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Abstract. The efficiency of irrigation water use is one of the key tasks for the development of
Kazakhstan’s agricultural sector amid climate instability, shrinking water resources, and the
need for digital modernization of water management infrastructure. Objective — to develop
a methodological approach for a comprehensive assessment of adaptive water distribution
management, facilitating the substantiation of results from introducing digital technologies into
irrigation system operations. Methods — system analysis of scientific publications and regulatory
documents, economic-mathematical modeling, statistical research, scenario modeling of water
supply regimes, and calculation of integral evaluation indicators. To interpret the final data, a
comparison was made between the traditional management scheme and an adaptive model that
considers hydrological forecasts, actual crop water requirements, and the technical condition of the
irrigation network. Results show that adaptive regulation contributes to reducing non-productive
water losses, lowering operational costs, increasing the water availability ratio, and promoting
rational use of hydroresources. The created integral algorithm takes into account the impact of
hydrological variability on the economic metrics of irrigation facility operations and provides
scientific substantiation for digital transformation results. Conclusions confirm that adopting digital
situational management tools stabilizes the activities of water management institutions, promotes
the expedient use of water reserves, and forms a basis for managerial decision-making in reforming
the republic’s irrigation systems. The practical significance of the study lies in the possibility of
implementing the proposed methodology in investment planning, water resource allocation, and
digital modernization programs for the country’s water sector. The recommended organizational
scheme provides an adaptive recalculation of water supply volumes, taking into account delivery
efficiency, economic costs, and water scarcity risks.
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AHpatna. Cyapmanbl cyabl namaanaHy TMiIMAINIri — KNMMaTTbIK TYpaKCbI3AbIK, CY PecypcTapbiHbIH,
