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ABSTRACT

In the context of increasing environmental pressures and waste
volumes, there is a growing need to assess the relationship between
economic growth and environmental performance indicators. The
purpose of the study is to assess the relationship between
Kazakhstan's economic growth and indicators of waste generation and
recycling, energy consumption, energy intensity, and energy
productivity. The study's information base consisted of official
statistical data from the Republic of Kazakhstan for 2015-2024. The
research employs normalization, gray relational analysis, and multiple
regression analysis. According to the results of the gray relational
analysis, the highest coefficients of correlation with GDP dynamics
were established for the specific volume of municipal waste per unit of
GDP (0.717), the volume of hazardous waste (0.714) and the volume
of industrial waste (0.707), which indicates that the changes in these
indicators most closely coincided with the direction and nature of the
change in GDP in the studied period. The volume of hazardous waste
has statistically significant negative relationship with GDP (B = -0.645;
p = 0.012), while the association of industrial waste with GDP has not
been statistically confirmed (B = -0.033; p = 0.827). The results show
that Kazakhstan's economic growth was more closely related to an
increase in waste volumes, especially hazardous waste, than to the
development of recycling and increased energy efficiency. The findings
substantiate the need to develop recycling infrastructure, strengthen
control over hazardous waste, and transition to a more resource-
efficient model of economic growth.
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Ka3sakcraHaaFbl SKOHOMUKANbIK OCY >XoHe 3KO0J1o0rmsanbiK

XYKTEMe: d/1IeyMeTTIK cangapnap

Xainay6aesa )X.?, )xongac6aesa I.6.2*, AiimaramberoBa A.[.5,

Dxpayosa K.C.6

alll. EceHOB aTblHAaFbl Kacmnuil TEXHONOrMsinap XosHe MHXUHUPUHT yHUBepcuTeTi, AKTay, KasakcTtaH

5KopkbIT ATa aTbiHaarbl Kbibliopaa yHusepcuTeTi, Kpisbinopaa, KasakcraH

TYUIH

DKONOMUAMbIK XKYKTEMEHIH KYLUEKi XXoHEe KanablKkTap KeneMiHiH ecyi
XaFdalblHAQ JKOHOMMKA/blK ©Cy MEH 3KOMOTUSbIK  TUiMAiNiK
KepceTKilTepi apacbiHAarbl 63apa 6alnaHbICTbl Haranay KaxeTTiniri
apTagbl. 3epTTeyaiH MakcaTbl KasakcTaHHbIH 3KOHOMMUKAbIK 6Cyi MeH
KanablKTapAblH TY3iNyi XXoHEe KaiiTa eHAesyi, SHeprusi TYTbiHY, SHEPrus
CbIMbIMABINbBIFBI  XX9HE SHEpreTuKanblk eHIMAINIK  KepceTkiTepi
apacblHaarbl 63apa 6ainaHbicTbl  6aranay 6onbin  Tabblnadbl.
3eptTeyaiH akmapatTblk 6asacklH  KasakctaH PecnybnamnkacbiHbIH
2015-2024 xbingapaarbl pecMu CTaTUCTUKAnNbIK AepeKkTepi Kypaabl.
3epTTeyae HopManusauus, pensuuanblk  Tangay koHe  KenTik
perpeccusinblk  Tangay oaictepi Kongawbingbl. Cyp pensaumsnbik
Tangay HaTuxenepi 6oibiHIIA XKIO AnHaMMUKACbIMEH 6alaHbICTbIH €H
XKOFapbl koadduumeHTTepi XKIO bipniriHe WakKaHAaFbl KOMMYHanNAbIK,
KanablkTapablH ynecTik kenemi (0.717), KayinTi KanablIKTapAblH KeneMi
(0.714) xoHe eHepkaCiNTiK KanablkTapablH, kenemi (0.707) ywiH
benrineHreH, 6yn  KepceTireH KepCeTKIlWTepaiH  e3repicrepi
3epTreyaeri XKIO e3repiciHiH 6aFbiTbl MEH CUMaTbiHa HGapblHLLIA CalKec
KeneTiHAiriH kepceTeai ke3eH. KayinTi kanabiktap keneMiHiH XXIO-meH
CTaTUCTVKaNbIK TYpPFbiAaH MaHbI3abl Tepic 6ainaHbickl 6ap (B =
—-0.645; p = 0.012), an eHepkacinTik KanapikTapablH XIO-MeH
6alnaHbICbl CTaTUCTUKANbIK TypFblaaH pactanMaasl (B = —0.033; p =
0.827). AnbiHFaH HaTwxenep KasakCTaHHbIH, 3KOHOMMKAsbIK 6cCyi
KalTa 6eHAeydi OaMbiTy >oHe 3Heprus TWIMAINIriH apTTbipyMeH
CanbICTblpFaHAA KanabIKTap KeneMiHiH, acipece KayinTi KanabiKTapablH,
KebeloiMeH ThbiFbI3 6alinaHbICTbl 60/FaHbIH KepceTei. KopbITbiHAbIIap
KalTa eHAey WHQPaKypbUIbIMbIH AaMbITy, KayinTi KangblkTapabl
6akblnaydbl KYLWEWTY >XSHE 3KOHOMMKanbIK ecydiH HeFyp/biM
PECYpCTbIK TWiMI MOAENiHe KoLy KaXXeTTiNiriH Herisaenai.
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DKOHOMUYECKUI POCT M 3KOJIoOrMYeckas Harpyska B

