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Abstract. In the context of accelerating climate change, rapid urbanisation, and the increas-
ing frequency of hydrometeorological hazards, the Sponge City concept has emerged as a promising
framework for sustainable and nature-based urban development. The present study seeks to recon-
sider conventional technocratic approaches to stormwater management through the integration of
natural hydrological processes into the structure of urban infrastructure. The methodological frame-
work combines comparative and systems-based analysis of international practices with the examina-
tion of the principles of Low Impact Development (LID) and Water Sensitive Urban Design (WSUD).
The research employs Sentinel-2 satellite imagery, ArcGIS Pro spatial analysis tools, and quantita-
tive runoff assessment methods based on land-use structure and hydrological coefficients. The pro-
Jects Harbin Qunli Stormwater Park, Yanweizhou Park, and Bishan—Ang Mo Kio Park was selected
as representative case studies. The findings demonstrate that the integration of permeable surfaces,
bioretention systems, water-retention landscapes, and green infrastructure contribute to runoff re-
duction, microclimatic improvement, and enhanced ecological performance of the urban environ-
ment. The study confirms that the Sponge City concept establishes a new paradigm of sustainable
urbanism in which water is interpreted as a strategic resource for spatial development. Nature-based
solutions increase urban resilience to climatic and infrastructural risks and may be effectively applied
within environmentally and seismically vulnerable territories.

Keywords: Sponge City, blue-green infrastructure, Low Impact Development (LID), Water Sen-

sitive Urban Design (WSUD), stormwater management, bioretention, climate resilience, sustainable
urbanism.

*Corresponding author
Laura Aukhadiyeva, e-mail: laukhadiyeva@gmail.com

330
https://doi.org/10.51488/1680-080X/2026.2-19


https://doi.org/10.51488/1680-080X/2026.2-19
mailto:laukhadiyeva@gmail.com
https://orcid.org/0009-0006-9472-9063
https://orcid.org/0000-0002-6206-5796
https://orcid.org/0000-0002-8834-3141
https://orcid.org/0009-0004-1534-6095
https://orcid.org/0009-0003-6382-3469

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne2 (100), 2026. Architecture & Construction

00X 711
IF'TAMP 67.25.31
FbIUJIbLIMU MAKAJIA

I'YBKA-KAJIA TYXBIPBIMJIAMACBI OKOJOI'MAJBIK
TYPAKTbI YPBAHU3MHIH JIEMEHTI PETIHJE

E.A. Axmeros '@, K. CanBokacosa ! ® J.M. Ayxaauesa' @, JI. ®unnn?®, J1.Omaposa’®

"Xaneikapansix 6iniM 6epy kopriopamuscsl, 050043, Anmatsl, Kazakcran
?Kacnuiickuii yausepcutet, 050000, Anmarsl, Kasaxcran
3SMwuJ1aH NOJUTEXHUKAIBIK YHUBEpCUTEeT1, MuiaH, Mtamus

Angarna. Kiumammeix e3eepicmepliy Kyuieri, ypbauwoany yoepicmepiHiy KapKbiHOA) bl
JHCIHE 2UOPOMEMEOPONOUANLIK KAYinmepoiy apmybl scazoauvinoa Sponge City mymicoipblMOamacsl
mypakmel 2pi mabdueamxa HezizoeNceH KanaublK Oamyovll NepcneKmueanvi Mooeli peminoe
Kapacmulpvlnadvl. 3epmmey  0dCcmypli  MeXHOKPAMUSILIK —JHCAHOLIP  CYAapbl  MeHeOHCMeHMI
Macinioepin Kaima nauvimMoay2a Hcane maduzu Mexanuzmoepoi Kaianvlk UHQOPAKYDbLIbIM
KYPbLILIMbIHA UHmMe2payusanayea bagblmmanzan. O0ICHAMANbIK He2i3iH XaNbIKapanblk maicipubeni
CanbICMuIPMAbl JiCaHe Kcylienik manday, conoaii-ax Low Impact Development (LID) oicone Water
Sensitive Urban Design (WSUD) xasudanapuin 3epmmey Kypatiosl. 3epmmey dapuvicvinoa Sentinel-2
cnymuuxmix oepexmepi, ArcGIS Pro kewicmixmix manoay Kypanoapvl HcoHe dicep NAudaniauy
KYPOLIbIMbL MEH 2UOPONIOSUSILIK, KOS @uyuenmmep Hezizinoe Oemxi aeblHObl CaHObIK bazanay
a0icmepi Konoanwvinowvl. Harbin Qunli Stormwater Park, Yanweizhou Park sicane Bishan—Ang Mo Kio
Park sicobanapet manoanowi. 3epmmey Homuodicenepi cy emxizeiut #cabviHOapovl, OUOPEMEHYUSTbIK
aumakmapovl, ¢y Ycman mypamvin AaHOUAGmMapovl JHeane Heacoll UHOPAKYPbLIbIMObL eHei3y OemKi
A8bIHObL  A3alNMYed, MUKPOKIUMAMMbL JHCAKCAPMYEA JHCoHe KANANblK OPMAHbIY  IKOIOSUALbIK
MYPAKMbLIbIZLIH apmMmblpyea biknan ememinin kopcemmi. Sponge City myacolpblmoamacst cyobl
KeHiCmikmix 0amyoully CMpame2usibl pecypcvl peminoe Kapacmulpamvlh mYpakmol ypoaHusmMHuiny
oHcana napaousMacbli Kaibinmacmulpamviiel aHblKmanovl. Tabusamya necizoenzen uwiewimoep
Kananapoviy KIUMAMMbIK JHCoHE UHDPAKYPHIILIMObIK Kayinmepee MO3IMOLNIZIH  apmmulpbin,
IKONOUANILIK HCIHE CUCMUKANBIK MYPRbIOAH 0CANl AyMaKmapoa KON0AHbLLYbl MYMKIH.

