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Abstract 

Rapid urbanization has increased pressure on urban systems, creating challenges re-
lated to resource efficiency, waste management, and environmental protection. These 
challenges are particularly acute for Kazakhstan, where cities differ substantially in 
their resource use, environmental conditions, infrastructure, and socioeconomic 
characteristics. This study aims to conduct a comparative assessment and identify 
the key characteristics of urban metabolic profiles and sustainable development in 
Kazakhstani cities. A simplified resource-flow assessment and a comprehensive urban 
sustainability assessment were conducted for 13 cities in Kazakhstan using 2021 data, 
the recent year with the most comprehensive and comparable city-level data for both 
assessment approaches. The results demonstrate substantial heterogeneity in sustain-
able development performance. The integral sustainability index ranges from 0.28 for 
Karagandy to 0.71 for Aktau. Five of the 13 cities demonstrate a moderately high level 
of sustainability (Aktau, Zhezkazgan, Pavlodar, Petropavl, and Taraz), while eight have 
a moderately low level. The environmental, infrastructure, and socioeconomic sub-in-
dices range from 0.29 to 0.94, 0.25 to 0.75, and 0.00 to 0.86, respectively, indicating pro-
nounced differences in environmental conditions, infrastructure, and socioeconomic 
capacity. The study of metabolic profiles and risks to sustainable development took into 
account the availability and quality of energy resources consumed, water consumption 
and availability, and air quality. The prevalence of precarious employment and wage 
levels were considered as indirect indicators of the intensity of metabolic processes. 
Groups of cities with limited access to cleaner thermal energy sources, industrial cities, 
cities with socioeconomic vulnerability, and cities with moderate water balances were 
identified. Based on these profiles, recommendations were formulated to support more 
integrated urban development.
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INTRODUCTION

Urbanization is a defining phenomenon of the modern era. Its sig-
nificance extends far beyond the increasing share of the population 
living in urban areas. Urbanization reshapes employment structures, 
production systems, patterns of natural resource consumption, waste 
generation, urban sustainability, and the role of cities as key drivers of 
national economic growth. At the same time, the expansion of urban 
systems gives rise to a range of socio-demographic, technological, and 
environmental challenges, while strengthening the influence of cities 
on broader regional and national development trajectories.

Modern cities are complex socio-economic and ecological systems 
characterized by a high spatial concentration of economic activity 
and human capital, intensive resource consumption, and substantial 
waste generation. The impacts of urban activities extend far beyond 
city boundaries, influencing entire regions. Against the backdrop 
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of accelerating climate change and resource depletion, achieving sustainable urban development has 
become a major concern for both researchers and policymakers. Accordingly, Sustainable Cities and 
Communities (SDG 11) has been recognized as a core United Nations Sustainable Development Goal. 

Kazakhstan is a moderately urbanized country undergoing accelerated urbanization. As of June 1, 2026, 
the country’s population reached 20,575,979, with 63.9% living in urban areas. In Kazakhstan, cities 
account for 85.6% of water use, while water-use efficiency is estimated at USD 10/m³ (BNS, 2025). The 
share of municipal solid waste that is recycled or otherwise processed is 30%, whereas only 19% of urban 
landfills comply with environmental and sanitary standards (BNS, 2025a).

Despite the growing importance of this process, relevant research remains fragmented. Existing lit-
erature focuses primarily on demographic dimensions or on megacities within the urban metabolism 
framework. Comparatively less attention has been paid to the structural development and differentia-
tion of regional urban systems, as well as their complex interactions with surrounding socio-economic 
and environmental contexts.

1. LITERATURE REVIEW  

AND HYPOTHESIS

Research on the economic, environmental, and 
social dimensions of urban development is un-
derpinned by several fundamental concepts that 
have shaped integrated approaches to the analysis 
of urban systems. Urban metabolism (UM), in-
troduced by Wolman (1965), conceptualizes the 
city as an open system that consumes resources, 
transforms them through economic and social ac-
tivity, accumulates stocks, and generates wastes 
and emissions. Subsequent research broadened 
this interpretation. Kennedy et al. (2011), in their 
comprehensive review, showed that urban me-
tabolism can provide information relevant to sus-
tainability, including energy efficiency, material 
recycling, waste management, and infrastructure, 
while Broto et al. (2012) emphasized the dynamic 
and interdisciplinary character of flows of energy, 
materials, food, waste, and social resources with-
in urban systems. This interpretation reflects the 
complex interaction of environmental, social, eco-
nomic, and infrastructural factors within urban 
systems, as well as the methodological limitations 
faced by urban metabolism research. 

Regional and territorial metabolism is an emerg-
ing field of research. Verger et al. (2018) define 
territorial metabolism as the flows and stocks of 
material and energy that sustain human activ-
ity within a territory, connecting consumption to 
sustainable development and its local and global 
environmental impacts. Similarly, Ferretto et al. 