Ka3axcTraHe: counanbHblie NocneacTBua

Xainay6aesa X.?, )xongac6aesa I'.Y.?*, AiimaramberoBa A.[.5,

Dxpayosa K.C.6

aKacnuinckuii YHUBEPCUTET TEXHOMOMMIA U MHXMHUPUHIA UMeHu L. EceHoBa, AkTay, KasaxcTaH

SKbI3bIOPAMHCKMIA YHUBEPCUTET MMeHn KopkbiT ATa, Kbi3binopaa, KasaxcraH

AHHOTALUMA

B ycnoBusix ycuneHus 3Konormyeckom Harpysku 1 pocta 06beMOB OTXO/I0B
BO3pacTaeT HeobX0ANMOCTb OLIEHKM B3aMMOCBS3N MeXAy SKOHOMUYECKUM
pOCTOM W TMOKa3aTensaMu 3Kosnormyeckon addektnBHocTU. Llenb
UCCNefoBaHMsl  3aK/IlOYMaeTCcs B OUEHKE  B3auUMOCBS3M  Mexay
3KOHOMMYECKMM POCTOM KasaxcTaHa M nokasatensMu obpa3oBaHust U
nepepaboTkn OTX0OAOB, NOTPEONEHUS 3SHEPruu, 3SHEProéMKOCTU MU
3HEepreTMYecKkon NpOAYyKTUBHOCTM. NHbOpMaLMOHHYIO 6asy
ncCcnefoBaHusl  COCTaBuIM  oduvumanbHble  CTAaTUCTUYECKUE  AaHHbIe
Pecnybnukun KasaxctaH 3a 2015-2024 rr. B uccneaoBaHny MpUMEHEHBI
MeToAbl  HOPManM3auuu, Ceporo  pPensuuMoHHOrO  aHanmn3a MU
MHOXECTBEHHOIO0 PerpeccMoHHOro aHanmsa. o pesynbTaTaM Ceporo
pensiuUMOHHOIr0 aHanu3a Haumbonee BbICOKME KO3(MULUMEHTbI CBSA3M C
IMHaMmkon BBI1 ycTaHOBMEHbI ANS YAENbHOro 06bEéMa KOMMYHasbHbIX
0TX0A0B Ha eavHuuy BB (0,717), obbéma onacHbix otxoaoB (0,714) n
06bEMa npombiwnieHHbIX oTxoaos (0,707), 4TO CBMAETENLCTBYET O TOM,
UTO W3MEHEHUS YKa3aHHbIX MNoKas3aTesied B HaubOMblUEN CTeneHu
COBMajannM C Hanpae/iEHWEM W XapakTepoM wu3MeHeHus BBl B
nccnegyemom nepuoge. O6bEM onacHbIX OTXOA0B MMEET CTaTUCTUYECKU
3HaYMMYIO OTpuuaTenbHyto cBsdb ¢ BBI (B = —0,645; p = 0,012), Toraa
Kak CBSI3b MPOMbIWAEHHbIX 0TX04oB C BBl cTatucTnyeckn He
noateepxaeHa (B = -0,033; p = 0,827). MNMony4yeHHble pe3ynbTaThl
CBUAETENLCTBYIOT O TOM, YTO 3KOHOMMYECKWUI pocT KasaxcTtaHa 6bin
TECHee CBSi3aH C yBenM4yeHneM 06BbEMOB OTXOAO0B, OCOOEHHO OMacHbIX,
4yeM C pasBUTMEM NepepaboTKM M MOBbIEHMEM 3Hepro3hheKTUBHOCTH.
BbiBOoabl 060CHOBLIBAOT HEO6XOAMMOCTb Pa3BUTUS UHGPACTPYKTYpbI
nepepaboTky, YCUIEHNS KOHTPO/IS 3@ OMACHbIMM OTX0A4AaMKU U nepexoaa K
6onee pecypcoaeKTMBHOW MOAENN SKOHOMUYECKOrO poCTa.
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1. Introduction

Inrecentyears, the importance of developing and implementing green economy principles has
increased, including expanding low-carbon energy sources and improving resource efficiency
(Zhironkin & Cehlar, 2022). Higher resources and energy efficiency generate economic returns,
reduce costs, and support the development of recycling, renewable energy, and environmental
technologies. In contrast, economic growth depends on how efficiently resources are used rather
than on their volume. This requires a shift to development models that combine economic growth
with environmental sustainability and rational resource use, as traditional models based on
intensive consumption become less effective amid global instability and resource depletion
(Trushkina, 2022).

The relevance of this topic for Kazakhstan stems from the combination of the economy's
resource dependence and the need to transition to a sustainable development model. Given the
high share of fossil fuels in the economy, there is a need to change resource-use approaches, reduce
emissions, and improve energy efficiency. The transition to a green economy is seen as a key means
of ensuring long-term economic growth and improving the quality of life for the population (Diyar
etal, 2014).