Tyiiin ce3nep: Sponge City, kex-sicacwin ungpaxypwiivin, Low Impact Development (LID),
Water Sensitive Urban Design (WSUD), nocepnix azvin cynapovl 6ackapy, OuopemeHyusibix
arcytienep, KIUMAmmolK OPHbIKMbLIbIK, MYPAKnbl YyPOAHUM.
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AHHOTAIUSA. B yCcnosusx ycunugarowuxcs KiUMAMUYeckux uUsMeHeHul, ypoanuzayuu u
VeenuueHus 2UOpomemeoposocuteckux puckos konyenyus Sponge City paccmampueaemcs Kax
NEPCReKMUBHAL MOOeTb  YCMOUYUB020 U NPUPOOOOPUEHMUPOBAHHO20 20POOCKO20 PA3GUMUSL
Hcceneoosanue nanpaeieno Ha nepeocmulClieHue mpaouyuoHHbIX MEXHOKPAMULECKUX N00X0008 K
VIPAGNEHUIO TUBHESHIMU B00AMU U UHMESPAYUIO NPUPOOHBIX MEXAHUIMOB 8 CIPYKMYPY 20POOCKOU
unppacmpykmypol. Memooono2uueckyro 0CHO8Y COCMABIIOM CPAGHUMETbHLIL U CUCHIEeMHbLIL
AHAU3 MENHCOYHAPOOHO20 ONbIMA, a makdxice ucciedosanue npunyunos Low Impact Development
(LID) u Water Sensitive Urban Design (WSUD). B pabome ucnonv306ansl cnymnuxkosvie OaHHbie
Sentinel-2, uncmpymenmot ArcGIS Pro u memooul KOAuHecmeeHHOU OYeHKU HOBEPXHOCMHO20 CIOKA
HA  OCHOGe  CHMPYKMYpbl  3eMIEeNONb308aHUS U 2UOPONIOSUHECKUX — KOIghduyuenmos.
Ipoananusuposansl npoekmoi Harbin Qunli Stormwater Park, Yanweizhou Park u Bishan—Ang Mo
Kio Park. Pe3ynomamul noxazanu, Ymo unmezpayus npoHUYaemobix NoKpblmuil, OUOpemeHyuoOHHbIX
30H, 8000Y0ePAHCUBAIOWUX TAHOWADMOE U 3eNEHOU UHPPACMPYKIYPbL CROCOOCMBYEM CHUNCECHUIO
NOBEPXHOCTHO20 CIMOKA, YIYYULEHUIO MUKDOKIUMAMA U ROBIUUEHUIO IKOL0SUYECKOU YCMOUYUBOCTNU
20po0cKoll cpedvl. Ycmanosneno, umo kouyenyus Sponge City ¢gpopmupyem HO8VIO napaoucmy
YCMOUYUe020 ypoanumMa, 6 KOmopolu 600d pACCMAMPUBACMCS KAK CMPAmMesudeckuti pecypc
NPOCMPAHCMBEHHO20 — PA3GUMUSIL. Ipupoooopuenmuposanivie  peuienus nosLLuaIom
PE3UTLEHMHOCIb 20P0008 K KIUMAMUUECKUM U UHOPACMPYKMYPHLIM DUCKAM U MO2ym Oblmb
NPUMEHEHbL 8 IKOA0SUYECKU U CeUCMUYECKU VA3GUMBIX MEPPUMOPUSIX.