a3alobl XKoHe Cy LWapyalbinbiFbl UHDPaKYpPbbIMbIH CaHAbIK XaHFLIPTY KaXeTTiniri xxarganbiHpa Ka-
3aKCTaHHbIH arpapriblK CeKTOPbIH AaMbITYAbIH Heri3ri MiHaeTTepiHiH 6ipi. Makcambi — cyapy xywnerne-
piH NnanganaHyra udpnblik TeEXHONorusanapabl eHrisy HaTWKernepiH Herisaeyre biKnan eTeTiH cy beny-
Ai 6enimaenmeni 6ackapyabl KeweHAi 6aranayablH, agicTeMenik TaciniH asipney. 8dicmepi — FbiNbIMU
XXapusinaHbiMaap MeH HOPMAaTUBTIK KyXaTtTtapabl XyWenik Tangay, 3KOHOMUKanblK-MaTeMaTukanbik
MoaenbAaey, CTaTUCTUKanNbIK 3epTTey, CYMeH KaMTaMachI3 eTy peXXumaepiH CLieHapuinik xkobanay, CoH-
Aaun-aK HTerpangbIlk 6aranay kepceTkilTepiH ecentey. TynkKinikTi AepekTepAi TyciHAipy ywiH aacTypni
MEHeMKMEHT CXeMacbiH MMAPONOruANbIK XargannapabiH 0omkaMbiH, aybiiwapyalbibIK Aakbinaa-
PbIHbIH CyFa AereH HaKTbl KQKEeTTiSiriH XxoHe cyapy enicCiHiH TeXHUKanbIK XKan-KyniH eCKkepeTiH 6enim-
Aenmeni MoAaenbMeH canbiCTbIPy opblHAanAbl. Homuwkesiepi 6erimpgenmeni peTrey cyAblH eHAipic-
TiK emec WbFbIHAAPLIH a3anTyfa, nanganaHy WhbiFbIHAAPbIH TOMEHAETYre, CyMeH KaMTamMachI3 eTiny
K03dhPMLIMEHTIH XaHe rmagpopecypcTapabl TMiIMAi KonaaHyAbl apTThIpPyFa biKnan eTeTiHiH anFakTanabl.
KypbinFaH vHTerpanabiK anroputM ruaponorussbIK KyobIManbinbIKTbIH Cyapy KOHAbIPFbINapbIH nan-
AanaHyablH, 9KOHOMUKarbIK MeTpuKanapbiHa acepiH eckepeai, UndpnbIik TpaHchopMaumsa HaTuxerne-
PiH FbINbIMKU Herizgeyai kamTamachbi3 etefi. KopbimbIHOLIIaP CUTyauusnbliK 6ackapyablH CaHAbIK Ky-
pangapbiH MEeHrepy Cy LWapyalwbinbFbl MeKeMernepiHiH KbI3MeTiH TypaKTaHAbIpaTbIHbIH, Cy KOprapbIH
OpbIHAbI NanAaanaHyfa biKnan eTeTiHiH XaHe pecnybnuKaHbIH cyapy KewleHAepiH pecopmarnay KesiH-
Ae 6ackapywbibIK Wellivmaep Kadbbingayfa Heri3 KanavuTbiHbIH pacTanabl. 3epTreyaiH npakTukanbIK
MaHbI3OblbIFbl YCbIHbUFaH 3A4icTeMeHi MHBeCcTULMANapAbl XKocnapnay, cy pecypcrapbiH 6eny aHe
enaiH cy wwapyalwbibIiFblH CaHAbIK XaHapTy OaraapnamanapbliH iCKe acbIpy Ke3iHae Xy3ere acbIpy
MYMKiHAIriHAe XaTbIp. ¥CbIHbUFaH YMbIMAACTLIPYLULINbIK CXeMa XeTKi3y TUiMAiniriH, 3KoHOMUKanbIK
WhbIFbIHAAPAbLI XXKoHe Cy TanwbbFbl TOyeKesliH eckepe oTbIpbIn, cy 6epy kerneMiH 6erimagenmveni kanta
ecenTeyAi KaMTamMachbI3 eTeA,.