Reliance on intensive consumption of natural resources, fossil fuels, and energy-intensive
industries affect environmental sustainability and the population's living conditions.
Environmental pollution, waste accumulation, and natural resource depletion pose additional risks
to public health and the quality of the urban environment, making the transition to a green economy
a global challenge in modern development. Kazakhstan continues to face the need for structural
transformation of the energy sector and a reduction in dependence on coal, oil, and gas. The
development of energy-efficient technologies and renewable energy sources is important for
reducing resource pressure and improving environmental conditions in populated and industrial
areas. High energy consumption levels contribute to environmental burdens in regions with
concentrated economic activity (Imangali & Bekturganova, 2024).

Institutional and infrastructural factors, including the need for stronger government
regulation, investment, and personnel training, constrain the development of a green economy in
Kazakhstan. Thus, there is a need to assess the relationship between economic growth, resource
use, energy efficiency, and environmental burden in the context of Kazakhstan's economic
transformation towards sustainable development (Zhandar et al., 2025).

Despite the growing number of studies on green growth, decarbonization, and energy
transition in Kazakhstan, empirical evidence on the joint relationship of economic growth with
waste generation and recycling, as well as energy efficiency, remains limited. Previous studies have
mainly considered individual environmental or energy indicators, while the cumulative dynamics
of indicators related to waste and energy use have not been sufficiently studied. The present study
aims to fill this gap by combining indicators of waste generation and recycling, energy consumption,
energy intensity and energy productivity within a single analytical approach.

Sustainable development combines economic growth, environmental sustainability, and
social well-being. Resource use, waste generation, and energy efficiency influence not only
environmental outcomes but also the quality of the living environment and the long-term
sustainability of territorial development. The purpose of the study is to assess the relationship
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between Kazakhstan's economic growth and indicators of waste generation and recycling, energy
consumption, energy intensity, and energy productivity.

2. Literature review

The green approach examines the economy in terms of the use of natural resources, the
generation of waste, and its subsequent recycling or reduction, allowing for an assessment of its
impact on the environment and quality of life. Costanza et al. (2014) demonstrated that economic
activity is directly linked to the health of ecosystems, as they form part of the value created, and
pollution and waste accumulation are accompanied by a decrease in this value due to the
deterioration of natural capital. Moreover, the authors found that countries with intensive land-use
change, including developing economies in Asia and Latin America, experience a significant decline
in the value of natural resources and environmental functions. Fritz and Koch (2014) link resource
use and waste generation to constraints on economic growth and living standards, where the
priority shifts to reducing pressure on resources. The authors conducted an assessment across 38
countries and showed that high levels of well-being are achieved with lower resource intensity and
lower environmental burdens. Thus, the social effect of the green approach is reflected in improved
quality of life, better environmental conditions, and the preservation of long-term well-being.

On the other hand, countries with rapid economic growth experience rising waste and
environmental pressures. In this regard, resource use, energy consumption, and waste volumes
serve as indicators of the performance of the green economy, and their quantitative assessment is
provided through energy intensity, carbon productivity, waste volumes, and the level of their
recycling (Loiseau et al., 2016; Zvarych et al., 2022). Thus, EU countries are characterized by higher
resource productivity: a larger volume of GDP is generated with less resource use and a smaller
increase in waste, with a significant portion of waste returned for recycling and reuse. In Ukraine,
GDP growth is accompanied by faster increases in waste volumes and a low recycling rate. At the
same time, resource productivity remains low, thereby increasing the resource burden per unit of
economic output. Resources, waste, and recycling are considered key areas of development for the
transition to a more sustainable economy (Ospanova et al., 2022). Thus, the implementation of a
green economy depends on national priorities, with differences in the share of renewable energy,
the level of waste recycling, and the degree of resource efficiency, all of which contribute to varying
speeds of transition to a sustainable development model. Thus, international experience shows that
the impact of economic growth largely depends on resource efficiency and waste recycling. Higher
recycling and resource productivity rates are associated with lower environmental impacts. As a
result, resource efficiency and recycling development impact not only the environment but also the
long-term quality of life (Arion et al., 2023).