KiroueBbie cioBa: 2opoo-2yoxa, cuHe-3enénas umppacmpykmypa, pazeumue ¢ HU3KUM
8030eticmeuem Ha okpyosicaiouyio cpedy (LID), so0ouyscmeumenvHoe 20po0CcKoe npoeKmuposanue
(WSUD), ynpasnenue ausHegblMuU CMOKAMU, OUOpemeHyus, KIUMAMUYECKAs Pe3ulbeHMHOCD,
YCMOUHUSHIIL YPOAHU3M.
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1 INTRODUCTION

In the early twenty-first century, cities found themselves at the epicentre of global climatic
transformations. Modern urban environments are increasingly confronted with the consequences of
technogenic development, including flooding, overheating of artificial surfaces, and the gradual dis-
appearance of natural ecosystems. The city, once perceived as a symbol of humanity’s triumph over
nature, is now revealing its vulnerability to climate and water. The traditional model of urban plan-
ning, formed during the era of industrial modernisation, was based on the principle of total engineer-
ing control over the natural environment. Within this paradigm, water was regarded primarily as a
threat that had to be rapidly diverted beyond urban territory. Concrete collectors, rigid drainage sys-
tems, and the sealing of soil surfaces progressively displaced natural mechanisms of infiltration, re-
tention, and self-purification. As a result, urban landscapes gradually lost their ecological resilience,
while the relationship between infrastructure and nature became increasingly fragmented.

The growing vulnerability of cities demonstrates the necessity of rethinking the relationship
between architecture, infrastructure, landscape, and water. Within this context, the Sponge City con-
cept acquires particular relevance, interpreting the urban landscape not as an inert artificial shell but
as a living hydro-ecological system capable of accumulating, purifying, and redistributing water
within the urban fabric. Similar to the way ecological parks and landscape systems in China transform
the destructive force of water into an instrument of urban resilience and environmental regeneration,
this paradigm seeks to restore the city’s lost capacity for interaction with nature. Water, therefore,
ceases to be viewed solely as an engineering problem and becomes an integral component of the
ecological and spatial structure of the city, shaping a new philosophy of sustainable urban develop-
ment [1].

Contemporary research in Kazakhstan likewise emphasises environmentally oriented and cli-
mate-resilient urban development [2]. The scientific problem of this research lies in the contradiction
between traditional technocratic approaches to stormwater management and the contemporary re-
quirements of environmentally sustainable urban development. For decades, drainage infrastructure
was designed primarily for the rapid removal of stormwater from urban territories. However, this
approach has resulted in overloaded drainage networks, soil erosion, deterioration of water quality,
disruption of the natural hydrological cycle, and the destruction of ecological connections within the
urban environment.

Under conditions of increasing climate instability, there is a pressing need to transition towards
integrated water-management models in which natural elements become full-fledged components of
urban infrastructure. The Sponge City concept proposes a fundamentally different approach to urban
organisation, where rain gardens, wetlands, permeable surfaces, and green corridors function as a
unified ecological water-management system capable not only of accumulating and purifying water,
but also of shaping a new spatial identity of the city. Nature-based systems, therefore, seek not to
suppress natural processes through engineering means, but rather to establish a harmonious interac-
tion between the urban fabric and the environment. At the same time, contemporary urban resilience
increasingly requires integrated approaches capable of addressing interconnected environmental and
infrastructural risks. In this context, the principles of nature-based urbanism may also be considered
applicable to broader resilience strategies within environmentally vulnerable urban territories. This
issue is particularly significant for Almaty, where increasing environmental and infrastructural risks
require the development of resilient approaches to urban planning. The integration of ecological in-
frastructure into the urban fabric may contribute to improving the adaptability and sustainability of
densely built urban territories.

Within this framework, adaptive public spaces may be interpreted as elements of a broader
urban resilience system. Linear public parks may be interpreted as multifunctional infrastructure com-
bining ecological, recreational, and adaptive urban functions within resilient city planning. Under
normal conditions, such spaces operate as green public corridors, while during emergencies, they may
transform into autonomous coordination centres equipped with water reserves, emergency energy
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systems, medical assistance zones, and temporary rescue infrastructure. Thus, the Sponge City para-
digm may be interpreted more broadly, not only as a hydrological model of water-sensitive urbanism,
but also as part of a wider philosophy of adaptive and resilient city planning in the face of the envi-
ronmental and technological challenges of the twenty-first century.

The aim of this research is the theoretical interpretation and systematisation of contemporary
approaches to the implementation of the Sponge City concept and the identification of its potential
for the formation of sustainable and environmentally adaptive urban landscapes. Particular attention
is devoted to the relationship between engineering, ecological, and architectural-spatial solutions ca-
pable of ensuring urban resilience under conditions of climate change and increasing environmental
risks.

To achieve this aim, the following research objectives have been identified:

- to analyse the theoretical foundations of nature-based water management, including the prin-
ciples of Low Impact Development (LID) and Water Sensitive Urban Design (WSUD);

- to examine international experience in implementing the Sponge City concept through realised
projects in China and Singapore;

- to evaluate the effectiveness of integrating natural and engineering solutions in reducing hy-
drological risks and forming sustainable urban ecosystems;

- to determine the applicability of Sponge City principles within environmentally and seismi-
cally vulnerable urban territories.