AHHoTaums. A heKkTMBHOCTL UCNONBb30BaHUSA OPOCUTENBLHON BOAbI — OAHA U3 KIHOYeBbIX 3aga4 pas-
BUTUA arpapHoro cektopa KasaxcrtaHa B yCcrnoBUsIX KNMMaTU4YECKOW HECTaOUITbHOCTU, COKpaLLieHUs BO-
AHbIX PECYPCOB U HEOGXOAMMOCTU LchpOBON MOAEPHU3ALMUN BOSOXO3ANCTBEHHON MHPPACTPYKTYpPbI.
Lenb — pa3paboTatb METOAMYECKUIA NOAXOA, K KOMIJIEKCHOM OLIEHKEe afanTUBHOIO ynpaBreHusi BOJO-
pacnpeaeneHeM, CNocobCcTBYOLWEro 060CHOBaHMIO pe3yNnkLTaToB BHeAPEHUs LLMPOBLIX TEXHONOMUN
B 3KCMIlyaTaumio opocuTenbHbIX cucteM. MemoOdbl — CACTEMHbIN aHanU3 Hay4HbIX NyGnukauum n Hop-
MaTUBHbIX JOKYMEHTOB, 3KOHOMMKO-MaTeMaTuyeckoe MogenvpoBaHue, CTaTUCTUYeckoe uccrenoBa-
Hue, CLeHapHoe NMPOEKTUPOBaHUE PEXMMOB BOJ0OGECNeYeHUsi, a TaKkkKe pacyeT UHTerpanbHbIX oLe-
HOYHbIX Noka3aTeneun. [insa nHTepnpeTaLMn UTOroBbIX AaHHbIX BbIMOMMHEHO CPaBHEHNE TPaAULIMOHHON
CXeMbl MEHeKMEeHTa C afanTUBHOM MOZAENbIo, yUYMTbIBaloLWen NMPOrHo3 rmaporiormyeckmx ycrioBum,
chakTU4ECKy0 NOTPEOHOCTb CENbCKOXO3AMCTBEHHbIX KYILTYP B BOAE U TEXHUYECKOe COCTOsIHUE Opo-
cuTenbHou ceTu. Pesynbmambl CBUAETENbLCTBYIOT, YTO aAanTMBHOE peryrmpoBaHue Croco6CcTByeT
CHWKEHMIO HEMPOU3BOAUTENbHbIX NOTEPb BOAbI, YMEHbLUEHUIO IKCMIyaTauMOHHbIX PacxoAoB, NOBbI-
WweHuo koadpchmumeHTa Bogoobecne4eHHOCTU U pauMoHanbHOro NpuMeHeHusa rugpopecypcon. Cos-
AaHHbIN VMHTErpanbHbIA anropuTtM y4YuTbIBaeT BIUSIHAE TMOPONIOTMYECKON M3MEHUYMBOCTU Ha 3KOHO-
MUYECKME METPUKU IKCIITyaTauum opocuTeribHbIX YCTaHOBOK, o6ecneynBaeT HayyHoe 060CHOBaHMe
pe3ynsraToB LucpoBorn TpaHcdopmaumn. Bbieodbl NOATBEpPXKAAOT, YTO OCBOeHMe LM(pPOBbLIX WH-
CTPYMEHTOB CUTYaLMOHHOIO yrpaBreHusi CTabunuamnpyeT AesATeNIbHOCTb BOAOXO3AMCTBEHHbIX YUYpex-
AeHuI, cnocobCTBYET LieNnecoobpa3HOMY MCTONb30BaHMIO BOOAHbLIX 3anacoB 1 chopMupyeT OCHOBY AJ1A
NPUHATUA yNpaBNeHYeCKUX peLleHn npu pecopmMmpoBaHN OpOCUTENbHBIX KOMMIIEKCOB pecnyonu-
ku. MNpakTnyeckasi 3HAYMMOCTb UCCIEeA0BaHUA COCTOUT B BO3MOXHOCTU peanusauun npeasioXeHHON
METOAMKA NPU NNaHUPOBaAHUM MHBECTULIUM, pacrnpeaernieHun BoOHbIX PecypcoB U peanusauun npo-
rpaMmm umncpoBoro o6GHOBNEHNA BOAHOIO XO3ANCTBa CTpaHbl. PekoMeHOoOBaHHaA opraHM3auvoOHHas
cxema obecne4yMBaeT aAanTMBHbIA NepepacyeT o6bLEeMOB Bogonoaayu ¢ y4etom ahdeKTMBHOCTU [0-
CTaBKU, 3KOHOMUYECKNX U3aepKeK 1 pucka aecmumnta Boabl.