Improving resource efficiency, developing recycling, and introducing energy-efficient
technologies support GDP growth by reducing material intensity and environmental impact.
Resource efficiency, waste recycling, and energy efficiency directly impact GDP growth and its
structure. Valero et al. (2015) found that conclusions about economic efficiency vary depending on
the set of indicators used. When using the traditional GDP/DMC indicator based on resource
volumes, abundant, cheap materials such as limestone exert a strong influence, creating the
perception of higher economic efficiency. Indicators that account for energy intensity and resource
scarcity change assessment structure: fuel and scarce materials become the key drivers, and the
economic burden is estimated to be higher. Using Spain as an example, the same level of GDP yields
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different efficiency estimates depending on whether only resource volumes or their energy and
economic significance are considered, with recycling and reducing the use of energy-intensive
resources proving critical to improving economic efficiency. Birat (2015) showed that recycling
materials reduces production costs and increases economic returns. Thus, due to the use of fewer
primary resources, GDP growth may be improving. Cerqueira et al. (2021) found that the estimated
relationship between environmental factors and GDP varies across indicators. When considering
GDP growth alone, the dependence on increased resource consumption remains. Recycling and
renewable energy reduce environmental impact and increase GDP. OECD countries ensure lower
resource dependence of GDP through a high share of recycling and renewable energy. Low levels
of recycling and energy efficiency lead to a greater resource burden. However, the impact of waste
recycling and energy efficiency on the economy varies (Guoyan et al.,, 2022). Waste recycling
reduces the need for primary raw materials. Energy efficiency reduces resource consumption in
production. Renewable energy helps reduce the economy's dependence on traditional resources. It
is not just GDP growth that matters, but also the amount of resources required to achieve it. The
higher the waste recycling and resource efficiency, the fewer resources are required to produce the
same amount of economic output (Garg et al., 2025).

Analysing the relationships among environmental, energy, and economic parameters requires
tools capable of handling heterogeneous indicators and limited time series. Grey Relational
Analysis is used to assess the degree of consistency between the dynamics of various indicators and
to identify their relative importance in shaping economic outcomes. This approach is particularly
characteristic of studies that use gross domestic product as a benchmark, with environmental and
resource indicators considered as determinants of its dynamics. Kose et al. (2013) analysed which
types of energy consumption shape economic growth. They found that energy consumption
dynamics are directly related to GDP dynamics, with certain energy types exhibiting stronger
correlations with economic growth. Kogak (2020) examined the factors that determine green
growth in OECD countries and ranked environmental and resource indicators to identify those most
closely related to economic development dynamics; this analysis led to CO, emissions and
environmental technologies being identified as key drivers. Alshuwaikhat et al. (2023) assessed
environmental sustainability and identified the contribution of energy, technology, and
environmental factors to emission-reduction targets. Banjerdpaiboon and Limleamthong (2023)
analyzed cross-country differences in levels of circular economy and found that recycling and
resource productivity indicators explain differences in economic performance and sustainability.
All studies construct their analysis by comparing indicators with GDP dynamics, which serve as the
dependent variable, using time series of limited length, typically around 10 years. Such assessments
are important for identifying environmental factors that may influence the sustainability of
territorial development and environmental conditions in areas with concentrated economic
activity.

The approaches discussed demonstrate that assessing the relationship between
environmental indicators and economic growth depends on the choice of indicators and analytical
methods. Existing studies state differences in results when changing the set of indicators and
consistently compare environmental factors with GDP dynamics. Studies on countries with
transition economies, including Kazakhstan, also note that the structure of economic growth
remains linked to resource use, energy intensity, and the level of processing, with individual
indicators demonstrating varying degrees of influence on economic performance.
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Under these conditions, a quantitative comparison of environmental and economic indicators
is needed to determine their relative importance for economic growth. Using methods based on
comparing indicator dynamics allows identifying which indicators correlate most closely with GDP
and serve as the basis for economic dynamics.

3. Research methods

Based on the literature review, indicators reflecting environmental pressure, recycling
performance, and energy efficiency were selected. The data was obtained from official resources
and covered the period from 2015 to 2024.

Table 1 presents the selected variables and their corresponding codes used for further
analysis.

Table 1. Selected indicators for grey relational analysis for 2015-2024.

Indicator Unit of measurement Code
GDP (PPP, constant 2021 prices) million international dollars X0
Industrial waste generation thousand tons X1
Hazardous waste generation thousand tons X2
Municipal solid waste generation thousand tons X3
Municipal waste per GDP kg per 1000 international dollars (2021 X4
prices)
Recycling rate of industrial waste percent X5
Recycling rate of municipal waste percent X6
Primary energy consumption million tons of oil equivalent X7
Energy intensity of GDP toe per thousand USD (2015 prices) X8
Energy productivity USD per toe (2005 prices) X9

Note: compiled by authors based on data from the Bureau of National Statistics (2025).

The X4 indicator (municipal waste per GDP) was included in the analysis as an indicator of the
waste burden per unit of economic output. This indicator characterises the volume of municipal
waste per unit of GDP and is used to assess the intensity of waste generation in economic activity.
Because the indicator incorporates GDP into its calculation structure, the interpretation of the
results is based on an assessment of the relationship between economic growth and the waste
burden. Therefore, the results for X4 are interpreted as reflecting the waste burden relative to
economic output rather than as a separate measure independent of GDP.

To identify the relationship between economic growth and selected indicators, the Grey
Relational Analysis method was applied. The strength of association between variables was
evaluated under conditions of limited and heterogeneous data by measuring the similarity of their
dynamic patterns.

Atthe first stage, all variables were normalized using the min-max method. The normalization
for indicators with a positive effect was performed based on formula (1):

' x—min

X =—— (1)
where:
x"-normalized value of the indicator;
x - actual value of the indicator;
min - minimum value of the indicator in the study period;
max - maximum value of the indicator in the study period.
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For indicators with a negative effect, normalization was carried out according to formula (2):

, max—x

X = max—min (2)
where:
x' — normalized value of the indicator;
x - actual value of the indicator;
min - minimum value of the indicator in the study period;
max - maximum value of the indicator in the study period.