2 MATERIALS AND METHODS

Recent reports confirm that the application of Low Impact Development and green infrastruc-
ture strategies can significantly reduce stormwater runoff volumes and restore natural infiltration ca-
pacity within urbanised environments [3]. However, the principal conclusion of these studies lies not
merely in the engineering efficiency of such solutions, but in recognising the need to reintegrate eco-
logical mechanisms into the structure of the contemporary city. Within this concept, water is no longer
perceived as a threat requiring immediate removal beyond urban territory, but rather as a fundamental
component of ecological balance and sustainable spatial development.

Studies devoted to the implementation of Sponge City projects in Chinese megacities empha-
sise that modern cities are gradually transforming into increasingly self-regulating hydro-ecological
systems in which green infrastructure, bioretention zones, rain gardens, wetlands, and permeable sur-
faces function as interconnected elements regulating microclimate and water balance [4-5]. Recent
ecological studies additionally demonstrate that hydrological evolution significantly influences the
structure, stability, and ecological dynamics of microbial ecosystems, confirming the importance of
long-term ecological processes within water-sensitive environments [6].

Research highlights that the integration of green corridors, water spaces, and biological ecosys-
tems forms a model of blue-green infrastructure in which architecture, landscape, and hydrology
function as a unified ecological system [7]. Similarly, nature-based urban water systems, including
Sponge Cities and blue-green infrastructures, significantly improve stormwater regulation, ecological
performance, and urban resilience while simultaneously enhancing the environmental quality of pub-
lic spaces [8]. Contemporary urban resilience is increasingly understood not merely as infrastructural
stability, but also as the adaptive capacity of cities to respond to environmental, social, and spatial
challenges [9]. Recent studies additionally emphasise the social dimension of blue infrastructure
within sustainable urban development. Nature-based blue infrastructure contributes not only to flood
mitigation and climate resilience but also to improving environmental awareness and the quality of
public space in large metropolitan areas [10]. Similar tendencies may also be observed in the urban
environment of Almaty, where the spatial organisation and planning structure of public open spaces
significantly influence pedestrian connectivity, recreational activity, and the formation of the city’s
ecological framework [11].
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Of particular interest are realised projects of nature-based urbanism that have become symbolic
representations of the ecological paradigm of the twenty-first century. Harbin Qunli Stormwater Park
and Yanweizhou Park, designed by Turenscape under the direction of Yu Kongjian, demonstrate a
fundamentally different approach to the interaction between nature and the city. Degraded and flood-
prone territories were transformed into ecological systems in which the landscape simultaneously
performs engineering, environmental, and social functions. Water is no longer isolated through con-
crete channels, but becomes part of the living structure of public space.

A similar idea is demonstrated by Bishan—Ang Mo Kio Park, implemented within the frame-
work of the ABC Waters Programme. A traditional concrete drainage canal was transformed into a
natural river landscape incorporating biofiltration, ecological drainage, and recreational spaces. Much
like regional architecture once sought harmony between climate, nature, and humanity, contemporary
nature-based projects restore the city’s interaction with the natural environment through integration
rather than suppression. Within the present research, the Sponge City concept is examined not merely
as an engineering strategy for regulating surface runoff but as a new philosophy of urban development
based upon adaptability, ecological sustainability, and the restoration of environmental balance.

Research devoted to the role of nature-based solutions under conditions of climatic extremes
raises the question of transitioning from isolated engineering systems towards integrated socio-eco-
logical models of urban development [12]. In this context, the limitations of technocratic infrastruc-
ture detached from environmental processes are becoming increasingly evident. Particular attention
is devoted to nature-based solutions as instruments of climate adaptation, environmental justice, and
urban resilience. In this context, the Sponge City concept may be regarded as a contemporary model
of environmentally adaptive urbanism in which ecological processes become an integral component
of spatial organisation and contribute to the formation of resilient urban environments. Recent studies
additionally demonstrate that Sponge City policies contribute not only to flood mitigation, but also
to improving ecological welfare through the development of climate-resilient urban water systems
[13].

The present study examines three of the most representative examples of nature-based solutions
implemented within the framework of the Sponge City concept: Harbin Qunli Stormwater Park,
Yanweizhou Park, and Bishan—Ang Mo Kio Park. In contemporary scientific literature, these projects
are regarded not merely as urban parks or landscaped public spaces, but as significant examples of
the transformation of the urban environment into self-regulating ecological systems in which water
becomes an integral component of spatial organisation rather than an engineering threat [14—17].
Furthermore, they reflect broader contemporary trends in sustainable and smart urban development,
where environmental resilience, technological innovation, and improvements in quality of life are
increasingly recognised as interconnected outcomes of urban transformation [18].

The selection of the case-study objects is determined not only by their international recognition
within the field of sustainable urbanism, but also by their typological comparability. All three projects
represent urban parks simultaneously performing the functions of ecological infrastructure, water re-
tention, biofiltration, and stormwater regulation. However, of principal importance is the difference
in climatic conditions and urban contexts within which these projects were implemented. Much like
the traditional architecture of arid regions emerged as a response to extreme climatic conditions,
Sponge City projects represent a contemporary form of adaptation of the urban environment to in-
creasing climatic risks associated with urbanisation, stormwater overloads, and the disruption of nat-
ural water balance.