(2024) approach territorial metabolism by analyz-
ing material flows and quantifying the environ-
mental trade-offs of waste transformation. Silva 
et al. (2020) highlight the critical role of cities 
in global sustainability, arguing that assessment 
must extend beyond the urban scale. They identify 
key methodological limitations in urban metabo-
lism that currently hinder the practical implemen-
tation of the theory. These include a lack of a uni-
fied methodology, limited availability of city-level 
data, and insufficiently detailed classifications of 
material types, flows, stocks, and imported and 
exported materials. The expansion from urban to 
territorial metabolism therefore reflects an impor-
tant shift in literature: resource flows are increas-
ingly considered in relation to the wider territo-
ries, supply chains, and socioeconomic systems on 
which cities depend. 

Sustainable development provides a complemen-
tary framework centered on the long-term balance 
between economic development, social well-being, 
and environmental constraints. Since the publica-
tion of the Brundtland Commission report, the 
concept has been applied at national, regional, 
and urban scales (Lützkendorf & Balouktsi, 2017). 
According to the United Nations (UN, 2015), al-
though urban areas occupy only 3% of the Earth’s 
land surface, they generate approximately 60% of 
global GDP, account for around 75% of global CO2 
emissions, consume nearly 80% of the world’s en-
ergy, and use more than 60% of global resources. 
Sustainable development is generally understood 
as a continuous process grounded in intergenera-
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tional equity and the balance between socio-eco-
nomic objectives and environmental constraints 
(Xu et al., 2018). This framework provides a meth-
odological basis for developing sustainability in-
dicators and assessing long-term urban develop-
ment trajectories.

Urban resilience is a related but distinct concept 
that refers to a city’s capacity to maintain essen-
tial functions and public well-being amid external 
and internal shocks through adaptation, flexibil-
ity, and a balance between autonomy and connec-
tivity (ARUP, 2019; Allan & Bryant, 2011; Singh, 
2024). Unlike approaches focused on individual 
hazards, resilience emphasizes the ability of urban 
systems to function under multiple and uncertain 
risks by reducing vulnerability and strengthening 
adaptive capacity. In this sense, urban resilience 
is an important component of, rather than a syn-
onym for, long-term urban sustainability.

The circular economy adds a resource-manage-
ment perspective to this framework. Although 
the concept of the circular economy emerged in 
the 1960s, no universally accepted definition ex-
ists. Nonetheless, its core principles, centered on 
resource circulation, recovery, and reuse, align 
closely with urban metabolism (Reike et al., 2018). 
Murray et al. (2017) argue that the circular econ-
omy primarily focuses on redesigning produc-
tion and consumption systems to maintain mate-
rial flows. However, they also note key limitations, 
particularly the insufficient integration of the 
social dimension, which is fundamental to sus-
tainable development. Similar constraints persist 
within urban metabolism models.

Since the early 2000s, the literature has increas-
ingly integrated these concepts. Sviden and 
Jonsson (2001) and Barles (2009, 2010) linked ur-
ban metabolism to sustainable urban development 
and emphasized that cities should be examined in 
relation to their surrounding regions and external 
supply areas. Bahers et al. (2020) demonstrated the 
importance of metabolic relationships between 
cities and their hinterlands, while Talandier and 
Donsimoni (2022) connected material and energy 
flows with territorial economics, employment dy-
namics, and industrial development. Pakina and 
Mukhamedina (2023) and Brüning-González et al. 
(2025) identify urban metabolism as a framework 

for sustainable urban planning and policy. Taken 
together, these studies suggest that urban metabo-
lism is most informative for sustainability assess-
ment when physical resource flows are interpreted 
alongside environmental pressures, infrastruc-
ture conditions, and socio-economic characteris-
tics rather than treated as an isolated accounting 
exercise.

Recent urban research increasingly integrates 
sustainability with urban metabolism, extending 
metabolic analysis beyond city boundaries to re-
gional and territorial scales. This spatial and con-
ceptual expansion strengthens the methodological 
foundation of urban metabolism by mitigating da-
ta fragmentation, opacity, and lack of standardiza-
tion. Merging circular economy principles and ur-
ban metabolism tools with the core dimensions of 
sustainable development provides a robust frame-
work for holistic and adaptable urban assessment.

The literature reveals two main groups of assess-
ment approaches. The first comprises composite 
urban assessment frameworks integrating envi-
ronmental, social, economic, and infrastructur-
al dimensions. Examples include the Green City 
Index (Siemens, 2012), the UN SDG 11 framework 
(UN-Habitat, 2020), and OECD urban sustain-
ability metrics (OECD, 2022). These approaches 
support comparative analysis, the identification 
of spatial and sectoral imbalances, and the estab-
lishment of policy priorities. Composite indices 
are also widely used to assess specific dimensions 
of urban performance, including quality of life 
and the capacity of urban systems to respond to 
risks and crises (Narieswari et al., 2019; Kim et al., 
2023). However, their application depends strong-
ly on the availability, comparability, and standard-
ization of city-level data. Within this group, the 
SDEWES Index provides a more resource- and 
energy-oriented assessment of urban sustainabili-
ty across seven domains, ranging from energy and 
climate to social welfare and policy innovation 
(Pakina & Mukhamedina, 2023). Its particular 
strength lies in linking environmental and ener-
gy-related indicators with socio-economic dimen-
sions of urban development.