Next, the absolute deviations between the reference sequence and comparative sequences
were calculated based on formula (3):

A= |X, — X;| (3)

where:
A - absolute deviation between the reference and comparative sequences;
X, - reference sequence (GDP);
X; - comparative sequence for indicator i.

Next, grey relational coefficients were calculated using formula (4):

— Amint0.5XAmax (4)
A+0,5XAmax
where:
y - Grey relational coefficient;
A - absolute deviation between the reference and comparative sequences;
Ain - minimum deviation observed among all observations;
A,qx - maximum deviation observed among all observations;
0.5 - distinguishing coefficient used in Grey Relational Analysis.

Then, the average Grey relational coefficient for each indicator was calculated based on
formula (5):

7=-%vy (5)
where:
y - average Grey relational coefficient;
y - Grey relational coefficient for each observation;
n - number of observations.

Providing average values enabled the ranking of factors by their degree of association with
economic growth. To validate the robustness of the obtained results, a regression analysis was
conducted. The regression model is specified as follows (6):

Y =PBo+ 1 Xs+ 62Xy + -+ BpXn + € (6)

where:
Y - GDP;
B, - intercept;
Bi-..Bn — regression coefficients;
X;...X, - explanatory variables selected based on Grey relational ranking;
&-random error term.
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To complement the grey relational analysis, multiple linear regression analysis was conducted
to assess the statistical significance and direction of the relationships between GDP and selected
indicators. Given that the dataset contains ten annual observations, the regression results were
interpreted as exploratory associations rather than evidence of causal effects..

4. Results

The results revealed the general structure of relationships among selected indicators and the
dynamics of their interaction over time, from 2015 to 2024.

At the first stage, the normalized values obtained using the min-max method were analyzed,
where "0" corresponds to the lowest relative position of an indicator over the observed period,
while "1" corresponds to its highest relative level. The normalised indicators were grouped into
two categories according to their economic interpretation. The first group includes indicators with
a negative effect, where higher initial values correspond to greater environmental pressure. The
second group consists of indicators with a positive effect, in which higher values indicate improved
efficiency or sustainability.

Table 2 presents the normalised values for indicators with a negative effect.

Table 2. Normalised values of indicators with negative impact (min-max transformation).

Indicator 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

X1 0 0,574 0,742 0,460 0,432 0,674 0,337 0,285 0,195 1
X2 0 0478 0595 0485 0,339 0,543 1 0,979 0,992 1
X3 0 0,053 0481 0916 0,583 0,731 1 0,899 0,890 0,493
X4 0 0,056 0,417 0,750 0,667 0,694 0917 0917 1,000 0,889
X6 1 0967 0,701 0,598 0,456 0,282 0,104 0,021 0,091 0

X7 1 0,525 0472 0,007 0,062 0,418 0,288 0,207 0,004 0

Note: compiled by the authors.

In 2015, the waste generation indicators X1-X4 recorded their lowest normalised values,
equal or close to zero, whereas the municipal waste recycling indicator (X6) and primary energy
consumption indicator (X7) had normalised values of 1.000. These values reflect the relative
positions of the indicators at the beginning of the study period. Since different normalisation
directions were applied, the results should be interpreted in terms of relative dynamics rather than
absolute maxima or minima.

The waste generation indicators X1-X4 generally increased over the study period, although
their dynamics differed. Hazardous waste generation (X2) reached its maximum normalised value
of 1.000 in 2021, remained close to this level in 2022 and 2023, with values of 0.979 and 0.992,
respectively, and returned to 1.000 in 2024. Industrial waste generation (X1) increased to 0.742 in
2017 and amounted to 0.674 in 2020. It subsequently declined to 0.337 in 2021, 0.285 in 2022, and
0.195 in 2023, before rising sharply to its maximum normalised value of 1.000 in 2024. These
dynamics indicate considerable fluctuations in industrial waste generation and persistently high
relative levels of hazardous waste toward the end of the study period.

Municipal waste generation (X3) demonstrated less stable dynamics. Its normalised value
reached a maximum of 1.000 in 2021 and subsequently decreased to 0.899 in 2022, 0.890 in 2023,
and 0.493 in 2024. The municipal waste intensity indicator (X4) reached 0.917 in both 2021 and
2022, increased to its maximum value of 1.000 in 2023, and then declined slightly to 0.889 in 2024.

The normalised values of municipal waste recycling (X6) and primary energy consumption
(X7) declined from 1.000 in 2015 to 0.000 in 2024. However, these indicators represent different
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dimensions and should therefore be interpreted separately. Overall, the dynamics reveal an
increase in several waste generation indicators alongside a weaker relative position of municipal
waste recycling. This pattern may indicate a growing imbalance between waste generation and

recycling performance.
Table 3 presents the normalised values for indicators with a positive effect.

Table 3. Normalised values of indicators with positive impact (min-max transformation).

