b,c, d) = mir,
i=1

where x; (i = 1, 2, 3, ... n) — approximation nodes;
y, — known empirical values at nodes (results of mea-
surements); a, b, ¢, d — unknown power coefficients

of the approximating function.
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Necessary conditions for the existence of an extre-
mum of @(a, b, ¢, d) are the following:

8@((1, b, c,d) 3 6<D(a, b,c, d) 3
da - b -

o®(a,b,c,d) 0 o®(a,b,c,d) 0
dc ’ od ’

and they yield a system of linear algebraic equations to

define unknown coefficients a, b, ¢ and d:
a-Sg+b-S;+c-S,+d-S,=8,;;
a-S;+b-S,+c-S;+d-S,=38,,;

a-S,+b-S;+c-S,+d-S,=S,;;

aS,+b-S,+c-S,+d-n, =8,

where the coefficients at the unknown a, b, ¢ and d
are determined by the formulas:

n n n n
_ _ 2 _ 3 _ 4
SI_E:xi, SZ_E,xia S3_§:xia S4_§,xi,
i1 i1 i1 i1

1 1 1 1 1
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110 —— — T
10044 Glass //
2 % p4
e g0 /
§ 70
€ <
60 m—é/
/.’
504
40
2009 2011 2013 2015 2017 2019 2021 2023 2025 years
P,(x)=0,0468x" —0,9064x" +6,4592x + 43,8565
70 T T T T T
604 Wood A
7
50 v
2 /
e 40 /I/
g 3 4
2 P
10'_.==P/
0

2009 2011 2013 2015 2017 2019 2021 2023 2025 years
P,(x) =-0,0023x" +0,0590x* ~0,1974x +1,2133

n n
_ z 5 _ 2 6
SS - xi > S6 - xi
i=1 i=1

(i.e., in general, S, =Y x/ fori=1,2,3, ... 6 and right
E
parts are the following:

n n n n
_ _ _ 2 _ 3
S10_Zyi, Sll_zyixi, Slz_zyixi L S13_Zy[xi
i=1 i=1 i=1 i=1

(i.e., in general, §,, = Zyl.x,.k fori=0,1,2,3).
i=1

To solve this system of linear algebraic equations,
the Gaussian method was used. According to the results
of research and mathematical modeling, it is established
that the 3-rd order polynomial provides a good
approximation of annual changes in the volume of MSW
components (see Figures 4, 5).

Conclusions. The presented model and obtained
results of approximation adequately reflect the dynamics
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Fig. 4. Statistical data on the morphological composition of MSW in Mykolayiv for different years
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of MSW morphology in Mykolayiv during 2009-2020,
which, in turn, indicates the following: at the moment,
almost 50% of the MSW is organic waste, 7.8% — paper
and cardboard, 7.7% — polymers, glass — 5.6%, textiles —
4.6% and so on.

In addition, using the mentioned mathematical
approximation to forecast, we can state that the volume
of MSW will increase steadily in Mykolayiv for the next
5 years (see Fig. 5), and, correspondingly, the volume
of technologically valuable secondary raw materials will

argument to start the system of MSW management in
Mykolayiv.

However, at present time, the quality of secondary
material resources is a significant problem for
the implementation of waste sorting and recycling
facilities in the city because the waste of organic origin
(as the largest group of waste) is difficult to recycle.
Using the experience of European and Ukrainian cities,
it is advised to improve and implement biotechnological
processing [21, 22]. As to the polymers, paper, glass,

also increase: such components as paper and cardboard
will almost double, the volume of polymers increase
by about 20%, textiles — by 60%, etc. that is a serious

textiles, etc., it is possible to propose the use of partial
manual sorting, followed by mechanical separation
of the unsorted residue.
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