The second group is metabolic assessment frame-
works and methods. Material Flow Analysis 
(MFA) remains the cornerstone of urban metabo-
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lism research, accounting for physical mass/ener-
gy flows and stocks within defined spatial bound-
aries (Brunner & Rechberger, 2016; Zhang, 2013). 
Standardized MFA protocols facilitate transparent 
cross-border comparative analysis (Eurostat, 2018; 
OECD, 2022; IRP, 2020). Beyond MFA, urban me-
tabolism research uses complementary approach-
es that assess specific substances, environmental 
impacts, resource-conversion efficiency, or eco-
logical carrying capacity. However, these methods 
often require detailed and spatially consistent da-
tasets, which limits their application in compara-
tive city-level studies under conditions of data 
scarcity. Although MFA scales effectively from 
municipal to territorial levels (Roemers, 2024; 
Deng et al., 2023), García-Guaita et al. (2018) note 
its limitations in directly measuring environmen-
tal impacts despite mass-balance accuracy. To ad-
dress these data-intensive requirements, García-
Guaita et al. (2018) propose a simplified MFA ap-
proach for data-scarce contexts, enabling com-
parative environmental profiling and informed 
decision-making.

Empirical metabolic research in Kazakhstan focus-
es predominantly on major metropolises due to ad-
ministrative statistical availability, whereas second-
ary cities face acute data constraints. Key develop-
ments include the initial application of the SDEWES 
Index to Astana (Pakina & Mukhamedina, 2023), 
assessments of construction-driven resource con-
sumption (Atakhanova & Baigaliyeva, 2025), and 
Almaty’s circular economy baseline assessment led 
by an international consortium including UNDP, 
UNEP, ADB, and EBRD (Hoogzaad, 2019). Given 
limited localized data, combining urban metabolic 
tools with broader multidimensional sustainability 
frameworks offers a pragmatic strategy for regional 
urban evaluations.

This study aims to conduct a comparative assess-
ment and identify key characteristics of urban 
metabolic profiles and sustainable development in 
Kazakhstani cities. The study hypothesizes that

H1: Under conditions of data scarcity, combining 
a simplified resource-flow assessment with 
a comprehensive sustainability evaluation 
can reveal differences in metabolic patterns 
and sustainable development risks across 
Kazakhstan’s cities. 

2. METHOD

Informed by current urban sustainability and 
metabolism literature, this study integrates two 
complementary methodologies to compare urban 
sustainability performance across Kazakhstan. 
The sample comprises 13 regional administrative 
centers, with the urban administration serving 
as the statistical unit. Empirical data were drawn 
from regional branches of the National Bureau of 
Statistics for 2021, representing the latest period 
with consistent municipal-level accounting for en-
ergy generation, fuel consumption, and environ-
mental metrics.

Empirical data were drawn from regional branch-
es of the National Bureau of Statistics for 2021. 
This year was selected because it represents the 
most recent period for which a sufficiently com-
plete and comparable set of city-level indicators 
was available across all 13 regional administra-
tive centers and for both assessment approaches. 
More recent data are fragmented, unavailable for 
some cities, or reported only at the regional or na-
tional level, which would reduce cross-city com-
parability. The use of a single reference year there-
fore ensured methodological consistency between 
the simplified resource-flow assessment and the 
Urban Sustainability Index.

To overcome statistical data gaps, we constructed 
a simplified resource-flow framework based on 
MFA. The model integrates urban structural pa-
rameters (land area, population size, total housing 
stock, and housing development rate), input flows 
(electricity, thermal energy, motor fuel, liquefied 
gas, and food supply), and output flows (waste-
water volume, municipal solid waste, and point-
source air emissions). All flow metrics were stan-
dardized to ensure cross-city comparability (Table 
1), offering a data-lean strategy for mapping meta-
bolic profiles and defining strategic directions for 
urban transformation.

The second methodology evaluates multidimen-
sional urban performance via a composite Urban 
Sustainability Index. To preserve methodologi-
cal alignment, the index relies on identical 2021 
statistical baseline data. The overall index ag-
gregates three structural sub-indices (Table 2): 
(1) an Environmental sub-index, accounting 
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for metabolic environmental pressures; (2) an 
Infrastructure sub-index, assessing utility and en-
gineering grid coverage; and (3) a Socio-economic 
sub-index, capturing demographic and economic 
drivers of metabolic throughput.