Indicator 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

X5
X8
X9

1 0,79 0,55 0,48 0,51 0,26 0,14 0 0,59 0,80
0 0,67 0,56 1 0,70 0,36 0,33 0,29 0,30 0,10
1 0,29 0,40 0 0,26 0,60 0,63 0,67 0,64 0,88

Note: compiled by the authors.

The normalised value of the industrial waste recycling rate (X5) decreased from 1.000 in 2015
to its minimum value of 0.000 in 2022. It subsequently increased to 0.590 in 2023 and 0.800 in
2024. These dynamics indicate a deterioration in the relative position of industrial waste recycling
until 2022, followed by a noticeable recovery during 2023-2024.

The normalised value of GDP energy intensity (X8) increased from 0.000 in 2015 to its
maximum value of 1.000 in 2018. After 2018, it generally declined and reached 0.100 in 2024. This
decline indicates that less energy was required to generate a unit of GDP toward the end of the
study period, reflecting an improvement in energy-use efficiency. The normalised value of energy
productivity (X9) reached 1.000 in 2015 and declined to its minimum value of 0.000 in 2018. It
subsequently increased from 0.260 in 2019 to 0.670 in 2022, decreased slightly to 0.640 in 2023,
and rose to 0.880 in 2024. Thus, despite some fluctuations, energy productivity demonstrated an
overall recovery after 2018. In 2024, the economy generated more economic output per unit of
energy consumed than in 2018.

The observed increase in several waste-generation indicators, combined with the relatively
weak performance of waste recycling during part of the study period, may place additional pressure
on the waste management system. In the long term, such dynamics may create risks for urban
development, efficient land use, environmental safety, and favourable living conditions for the
population.

Table 4 presents the absolute deviations between the normalised reference sequence
representing GDP and the comparative sequences representing the selected environmental and
energy indicators.

Table 4. Absolute deviations between GDP and selected indicators.

Indicator 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
X1 0,000 0,540 0,580 0,165 0,016 0314 0,171 0,338 0,618 0,000
X2 0,000 0,444 0,433 0,189 0,109 0,183 0492 0356 0,179 0,015
X3 0,000 0,019 0319 0621 0135 0371 0492 0276 0,077 0,507
X4 0,000 0,022 0,254 0454 0219 0335 0409 0,294 0,187 0,111
X6 1,000 0,933 0,539 0,302 0,008 0,077 0404 0602 0,721 1,000
X7 1,000 0,491 0,310 0,289 0,386 0,058 0220 0416 0,808 1,000
X5 1,000 0,756 0,393 0,188 0,061 0,097 0372 0,623 0,225 0,205
X8 0,000 0,637 0,395 0,704 0,252 0,002 0179 0337 0513 0,900
X9 1,000 0,257 0240 0,296 0,191 0,244 0,118 0,046 0,170 0,120

Note: compiled by the authors.
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For industrial waste generation (X1), the deviations are 0 in 2015 and 2024, and amount to
0.016 in 2019, while in 2016-2017 they range from 0.540 to 0.580, indicating an alternation
between periods of convergence and divergence. For hazardous waste generation (X2), deviations
mostly do not exceed 0.500, decreasing to 0.015 in 2024. For MSW generation (X3), values change
unevenly: a sharp increase in the deviation to 0.621 in 2018 and 0.492 in 2021 is followed by a
decrease to 0.077 in 2023. For municipal solid waste per unit of GDP (X4), values are mainly
concentrated in the 0.187-0.409 range, with a minimum of 0.022 in 2016. Compared with X3, the
deviations for X4 vary within a narrower range and exceed 0.400 only in 2021. In terms of the share
of solid waste recycling (X6), the values over several years range from 0.933 to 1.000, while in 2019
a practically zero deviation of 0.008 was recorded, indicating alternating between very low and
very high deviation values. For energy consumption (X7), the deviations are also equal to 1.000 in
2015 and 2024, with a minimum of 0.058 in 2020 and a range of 0.220-0.491 in 2016-2023. For
the share of industrial waste recycling (X5), the values range from 1.000 in 2015 to 0.061 in 2019,
then increase to 0.623 in 2022, and decrease to 0.205 in 2024, with the lowest values of 0.188-
0.097 in 2018-2020. For the energy intensity of GDP (X8), values range from 0 in 2015 to 0.704 in
2018, with a minimum deviation of 0.002 in 2020, and are 0.179-0.513 in 2021-2023. For energy
productivity (X9), deviations range from 0.118 to 0.296, with a 2015 value of 1.000 and a 2022
minimum of 0.046. Lower deviation values for X9 are observed in most years after 2018..

Next, the grey coefficients showed the degree of proximity between indicator dynamics and
GDP (see Table 5).

Table 5. Grey relational coefficients between GDP and selected indicators.