Research emphasises the necessity of comparing nature-based engineering solutions across dif-
ferent climatic zones, since the effectiveness of blue-green infrastructure elements directly depends
upon precipitation patterns, temperature regimes, seasonal dynamics, and the structure of the urban
fabric. For this reason, the selected projects make it possible to trace how a unified concept of nature-
based urbanism adapts to different environmental and spatial conditions [1; 4; 18]. The empirical
basis of the research was formed using Earth remote-sensing data and open-access project documen-
tation data. Spatial analysis was conducted using Sentinel-2 satellite imagery with a spatial resolution
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of 10 m covering the period from 2018 to 2024, ensuring data comparability and enabling the identi-
fication of structural features of land-cover patterns within the investigated territories. In this context,
satellite data are considered not only as an instrument for recording spatial structure, but also as a
means of revealing the hidden mechanisms underlying the functioning of the urban ecological system.

Additionally, open-access landscape plans and project descriptions of the parks were utilised,
containing information regarding the location of water-retention elements, bioretention zones, bios-
wales, channels, retention ponds, and permeable surfaces. The use of such sources corresponds to
contemporary research practices in the study of urban blue-green infrastructure and nature-based wa-
ter management [10; 19].

The methodological framework of the research combines comparative case-study analysis with
a quantitative assessment of stormwater-management potential based on land-cover structure. At the
first stage, the territory of each investigated object was classified into three generalised categories:
green surfaces, water surfaces, and impermeable artificial surfaces.

Green surfaces included lawns, trees and shrub vegetation, meadow landscapes, and wetland
biotopes performing the functions of natural infiltration and atmospheric water retention. Water sur-
faces included ponds, canals, and river-channel sections participating in the regulation of territorial
water balance. Impermeable surfaces - asphalt, concrete platforms, and other artificial coverings -
were considered elements preventing the natural infiltration of water into the soil and contributing to
increased surface runoff.

Such a methodological approach is widely applied in studies of Low Impact Development and
Water Sensitive Urban Design, where particular attention is devoted to the integration of natural
mechanisms regulating water flows within the structure of urban infrastructure [7; 20]. However,
decisive importance lies not only in the quantitative analysis of surface coverage, but also in under-
standing the city as a unified hydro-ecological organism in which each surface element participates
in the formation of microclimate, water circulation, and urban resilience. Such an integrated approach
is increasingly applied in contemporary studies devoted to Blue-Green Infrastructures, where hydro-
logical modelling combines surface runoff assessment, groundwater recharge analysis, and climate
adaptation scenarios within a unified urban water-management framework [21]. Recent studies addi-
tionally emphasise the importance of long-term environmental monitoring and performance assess-
ment within sustainable water-management systems. In particular, research devoted to groundwater
remediation technologies demonstrates that the effectiveness of permeable reactive systems depends
upon continuous hydrological evaluation, adaptive management strategies, and the quality assessment
of ecological engineering materials [22].

For each surface category, the total area and proportional share within the territorial structure
were determined, allowing for an assessment of infiltration and atmospheric water-retention potential.
Runoff coefficients commonly applied in hydrological practice for different surface types were used
for quantitative evaluation. The following values were adopted: 0.2 for green zones, 0.05 for water
surfaces, and 0.8 for impermeable surfaces. These coefficients reflect differences in the ability of
surfaces to infiltrate, accumulate, and discharge water and are widely applied in studies of urban
hydrology. The total surface runoff was calculated according to the following formula [23-24]:

Q:;CixAi (1

where:

Q - conditional volume of surface runoff;

C; - runoff coefficient for the i-th surface type;

A - proportional share of the corresponding surface within the territorial structure.

For each investigated object, the total site area, the proportion of green spaces, the area of water
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elements, and the share of impermeable surfaces were recorded. The obtained indicators made it pos-
sible to compare the water-retention potential of the investigated parks and to interpret the identified
differences within the context of climatic conditions, spatial structure, and principles of urban organ-
isation.

Spatial data processing was carried out using ArcGIS Pro, within which vectorisation of land-
cover boundaries, area calculations, and land-use structure analysis were performed. Computational
operations and statistical data processing were conducted in Python using the NumPy and Pandas
libraries, ensuring the automation of calculations and reproducibility of results. The application of
these tools corresponds to contemporary methods of spatial analysis and modelling of urban ecolog-
ical systems [23].

The applied methodology ensures the reproducibility of the research, since it is based upon
open-access data sources, standardised hydrological coefficients, and widely used software tools.
Given the availability of comparable satellite imagery and information regarding land-cover types,
the proposed analytical algorithm may be applied to assess the potential implementation of Sponge
City principles in other urban territories, including public spaces, park systems, and ecological infra-
structure elements within contemporary cities.