An equal-weighting scheme was applied across 
sub-indices to mitigate weighting subjectivity and 
ensure robust benchmarking. The mathematical 
formulation of the composite index is as follows:

3

1

1
, 

3
i ik

k

USI SI
=

= ∑  (1)

where USI
i
 is the urban sustainability index i; SI

ik
 

is the subindex k of the analytical block for the re-
gion; 3 is the number of analytical blocks. Range: 
0 ≤ USI

i
 ≤ 1.

Since no universally accepted threshold values ex-
ist for composite urban sustainability indices, the 
normalized composite index was interpreted us-
ing equal-width intervals across [0, 1]. Designed 
exclusively for descriptive and comparative pur-
poses, these categories do not represent absolute 
sustainability benchmarks. The classification sys-
tem was structured as follows:

• 0.00 to 0.25 – low level of metabolic and so-
cio-economic sustainability, characterized by 

high resource load with limited socio-eco-
nomic results;

• 0.26 to 0.50 – moderately low level, reflect-
ing structural imbalances between resource 
consumption and the quality of urban 
development;

• 0.51 to 0.75 – moderately high level, indicating 
relatively efficient use of resources and favor-
able socio-economic conditions;

• 0.76 to 1.00 – high level of sustainability 
characterized by a balanced combination 
of resource efficiency and socio-economic 
outcomes.

To ensure cross-city comparability, all indica-
tors underwent min-max normalization, bound-
ing values within the [0, 1] range. Positive indi-
cators (where higher values represent preferable 
outcomes) were rescaled using linear normal-
ization via Equation (2), whereas negative indi-
cators (where lower values are desirable) were 
transformed using inverse normalization via 
Equation (3):

( )
( ) ( )

*
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,
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T able 1. Data for comparative resource-flow profile of Kazakhstani cities
Source: Our compilation based on data from regional departments of the Bureau of National Statistics.
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Equal weighting was adopted due to the lack of con-
sensus in theoretical and empirical literature regard-
ing differential component prioritization across 
Kazakhstani regions. This approach aligns with 
the OECD Handbook on Constructing Composite 
Indicators, which endorses equal weighting as a 
transparent baseline when no definitive theoretical 
rationale exists for alternative weighting schemes 
(OECD, 2008). Equivalent schemes are broadly ap-
plied in urban planning (Desogus et al., 2024) and 
composite sustainability indexing (Murphy et al., 
2023; Blancas & Contreras, 2025; Guo et al., 2024). 
Despite the availability of complex weighting tech-
niques, equal weighting offers distinct advantages 
in transparency, mathematical reproducibility, and 
mitigation of investigator bias.

Integrating these two complementary frameworks 
enables a more holistic urban evaluation, effec-

Table 2. Indicators of the Urban Sustainability Index (USI)

Source: Our compilation based on data from regional departments of the Bureau of National Statistics.
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Petropavl 0.002 3 1 21.6 0.39 1.7 13.7 503

Semey 0.010 2 1.2 18.0 5.14 5.3 31.7 460

Taraz 0.030 5 1.6 20.2 4.12 0.7 22.6 628

Oral 0.004 2 2.5 23.0 0.51 1.3 17.5 476

Oskemen 0.025 7 1.2 20.6 4.45 5.8 13.1 575
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tively bridging traditional sustainability metrics 
with metabolic throughput analysis.

3. RESULTS 

The simp lified resource-flow assessment high-
lights pronounced spatial disparities in metabolic 
profiles (Table 3). These variations emerge across 
both total resource throughput and normalized 
flow metrics, driven by regional climatic condi-
tions, local economic specialization, and demo-
graphic dynamics.

To gain a deeper understanding of current urban 
metabolic profiles, it is necessary to examine key 
indicators representing environmental quality, 
ecological impacts of resource throughput and 
emissions, natural resource reserves, and energy 
infrastructure capacity. To this end, the selected 
indicators were incorporated into the comprehen-
sive assessment framework (Table 2).

The normalized indicators are presented in Table 
4, while the calculated sub-indices and composite 
index values are summarized in Table 5. The com-
posite sustainability index reveals that the evaluat-
ed cities fall within the range of moderately low to 
moderately high sustainability levels. Indicators 
B3, B5, and B6 highlight key environmental chal-
lenges faced by cities, particularly under climate 
change impacts, water scarcity, and national de-
carbonization commitments. Importantly, the rel-
evance of these metrics extends beyond municipal 

administrative boundaries. Cities are inherently 
embedded in regional metabolic systems, where 
baseline environmental conditions constrain local 
metabolism and define the operational framework 
for executing sustainable urban policies.

Indicator B3 measures regional mean annual tem-
perature anomalies relative to the 1961–1990 base-
line. Spatially heterogeneous warming patterns 
may trigger climatic migration, with the sharpest 
thermal increases concentrated in hydrocarbon-
producing western regions (encompassing Aktau, 
Atyrau, Aktobe, Kyzylorda, and Oral). As World 
Bank assessments highlight, regional warming, 
exceeding global average rates, combines with 
freshwater depletion and extreme weather events 
to pose major systemic threats to national sustain-
ability (World Bank, 2021). Accelerating hydro-
logical shifts are expected to temporarily heighten 
flood risks before causing sustained reductions in 
river flow. At the same time, increased mudflow 
frequency risks destabilizing infrastructure across 
more than 150 Kazakhstani urban and rural com-
munities (World Bank, 2021).