Indicator 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
X1 1 0,481 0,463 0,752 0969 0,614 0,745 0,597 0,447 1

X2 1 0,530 0,536 0,725 0821 0,732 0,504 0,584 0,736 0,972
X3 1 0,963 0,611 0,446 0,787 0,574 0,504 0,644 0,866 0,497
X4 1 0,959 0,663 0,524 0,696 0,599 0,550 0,630 0,727 0,818
X6 0,333 0,349 0,481 0,623 0983 0866 0,553 0,454 0,409 0,333
X7 0,333 0,504 0,617 0,634 0565 0896 0,694 0,546 0,382 0,333
X5 0,333 0,398 0,560 0,727 0,892 0838 0,574 0,445 0,689 0,709
X8 1 0,440 0,559 0,415 0,665 0995 0,736 0,597 0,494 0,357
X9 0,333 0,660 0,675 0,628 0,724 0,672 0,808 0,917 0,746 0,806

Note: compiled by the authors.

Positive indicators (X5, X8, X9) reflect processes generally considered favourable within the
framework of sustainable development. Industrial waste recycling reduces waste accumulation and
enables more efficient use of resources. Reduced energy intensity and increased energy
productivity are associated with more efficient energy use, enabling greater economic returns with
lower resource expenditure. For indicators with a positive effect, higher Grey coefficient values
indicate a closer relationship between economic growth and processes that promote resource
efficiency, waste recycling, and increased energy productivity. From a social perspective, such
dynamics are associated with more efficient use of resources and the creation of conditions for
sustainable territorial development.

Negative indicators (X1, X2, X3, X4, X6, X7) characterise processes related to waste generation,
environmental impact, and resource consumption. Growing volumes of industrial, hazardous, and
municipal waste increase the need for their collection, transportation, processing, and disposal.
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Insufficient infrastructure increases the burden on urban areas and waste management systems.
For indicators with a negative impact, higher grey coefficient values indicate a closer relationship
between economic growth and increased waste volumes, environmental burden, and resource
consumption. From a social perspective, these dynamics increase demands on waste management
systems, urban infrastructure, and measures to ensure environmental safety for the population.

For indicators with positive effects (X5, X8, X9), a stronger correlation with GDP is observed
compared to the beginning of the period. The most pronounced increase in coefficients was
observed for industrial waste processing (X5) and energy productivity (X9). The X5 coefficient
increased from 0.333in 2015 to 0.892 in 2019 and remained at 0.689-0.709 in 2023-2024. For X9,
the value increased from 0.333 in 2015 to 0.917 in 2022 and remained at 0.746-0.806 in 2023-
2024. For the energy intensity of GDP (X8), the coefficient reached 0.995 in 2020 and decreased to
0.357 in 2024.

For indicators with negative effects (X1, X2, X3, X4, X6, X7), the coefficients exhibit more
pronounced fluctuations. The highest values at the end of the period were observed for industrial
(X1) and hazardous (X2) waste generation. The X1 coefficient increased from 0.463-0.481in 2016-
2017 to 0.969 in 2019 and reached 1.000 in 2024. For X2, the value was 0.972 in 2024. The
coefficients for municipal waste (X3) and waste per unit of GDP (X4) remained above 0.500 during
most of the study period. The indicators of municipal solid waste recycling (X6) and energy
consumption (X7) varied from 0.333 to 0.983 and from 0.333 to 0.896, respectively.

Figure 1 presents the ranking of the indicators based on the average grey coefficient values,
where higher values indicate a greater consistency between the indicator dynamics and GDP.

Average Grey Coefficient

X1 X2 X3 X4 X6 X7 X5 X8 X9

Figure 1. Ranking of indicators based on average grey relational coefficients.

Waste-related indicators occupied four of the five highest positions in the ranking. The highest
Grey relational grades were obtained for municipal waste intensity (X4 = 0.717), hazardous waste
generation (X2 = 0.714), and industrial waste generation (X1 = 0.707), followed by energy
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productivity (X9 = 0.697) and municipal solid waste generation (X3 = 0.689). Lower grades were
recorded for GDP energy intensity (X8 = 0.626), industrial waste recycling (X5 = 0.617), primary
energy consumption (X7 = 0.550), and municipal waste recycling (X6 = 0.539). These results
indicate that GDP dynamics were more closely aligned with the dynamics of waste-related
indicators than with recycling and energy-efficiency indicators.

The regression analysis focused on waste-related indicators because the empirical hypotheses
concerned different sources of waste pressure. Although X4 had the highest Grey relational grade,
it was excluded from the regression analysis because GDP is incorporated into its calculation, which
could create a mechanical relationship with the dependent variable. Therefore, municipal solid
waste generation (X3), industrial waste generation (X1), and hazardous waste generation (X2)
were selected for the regression analysis.

H1: Municipal solid waste generation (X3) is statistically significantly associated with GDP
dynamics.

H2: Industrial waste generation (X1) and hazardous waste generation (X2) are statistically
significantly associated with GDP dynamics.

Table 6 shows the results of the model estimation and analysis of variance for hypothesis 1.

Table 6. Model summary and ANOVA results for H1 (X4, X3).

Model R R? Adjusted RMSE Sum of df Mean F p
R? Squares Square

M, 0.000 0.000 0.000 58741.863

M, 0.995 0.990 0.987 6788.346 3.073x10° 2 1.537x101° 333.461 <.001

Residual 3.226x108 7 4.608x107

Total 3.106x10*° 9

Note: compiled by the authors.