3 RESULTS AND DISCUSSION

The conducted comparative analysis of three implemented projects - Harbin Qunli Stormwater
Park, Yanweizhou Park, and Bishan - Ang Mo Kio Park - made it possible to identify the key patterns
underlying the integration of natural and engineering solutions within the framework of the Sponge
City concept. The obtained results demonstrate that the spatial structure of green and water surfaces
plays a decisive role in regulating surface runoff and forming sustainable urban ecosystems. In con-
trast to traditional engineering drainage systems oriented towards the rapid removal of water from the
urban environment, nature-based solutions involve the temporary accumulation, infiltration, and nat-
ural filtration within the urban territory [1; 20].

One of the most illustrative examples of the implementation of this strategy is Harbin Qunli
Stormwater Park in the city of Harbin. The park was created on the territory of a degraded wetland
landscape covering approximately 30 hectares, which had previously been subjected to regular flood-
ing during the monsoon season. The project, developed by Turenscape, represents a multifunctional
nature-based engineering system incorporating a network of water bodies, wetland biotopes, canals,
and terraced pedestrian pathways. The spatial structure of the park forms a circular system of hills
and water reservoirs functioning as a buffer zone between the urban development and the central
wetland core. The conducted land-cover analysis demonstrates that green vegetation occupies ap-
proximately 65% of the territory, while water elements account for around 15%. Calculations of con-
ditional surface runoff based on infiltration coefficients indicate that the use of bioretention zones,
permeable surfaces, and water-retention basins makes it possible to reduce the volume of surface
runoff to approximately 35% during periods of intense precipitation (Figure 1).
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Figure 1 - Harbin Qunli Stormwater Park (Harbin, Heilongjiang Province, China) [25].

The landscape functions as a natural hydrological system, ensuring the retention and gradual
redistribution of stormwater. The project received international recognition and was awarded several
professional distinctions, including the ASLA Excellence Award (2012) and the International Archi-
tecture Award (2012), confirming its significance for the development of ecological urbanism [25].

Similar principles of nature-based design were implemented in Yanweizhou Park in the city of
Jinhua. The park is located within a floodplain landscape at the confluence of three rivers and repre-
sents a system of adaptive spaces designed to accommodate periodic flooding. The spatial composi-
tion includes a network of canals, water reservoirs, and elevated pedestrian bridges connecting dif-
ferent parts of the park and ensuring its functionality even during rising water levels. The land-cover
structure of the park is characterised by approximately 55% green areas, while water surfaces occupy
nearly 20% of the territory. Such a configuration ensures the redistribution and temporary retention
of stormwater runoff, thereby reducing pressure on the urban drainage system. In contrast to tradi-
tional hydraulic engineering structures, where water is regarded as a threat to urban infrastructure, in
this project it becomes an integral component of the spatial composition and forms a new type of
interaction between nature and the urban environment. The project additionally demonstrates that
flood-adaptive landscapes, permeable surfaces, ecological terraces, and water-resilient public spaces
can simultaneously perform environmental, engineering, and social functions within a unified urban
ecosystem. Owing to its innovative approach to water-flow management and ecological restoration,
the project was recognised as the World Landscape of the Year at the World Architecture Festival
(2015) and is considered one of the most successful examples of Sponge City implementation [17].
(Figure 2).
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Figure 2 - Yanweizhou Park, Jinhua, Zhejiang Province, China [26].

Particular significance for the development of nature-based urbanism can be observed in the
experience of Singapore, where the principles of integrating water and green infrastructure were
implemented in Bishan—Ang Mo Kio Park. This project was implemented within the framework of
the national ABC Waters Programme (Active, Beautiful, Clean Waters) initiative and became one of
the largest examples of the transformation of traditional engineering infrastructure into a nature-based
hydro-ecological system. During the reconstruction process, a 2.7 km concrete drainage canal was
transformed into a meandering natural river channel extending 3.2 km and surrounded by a system
of floodplain meadows and terraced riverbanks.

The total area of the park is approximately 62 hectares, with green zones occupying nearly 60%
of the territory, while water surfaces and channels account for around 25%. Such a spatial
configuration enables the retention of a significant proportion of stormwater runoff within the park
and reduces peak pressure on the urban drainage system. In addition to its hydrological function, the
project has had a substantial impact on the ecological condition of the territory. According to research
conducted by the National University of Singapore, biodiversity within the park increased by more
than 30% following the reconstruction, reaching approximately 197 species of plants and animals
[27]. These results confirm the effectiveness of integrating natural and engineering solutions within
conditions of dense urban development.

The project additionally demonstrates that water-sensitive urban design can simultaneously
perform ecological, hydrological, recreational, and social functions within a unified urban ecosystem.
Through the integration of naturalised river systems, flood-adaptive landscapes, soil bio-engineering
techniques, and multifunctional public spaces, Bishan-Ang Mo Kio Park represents a successful
model of environmentally adaptive urbanism in which infrastructure operates not as an isolated
technical system, but as part of a living ecological framework capable of strengthening urban
resilience and improving the quality of public space (Figure 3).
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Figure 3 - Bishan—Ang Mo Kio Park, Singapore [27].