Access to water resources, both present and future, 
serves as a critical determinant of regional and urban 
development prospects across Kazakhstan. Because 
groundwater reserves are unevenly distributed na-
tionwide, localized access to aquifers provides dis-
tinct comparative advantages for urban growth.

Among the examined municipal centers, Aktau, 
Pavlodar, and Zhezkazgan exhibit the highest per 

Table 3. Comparative resource-flow assessments of Kazakhstani cities 

Cities
Housing 

stock,  

m²/person

Housing 

construction, 
m²/person

Water,  

m³/person

Energy,  

GJ/person

Fuel,  

kg/person

Waste,  

kg/person

Wastewater, 

m³/person

Emissions, 

kg/person

Aktau 31.23 3.05 302.33 161.61 577.30 287.91 64.04 92.02

Aktobe 22.37 1.75 51.90 54.20 497.83 410.86 36.17 60.70

Atyrau 25.59 1.81 47.20 67.62 861.21 447.15 26.57 75.46

Zhezkazgan 19.79 0.29 183.74 97.13 307.63 183.31 163.94 636.30

Karagandy 23.18 0.82 117.07 56.54 514.44 443.97 45.43 99.20

Kostanay 18.36 0.36 47.74 21.58 707.72 287.56 40.24 49.12

Kyzylorda 22.07 1.16 45.91 22.40 427.61 108.01 24.21 50.20

Pavlodar 22.09 0.53 216.96 134.57 487.12 961.80 85.89 526.86

Petropavl 21.65 1.00 59.09 79.53 334.43 279.55 98.71 137.83

Semey 18.02 0.64 47.74 29.89 277.15 154.46 37.31 68.46

Taraz 20.23 0.92 55.33 31.14 290.87 207.77 49.30 79.88

Oral 23.03 1.28 65.97 17.73 949.97 322.62 30.47 25.67

Oskemen 20.60 0.59 106.24 77.66 1 107.87 190.51 103.98 154.36
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Table 4. Normalized indicators of the Urban Sustainability Index
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Code В1 В2 В3 B4 B5 B6 B7 B8

Aktau 0.94 0.56 0.35 1.00 0.03 0.93 1.0 0.73

Aktobe 0.17 0.44 0.29 0.33 0.36 0.96 0.6 0.10

Atyrau 0.42 0.44 0.00 0.57 0.00 0.86 0.4 1.00

Zhezkazgan 0.94 0.56 0.88 0.13 0.43 0.91 0.8 0.43

Karagandy 0.00 0.00 0.88 0.39 0.36 0.00 0.5 0.11

Kostanay 0.35 0.78 0.59 0.03 0.28 0.92 0.1 0.03

Kyzylorda 1.00 0.89 0.18 0.31 0.19 0.87 0.4 0.12

Pavlodar 0.94 0.89 1.00 0.31 1.00 0.94 0.7 0.09

Petropavl 1.00 0.89 0.94 0.27 0.00 0.81 0.6 0.09

Semey 0.94 1.00 0.82 0.00 0.99 0.13 0.0 0.00

Taraz 0.81 0.67 0.59 0.17 0.77 1.00 0.3 0.35

Oral 0.98 1.00 0.06 0.38 0.02 0.89 0.4 0.03

Oskemen 0.84 0.44 0.82 0.20 0.84 0.04 0.6 0.24

Table 5. Comprehensive assessment of urban sustainability

Cities
Sub-indices

USI
Levels of 

sustainability

Metabolic features and risks of sustainable 
developmentSI

env
SI 

infr
SI

socecon

Aktau 0.62 0.65 0.86 0.71
moderately high 

level

Low water availability. High energy intensity of water 

desalination. Temperature increase

Aktobe 0.30 0.55 0.34 0.40
moderately low 

level

High levels of air pollution. Rising temperatures. Risks 
of contamination of the freshwater fields by the oil and 
gas industry

Atyrau 0.29 0.48 0.72 0.50
moderately low 

level

Fuel flow dominance. High air pollution. High emissions 
from stationary sources. Temperature increase

Zhezkazgan 0.79 0.49 0.60 0.63
moderately high 

level

High per capita and absolute emissions from stationary 
sources and water losses. No access to clean thermal 
energy sources. Large water losses

Karagandy 0.29 0.25 0.31 0.28
moderately low 

level

High CO2 emissions. High air pollution. No access to 
clean thermal energy sources. Urban metabolism 
is determined by coal generation. Vulnerable water 
balance

Kostanay 0.57 0.41 0.08 0.35
moderately low 

level

Fuel flow dominance
Low access to quality jobs and high levels of precarious 
employment