The ANOVA results confirmed the model's statistical significance and supported hypothesis 1.
The R? is 0.990, which means that the selected indicators explain 99.0% of the variation in GDP.
The p-value does not exceed the threshold of 0,005.

Table 7 presents the regression coefficients for hypothesis 1.

Table 7. Regression coefficients for H1 (X4, X3).

Variable Unstandardized  Std. Error  Standardized t p Tolerance VIF
Intercept 555390.947 31644.166 17.551 <.001

X4 -88739.549 4197.434 -1.953 -21.141 <.001 0.174 5.751
X3 158.862 12.191 1.204 13.031 <.001 0.174 5.751

Note: compiled by the authors.

The analysis of multicollinearity showed that the VIF is 5.751, within the acceptable limit of
10. The p-values for both indicators are = 0.001 and do not exceed the established significance
threshold of 0.05. Therefore, both indicators demonstrate a statistically significant relationship
with GDP. Indicator X4 (MSW generation per unit of GDP) has a negative coefficient, indicating the
waste burden relative to economic output. Thus, higher waste intensity is associated with lower
GDP. Indicator X3 (municipal solid waste generation) has a positive coefficient, indicating that
higher waste volumes are associated with GDP growth.

Table 8 shows the ANOVA results for the second model.
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Table 8. Model summary and ANOVA results for H2 (X1, X2).

Model R R? Adjusted RMSE Sum of df Mean F p
R? Squares Square

M, 0.000 0.000 0.000 58741.863

M, 0.801 0.641 0.539 39882.482 1.992x10%° 2 9.961x10° 6.262 0.028

Residual 1.113x10%° 7 1.591x10°

Total 3.106x10° 9

Note: compiled by the authors.

The ANOVA result for the second model confirmed hypothesis 2. The R? is 0.641, which means
that the selected variables explain 64.1% of the variation in GDP. The p-value does not exceed the
alpha level of 0,05 and is equal to 0.028 (within the significance limit).

Table 9 shows the regression coefficients for hypothesis 2.

Table 9. Regression coefficients for H2 (X1, X2).

Variable Unstandardized Std. Error Standardized t p Tolerance VIF
Intercept 738216.556 115932.776 6.368 <.001

X1 -0.033 0.144 -0.053 -0.227 0.827 0.927 1.079
X2 -0.645 0.193 -0.785 -3.339 0.012 0.927 1.079

Note: compiled by the authors.

The results for multicollinearity indicators showed that the VIF values for the H2 are within
acceptable limits (1.079). The results for indicator X1 showed no statistically significant impact,
with a p-value of 0.827. Thus, an increase in industrial waste volume does not have a statistically
significant impact on GDP. Indicator X2 showed a statistically significant impact (p-value = 0.012),
which is below the significance level of 0.05. Therefore, hypothesis H2 received partial support, as
only hazardous waste generation demonstrated a statistically significant relationship with GDP.
Indicator X2 (hazardous waste generation) has a negative coefficient, indicating that higher levels
of hazardous waste generation are associated with lower GDP values.

5. Conclusions

The study examined the relationship between economic growth and indicators of
environmental pressure, including waste generation and energy intensity, and assessed their
implications for sustainable territorial development, waste management systems, and
environmental conditions affecting society. The results show that indicators of environmental load
have the strongest association with economic growth, whereas recycling and resource-efficiency
indicators demonstrate weaker relationships. Higher economic output is associated with
increasing environmental pressure, while improvements in recycling and efficiency remain limited.
The results indicate the persistence of a development pattern in which economic growth is
accompanied by increasing resource use and waste generation.

It was found that increases in GDP are accompanied by higher waste volumes and a
persistently high burden per unit of output. Thus, economic growth is based on increasing resource
consumption without improving efficiency. Reductions in specific burden are not sustained, and
hazardous waste management does not lead to sustained reductions. As a result, the waste
structure persists, increasing pressure on the economy. Recycling does not align with the actual
structure of waste generation and does not offset its growth. Waste management is not structured,
limiting the effectiveness of measures. Energy efficiency and productivity indicators do not form a
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stable relationship with GDP growth, confirming the lack of a transition to a more efficient growth
model.

The implementation of extended producer responsibility is recommended, with specific
recycling obligations at all stages of the product life cycle. An increase in the share of waste
recycling and energy recovery is needed, along with the simultaneous modernisation of
technologies, which will reduce the burden per unit of output. A transition to a payment system
based on the actual volume of waste generated at the household and business levels is necessary.
Control over hazardous waste management should be strengthened through mandatory sorting,
accounting, and recycling, thereby reducing its impact on economic indicators.

Growing volumes of industrial and hazardous waste are increasing the environmental burden
in areas with high economic activity. Waste generation is outpacing recycling capacity and
improvements in resource efficiency. Insufficient recycling rates lead to waste accumulation and
additional pressure on waste management systems. Higher recycling rates, greater resource
efficiency, and stronger environmental regulation can reduce pressure on waste management
systems and limit further growth in environmental burden..
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