A comparative analysis of the three case studies demonstrates that the effectiveness of nature-
based solutions is largely determined by climatic conditions and the characteristics of urban structure.
Within the tropical climate of Singapore, the higher proportion of water elements is determined by
the intensity of precipitation and the necessity of redistributing substantial volumes of stormwater. In
the northern regions of China, by contrast, an important role is played by bioretention zones and
flood-resistant plant communities that ensure infiltration and natural water filtration. Despite these
differences, all examined projects demonstrate a common tendency - the transition from traditional
engineering drainage systems towards integrated blue-green infrastructures combining ecological,
hydrological, and social functions [16; 23]. Recent studies further confirm that Sponge City
implementation contributes to long-term urban climate resilience through the integration of adaptive
hydrological systems, ecological infrastructure, and multifunctional public spaces into a unified urban
framework [28]. To systematise the identified spatial, hydrological, and ecological characteristics of
the examined case studies, a comparative evaluation of Sponge City nature-based solutions was
conducted (Table 1).
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Table 1 - Comparative Evaluation of Sponge City Nature-Based Solutions and Their Contribution to Urban Resilience

[Authors’ material

Criteria Harbin Qunli Yanweizhou Park Bishan—Ang Mo Kio
Stormwater Park Park
1 Location Harbin, China Jinhua, China Singapore
Climatic Context Monsoon climate with Floodplain territory at Tropical high-

2 seasonal flooding the confluence of three ~ precipitation climate
rivers
Key Sponge City Wetlands, retention Adaptive flood Naturalised river
3 Elements basins, permeable landscapes, elevated channel, floodplain
surfaces, bioretention pedestrian bridges, meadows, biofiltration
zones reservoirs, and canals systems
4 Green Surface ~65% ~55% ~60%
Share
5 Water Surface ~15% ~20% ~25%
Share
Main Hydrological Stormwater retention, Temporary water Peak runoff reduction,

6 Functions

infiltration, and natural

storage and runoff

river restoration, water

filtration redistribution purification
Ecological and Wetland restoration and Ecological Biodiversity increase
7  Urban Benefits microclimatic connectivity and and blue-green
improvement adaptive public space transformation
Urban Resilience Reduction of flood risks ~ Flood-adaptive public Integrated climate-
3 Contribution and adaptive landscape infrastructure resilient water-
capacity sensitive urban system
Principal Lesson Nature-based wetland Flood-adaptive public Integrated blue-green
for Sustainable systems can effectively spaces can transform infrastructure can
Urbanism replace conventional water-related risks into simultaneously
9 stormwater drainage ecological and social improve hydrological
infrastructure. assets. performance,
biodiversity, and urban
liveability.
Relevance for Applicable for urban Relevant for flood- Applicable for the
Kazakhstan wetlands and retention prone river corridors integration of blue-
10 landscapes in Astana and and adaptive public green infrastructure

Small Taldykol areas.

spaces in Almaty.

into densely urbanised
districts of Almaty and
Astana.

The comparative assessment confirms that, despite differences in climatic conditions and urban
morphology, all analysed projects demonstrate the effectiveness of integrated blue-green
infrastructure in improving runoff regulation, ecological resilience, and adaptive urban capacity.
Nature-based solutions contribute not only to stormwater management but also to biodiversity
enhancement, microclimatic improvement, and the formation of multifunctional public spaces within
contemporary sustainable urbanism.

A comparison of the obtained results with findings from other studies indicates that the
implementation of Sponge City elements can significantly reduce urban flood risks and increase the
resilience of urban infrastructure to climate change [14; 16]. Furthermore, such projects generate
additional ecosystem services, including microclimatic improvement, enhanced biodiversity, and the
formation of high-quality public spaces.

The examined examples demonstrate that the Sponge City concept extends beyond the purely
engineering tasks of stormwater drainage and becomes an instrument for shaping a new model of
sustainable urbanism. Within this model, the city is understood as a dynamic hydro-ecological system
in which natural processes are integrated into the structure of urban infrastructure and contribute to
the formation of an adaptive, ecologically balanced, and socially oriented urban environment. Such a
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transition towards nature-based design models corresponds to contemporary architectural tendencies
of the twenty-first century, in which innovative technologies, ecological principles, and cultural
identity are regarded as interconnected components in the formation of a sustainable architectural
environment [29].

The use of digital technologies for urban-environment design and analysis makes it possible to
integrate ecological principles more effectively into architectural practice and to develop adaptive
models of sustainable urbanism [30]. Furthermore, the study proposes a framework for the adaptation
of Sponge City principles to the environmental and urban-planning conditions of Kazakhstan, with
particular relevance for Almaty, Astana, and the Small Taldykol wetland system. The obtained results
confirm that the integration of landscape and engineering solutions contributes to the formation of
sustainable urban ecosystems and may serve as an effective instrument for adapting cities to the
consequences of climate change.