Kyzylorda 0.69 0.46 0.24 0.46
moderately low 

level

Temperature increase. 
Water resource shortage

Pavlodar 0.94 0.75 0.39 0.69
moderately high 

level

High per capita and absolute emissions from stationary 
sources and water losses. No access to clean thermal 
energy sources

Petropavl 0.94 0.36 0.33 0.54
moderately high 

level

Mixed metabolic profile.
High CO2 emissions. No access to clean thermal energy 
sources

Semey 0.92 0.37 0.00 0.43
moderately low 

level

No access to clean thermal energy sources. Low access 
to quality jobs and high levels of precarious employment
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capita water consumption. Aktau suffers from 
acute freshwater scarcity. Located in an arid desert 
climate with mean annual precipitation of approx-
imately 150 mm and summer temperatures reach-
ing +42°C, the city has no natural surface fresh-
water sources. Groundwater resources remain 
underutilized because they are remote from major 
urban centers such as Aktau and Zhanaozen and 
lack water-supply pipelines. Deep mineral and 
geothermal groundwater sources occur at depths 
of up to 1,000 meters. As a result, the pressure on 
desalination facilities increases sharply, particu-
larly during the summer months.

Consequently, Aktau relies entirely on Caspian 
Sea desalination plants and long-distance ground-
water transfers. These geographical constraints 
shape Aktau’s metabolic profile: high energy in-
tensity driven by desalination requirements, low 
baseline hydrological availability, and heavy pres-
sures on atmospheric and soil systems. Despite 
these constraints, per capita water consumption 
remains exceptionally high, driven by rapid hous-
ing construction and Aktau’s emerging role as an 
international tourism gateway. Aktau’s urban me-
tabolism can thus be characterized as highly re-
source- and energy-intensive.

Conversely, elevated water throughput in Pavlodar 
and Zhezkazgan stems primarily from aging mu-
nicipal utility infrastructure and industrial spe-
cialization rather than demographic growth. In 
Pavlodar, water supply network decay rates reach 
approximately 85%, resulting in extensive convey-
ance losses, exacerbated by some of the lowest wa-
ter tariffs in the country. A similar pattern occurs 
in Zhezkazgan, where high per capita consump-
tion is driven by distribution losses across degrad-
ed networks, coupled with a 90% degradation rate 

at municipal water treatment facilities. Facility 
reconstruction has dragged on for over a decade, 
largely because design capacities were repeatedly 
revised downward due to sustained population 
outmigration.

Cities remain strongly influenced by external re-
gional energy topologies. Kazakhstan’s munici-
pal centers access energy flows through regional 
grids, where the lack of a unified national natu-
ral gas pipeline constrains decarbonization efforts. 
While Aktau and Atyrau depend exclusively on 
natural gas, six cities (Semey, Karagandy, Pavlodar, 
Petropavl, Zhezkazgan, and Oskemen) rely solely 
on hard coal, and five cities use a dual coal-gas 
mix. Because of these infrastructure bottlenecks, 
municipalities remain locked into carbon-inten-
sive energy structures. For comparative evalua-
tion, natural gas and hard coal throughput data 
were converted into standard CO₂ emission equiv-
alents. Natural gas distribution shows marked spa-
tial disparities: western and southern regions have 
more modern gas infrastructure, while north-
ern and central cities face structural energy con-
straints, driving higher consumption of liquefied 
petroleum gases (propane and butane).

Urban metabolic dynamics are closely intertwined 
with socio-economic conditions. Accordingly, 
housing provision per capita was incorporated 
as a core sustainability indicator, with 30 m² of 
living space per person used as a reference val-
ue (R. Anker & M. Anker, 2017). While several 
Kazakhstani cities have achieved this reference 
value, Semey and Zhezkazgan lag, historically im-
pacted by the revocation of their regional admin-
istrative status in 1997, which triggered population 
outflows and infrastructure stagnation. Similarly, 
Petropavl, Pavlodar, and Kostanay show low resi-

Cities
Sub-indices

USI
Levels of 

sustainability

Metabolic features and risks of sustainable 
developmentSI

env
SI 

infr
SI

socecon

Taraz 0.69 0.65 0.32 0.55
moderately high 

level

Relatively low metabolic rate. Air and water 
pollution risks associated with the chemical industry. 
Temperature increase. 
Dependence on transboundary rivers. Risks of pollution 
of the Merke freshwater reservoir by industry

Oral 0.68 0.43 0.24 0.45
moderately low 

level
Fuel flow dominance. Temperature increase

Oskemen 0.70 0.36 0.41 0.49
moderately low 

level

Metabolic profile is shaped by the metallurgical 
industry, air pollution, and water pollution. No access to 
clean thermal energy sources. High air pollution

Table 5 (cont.). Comprehensive assessment of urban sustainability



72

Environmental Economics, Volume 17, Issue 4, 2026

http://dx.doi.org/10.21511/ee.17(4).2026.05

dential construction rates. Suppressed construc-
tion activity reflects broader deceleration in meta-
bolic throughput and economic velocity.

Furthermore, SDG-aligned metrics such as vul-
nerable employment (measured via self-employ-
ment rates) reflect economic resource demand. 
High self-employment levels in Semey, Kostanay, 
Taraz, and Kyzylorda indicate lower metabolic in-
tensity within the local formal economy. Semey 
has the lowest socio-economic sub-index value in 
the sample (SIsocecon = 0.00), reflecting its un-
favorable relative position in terms of vulnerable 
employment and average nominal wages.

Overall, composite sustainability index calcu-
lations place the studied cities within the mod-
erately low to moderately high sustainability 
performance tiers. Aktau achieved the highest 
overall score (0.71), driven by socio-economic 
performance, specifically formal employment 
dominance, higher wage levels, robust residential 
construction, and transition toward cleaner and 
renewable energy sources.

4. DISCUSSION

The integrated assessment demonstrates that the 
sustainability of Kazakhstan’s cities depends not 
only on their socio-economic characteristics but 
also on the interaction between urban systems 
and regional resource conditions. Comparing 
the simplified resource-flow assessment with the 
Urban Sustainability Index (USI) indicates that 
cities with comparable socio-economic perfor-
mance may show substantially different patterns 
of resource consumption and environmental pres-
sures. This finding supports the systems approach 
to urban sustainability, according to which cit-
ies should be considered as open socio-ecological 
systems exchanging energy, materials, and waste 
with surrounding regions (Kennedy et al., 2007; 
Barles, 2009).

One key finding concerns the spatial heteroge-
neity of climate-related risks. The analysis re-
vealed that western Kazakhstan, including Aktau, 
Atyrau, Aktobe, Kyzylorda, and Oral, experienced 
the largest increase in average annual tempera-
ture. These results are consistent with data from 

the World Bank (2021), which identified Western 
Kazakhstan as one of the country’s most vulner-
able regions because of increasing aridity, water 
scarcity, and extreme weather events. Our find-
ings extend these observations by demonstrating 
that regional climatic conditions are directly re-
flected in the metabolic characteristics and sus-
tainability profiles of individual cities.

The assessment of water consumption also re-
vealed substantial differences among cities. Aktau 
exhibited the highest resource intensity because 
of its dependence on seawater desalination and 
limited freshwater availability, whereas elevated 
water consumption in Pavlodar and Zhezkazgan 
appears to be associated mainly with aging infra-
structure and water supply costs. Similar conclu-
sions have been reported by García-Guaita et al. 
(2018), who showed that urban water metabolism 
depends not only on natural resource availability 
but also on infrastructure efficiency and regional 
water supply systems. Unlike previous studies that 
focused primarily on individual cities, our analy-
sis provides a comparative assessment across mul-
tiple cities within a single national context, reveal-
ing significant regional variation in urban meta-
bolic patterns.

The results further indicate that regional energy 
infrastructure significantly influences urban sus-
tainability. Cities with greater access to natural gas 
tend to experience lower environmental pressures 
than cities that rely primarily on coal. This obser-
vation is consistent with the findings of Kerimray 
et al. (2018), who reported marked regional differ-
ences in energy availability and carbon intensity 
in Kazakhstan. At the same time, our results indi-
cate that differences in energy efficiency are deter-
mined not only by fuel mix but also by the effec-
tiveness of regional infrastructure and resource 
consumption intensity, factors often overlooked 
in traditional sustainability assessments.

The social dimension of the Urban Sustainability 
Index highlights the importance of housing condi-
tions and labor market characteristics for sustain-
able urban development. Cities such as Semey and 
Zhezkazgan continue to experience lower housing 
provision and weaker infrastructure development, 
while Semey, Kostanay, Taraz, and Kyzylorda dis-
play relatively high shares of vulnerable employ-
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ment. The zero value of the socio-economic sub-
index for Semey should be interpreted as a relative 
minimum within the study sample rather than as 
an absolute absence of socio-economic sustain-
ability. It highlights the city’s particularly vulner-
able position in the labor market and income di-
mensions compared with the other regional cen-
ters. These findings are consistent with the broader 
literature emphasizing that social infrastructure 
and employment quality are essential components 
of urban sustainability (UN-Habitat, 2020; OECD, 
2020). However, unlike previous studies that an-
alyze these indicators separately, the proposed 
framework integrates them with environmental 
and resource-flow indicators, providing a more 
comprehensive assessment of urban sustainability.