4 CONCLUSIONS

The Sponge City concept represents a contemporary model of resilient and nature-based urban
development, within which architecture, engineering infrastructure, ecological systems, and social
functions are integrated into a unified urban organism. The analysed international case studies
confirm that blue-green infrastructure can significantly improve the adaptive capacity of cities under
conditions of increasing climatic instability and urbanisation pressure.

Approximately two decades after the active implementation of Sponge City principles in China
and Singapore, the following conclusions can be drawn:

1. contrary to the traditional technocratic approach focused on the rapid removal of stormwater
from urban territories, contemporary Sponge City projects demonstrate that water can become
an integral component of ecological balance and spatial organisation within the city itself;

2. despite differences in climatic conditions and urban structure, all examined projects demonstrate
a high level of efficiency in reducing surface runoff, improving ecological resilience, and
enhancing the quality of the urban environment through the integration of natural and engineering
systems;

3. the analysed projects demonstrate that nature-based infrastructure does not isolate urban
territories from the surrounding urban fabric. Instead, it forms multifunctional public
environments integrating recreational, ecological, hydrological, and social functions into a
unified spatial system;

4. the implementation of green corridors, wetlands, permeable surfaces, bioretention zones, and
adaptive water-retention systems contributes not only to flood mitigation, but also to biodiversity
enhancement, microclimatic improvement, and the formation of sustainable public spaces
attractive for residents and visitors alike;

5. the integration of landscape and engineering solutions within urban parks demonstrates that
contemporary public spaces can simultaneously perform environmental, infrastructural, and
social roles while maintaining a high level of spatial and functional quality.

The humane and sustainable characteristics of Sponge City environments can be identified as:

1. the integration of architecture, landscape, and hydrology into a unified ecological system;
the formation of adaptive and multifunctional public spaces;
the restoration of natural water-cycle mechanisms within the urban environment;
the improvement of ecological resilience and biodiversity;
the enhancement of urban comfort and environmental quality through blue-green infrastructure.
The examined projects demonstrate that resilient urbanism increasingly relies upon the
harmonious interaction between natural processes and technological systems. Much like historical
regional architecture adapted to climatic and environmental conditions, contemporary Sponge City
strategies represent a new form of urban adaptation aimed at ensuring ecological balance,
infrastructural resilience, and sustainable spatial development.

il
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This approach acquires particular significance for Almaty and Astana, the two largest cities of
Kazakhstan, which face different but equally important environmental and infrastructural challenges.
Almaty has historically developed under conditions of high seismic activity and a complex spatial
structure dominated by low-rise private-sector development [31]. Astana, in contrast, is characterised
by a sharply continental climate, strong winds, periodic water shortages, and rapid urban expansion.
The integration of autonomous systems of water supply, energy, communication, and temporary life
support into public spaces allows the urban environment to be understood as a unified organism,
whose resilience depends not only on the structural stability of individual buildings, but also on the
capacity of infrastructure systems to maintain continuity under crisis conditions.

The relevance of Sponge City principles is particularly evident in the case of the Small Taldykol
lake system in Astana, which represents one of the most significant urban wetland ecosystems in
Kazakhstan and provides important ecological, hydrological, and climate-regulating functions within
the urban environment [32]. Historically functioning as a natural water-retention landscape, the area
has played an important role in stormwater accumulation, microclimate regulation, biodiversity
conservation, and the maintenance of ecological connectivity within the urban fabric. Contemporary
discussions surrounding the transformation of the Small Taldykol territory illustrate the broader
challenge of balancing urban development with the preservation of natural hydrological systems. In
the context of increasing climate risks, including heat waves, extreme precipitation events, and urban
flooding, the conservation and integration of such blue-green infrastructure elements may
significantly enhance the adaptive capacity and environmental resilience of the city. The experience
of Sponge City projects demonstrates that urban water bodies should be regarded not as obstacles to
development but as valuable components of a sustainable and climate-responsive urban ecosystem.

From a practical perspective, the principles of the Sponge City concept may be applied in
Kazakhstan through the preservation and restoration of urban wetlands, the creation of blue-green
corridors along the Esentai and Bolshaya Almatinka river systems in Almaty, and the integration of
water-retention landscapes into the development strategy of the Small Taldykol area in Astana. Such
measures may contribute to reducing peak stormwater runoff, improving urban microclimate, en-
hancing biodiversity conservation, and increasing the long-term climate resilience of Kazakhstan's
major cities.

Today, the Sponge City concept is regarded as one of the most promising directions in sustain-
able urbanism, integrating ecological principles, engineering technologies, digital analysis tools, and
social needs into a unified model of adaptive urban development. The obtained results confirm that
the future of architecture and urban planning is associated with the creation of flexible, resilient, and
nature-oriented urban systems capable of preserving environmental and social stability under condi-
tions of growing natural and technological uncertainty. The proposed recommendations may serve as
a preliminary framework for pilot Sponge City implementation projects in Almaty and Astana.
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  Q =   ∑  i = 1  n    C  i ×   A  i