Research on urban sustainability and assessment 
tools still needs development. At the global lev-
el, UN SDG 11 “Sustainable Cities and Human 
Settlements Indicators” includes 10 targets and 15 
global indicators (UN, 2026). It should be noted 
that these indicators reflect the broader spatial 
context of urban sustainability, due to the influ-
ence of cities well beyond their borders. There 
are different-sized spatial units and indicators 
present here, which does not make them less ap-
plicable for understanding sustainability. Global 
indicators are subject to adjustments in national 
sustainable development strategies. For exam-
ple, in Kazakhstan’s Monitoring the Sustainable 
Development Goals until 2030 dashboard, SDG 11 
reflects five targets, which include seven alterna-
tive national indicators, most of which cover the 
urban population or urban settlements as a whole. 
For individual cities, only the modified global 
emissions indicator for PM2.5 and PM10 is pre-
sented. In addition, countries use different stan-
dards for emission levels.

A comparison of the simplified resource-flow 
assessment and the Urban Sustainability Index 
provides additional insights into the multidi-
mensional nature of sustainable urban develop-
ment. Aktau achieved the highest overall sus-
tainability score because of favorable socio-eco-
nomic conditions, despite severe environmental 
constraints related to water scarcity and climate 
vulnerability. Conversely, Kostanay demonstrat-
ed relatively favorable environmental character-
istics but lower socio-economic performance. 

These findings align with previous studies show-
ing that the economic, social, and environmen-
tal dimensions of urban sustainability do not 
necessarily evolve simultaneously and therefore 
require integrated assessment frameworks rath-
er than reliance on single composite indicators 
(Kennedy et al., 2007; Muñoz & Navia, 2018). 
This study confirms this finding for Kazakhstan 
and underscores the importance of combining 
metabolic and sustainability-based approaches.

Overall, the findings indicate that neither con-
ventional sustainability indicators nor urban 
metabolism metrics alone are sufficient for as-
sessing the complexity of urban systems. Their 
combined application provides a more compre-
hensive understanding of the interactions be-
tween resource consumption, environmental 
impacts, and socio-economic development. This 
integrated approach may support evidence-
based urban planning and contribute to devel-
oping differentiated sustainability policies for 
Kazakhstan’s cities.

Research on urban sustainable development and 
urban metabolism in Kazakhstan faces several 
limitations stemming from the current frame-
work of national and regional statistical data 
collection. First, the cross-sectional nature of 
the study, based on a single-year baseline (2021), 
precludes longitudinal trend tracking. Second, 
four cities were excluded from the sample due 
to persistent data gaps. Furthermore, data scar-
city prevented the calculation of a complete in-
put-stock-output material flow balance. Most 
indicators within the national SDG 2030 moni-
toring framework remain aggregated at the na-
tional or regional level; material balances for 
key commodity groups are compiled exclusively 
nationwide, whereas energy balances are disag-
gregated by sector only at national and regional 
scales. Crucially, the absence of city-level data 
on economic activity in both physical and mon-
etary terms restrict formal evaluations of urban 
economic diversification, technological adapta-
tion, and growth dynamics. Finally, data collec-
tion was highly labor-intensive because regional 
statistics are fragmented across separate depart-
mental portals, predominantly published in non-
machine-readable formats, and subject to period-
ic classification changes across reporting cycles.
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CONCLUSION 

This study aims to conduct a comparative assessment and identify key characteristics of urban 
metabolic profiles and sustainable development in Kazakhstani cities. The research hypothesis was 
confirmed. The analysis revealed substantial intra-national variation across Kazakhstani cities in 
resource availability, consumption intensity, and associated environmental pressures, enabling the 
identification of key urban metabolic profiles and systemic vulnerabilities.

As ongoing urbanization reinforces the pivotal role of cities in national development, establishing 
a standardized national urban data infrastructure becomes critical. Capitalizing on digital trans-
formation, urban data protocols should be standardized to monitor localized material balances (in-
cluding water, energy vectors, food, and construction materials), alongside open-access emissions 
and waste registers. To maximize utility for spatial planning and policy-making, these data must 
be rendered machine-readable and centralized within a unified digital database.

For cities facing structural access limits to low-carbon thermal energy (Karaganda, Pavlodar, 
Petropavl, Semey, Zhezkazgan, and Oskemen), priority should be given to decarbonizing district 
heating networks. Recommended interventions include regional gasification and deep thermal ret-
rofitting of building stock. These measures should consider not only environmental gains but also 
their broader contributions to demographic stability and national spatial connectivity.

In heavily industrialized centers with high stationary air emissions, specifically Karaganda, 
Pavlodar, and Oskemen, modernizing thermal power infrastructure and upgrading industrial 
emissions controls are urgently required. For Pavlodar and Zhezkazgan, rehabilitating degraded 
water conveyance networks and treatment facilities remains paramount.

In socio-economically vulnerable cities (Kostanay, Kyzylorda, Semey, and Taraz), policy should 
target formal job creation and employment stability through industrial modernization and the 
expansion of ecosystem services. Finally, for cities facing severe hydrological stress (Aktau and 
Kyzylorda) alongside rapid thermal anomalies (Aktau, Kyzylorda, Oral, and Atyrau), priorities 
must focus on reducing distribution grid losses, expanding desalination capacity, and scaling in-
frastructure for industrial water reclamation and reuse.
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