Keywords: agriculture, adaptive management, water distribution, irrigation, digitalization, modeling,
water conservation, water availability, optimization, water use, sustainability, cost-effectiveness.
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Introduction

Sustainable water resource management has
become one of the principal priorities for agri-
cultural development in the context of acceler-
ating climate change, increasing water scarcity,
and growing anthropogenic pressure on natural
ecosystems. Increasing pressure on freshwater
resources and the growing demand for agricul-
tural production require more efficient irrigation
management and rational water allocation [1,2].
Under these conditions, improving the operation-
al performance of irrigation systems has become
not only a technological challenge but also an
economic necessity directly affecting agricultural
sustainability and national water security.

In the Republic of Kazakhstan, efficient wa-
ter allocation is of particular importance due to
the country’s high dependence on surface water
resources for irrigated agriculture, the significant
share of transboundary river inflow, and consid-
erable spatial variability in water availability.
Although national programmes aimed at modern-
izing the water sector have been implemented in
recent years, a substantial proportion of irrigation
infrastructure remains physically degraded, re-
sulting in considerable conveyance losses, insuffi-
cient automation of operational processes, and in-
creased maintenance costs. These factors reduce
the overall efficiency of water use and limit the
effectiveness of irrigation system management.

The rapid advancement of digital technologies
has created new opportunities for improving ir-
rigation management. Geographic Information
Systems (GIS), remote sensing, Internet of Things
(IoT) technologies, digital twins, and intelligent
control algorithms facilitate the transition from
conventional water allocation practices to adap-
tive management approaches that account for hy-
drological conditions, crop water requirements,
and the current state of irrigation infrastructure.
Despite these technological advances, existing
methodological approaches remain insufficient
for providing a comprehensive economic assess-
ment of adaptive water allocation. In particular,
there is still no unified framework capable of in-
tegrating hydrological, operational, and econom-
ic indicators into a single evaluation system for
measuring the benefits of digital modernization in
irrigation systems.

Against this background, the present study
aims to develop a methodological framework for
the integrated assessment of the economic effi-
ciency of adaptive water allocation management
in irrigation systems based on digital technologies

and scenario modelling. The scientific novelty of
the research lies in the development of an inte-
grated evaluation model that combines hydrolog-
ical, operational, and economic indicators to sup-
port evidence-based managerial decision-making
during the modernization of irrigation systems in
the Republic of Kazakhstan.

Literature review

Contemporary approaches to water resources
management are based on the concept of Inte-
grated Water Resources Management (IWRM),
which promotes the coordinated management
of environmental, economic, and social compo-
nents of water systems. Effective Integrated Wa-
ter Resources Management requires scientifically
grounded decision-making supported by appro-
priate decision-support systems [3]. In Kazakh-
stan, sustainable water management emphasizes
the importance of rational water use, improved
water management, and modernization of water
resources management in agriculture [4].

Decision support systems and water allocation
models play an important role in integrated wa-
ter resources management, particularly through
mathematical optimization, scenario analysis,
and the integration of hydrological and economic
models to support water allocation decisions [5].

Soil water balance models are important for
determining crop water requirements and im-
proving irrigation scheduling [6]. Digitalization
contributes to improving resource management
and supporting sustainable development of the
agricultural sector in Kazakhstan [7]. Internet of
Things (IoT) technologies and advanced control
strategies provide opportunities to improve irri-
gation monitoring and water-use efficiency. Re-
cent studies have increasingly focused on digital
technologies in irrigation management. The de-
velopment of digital technologies provides new
opportunities for improving irrigation monitor-
ing, control, and water-use efficiency [8]. Sim-
ulation modelling can be effectively applied to
evaluate irrigation management strategies under
changing hydrological conditions [9].

Recent research has also emphasized the ap-
plication of Digital Twin technology in irrigation
systems. Digital twins can support real-time mon-
itoring and optimization of water allocation [10].
Their practical implementation has been demon-
strated in irrigation networks [11]. Hydrological
simulation can be integrated with economic eval-
uation through hydroeconomic modelling [12],
while digital twin river basin platforms provide
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a promising framework for intelligent water re-
sources management [13].

Overall, the literature indicates a clear transi-
tion from conventional IWRM concepts toward
digital water management and hydroeconomic
modelling. Nevertheless, integrated methodol-
ogies combining hydrological, operational, and
economic indicators for assessing the economic
efficiency of adaptive water allocation remain
insufficiently developed, providing the scientific
basis for the present study.

Materials and methods

The study focuses on irrigation systems in the
Republic of Kazakhstan operating under condi-
tions of increasing hydrological variability and
the ongoing digital transformation of the water
management sector. The methodological frame-
work is based on the principles of Integrated Wa-
ter Resources Management (IWRM), hydroeco-
nomic modelling, systems analysis, and adaptive
digital water allocation.

The research was conducted in five consecutive
stages. First, scientific publications, international
guidelines, and national regulatory documents
on water resources management were reviewed.
Second, a system of evaluation indicators was
developed, including water supply volume, water
supply reliability coefficient, water losses, opera-
tional expenditures, irrigated area, and economic
benefits. Third, a conceptual framework for adap-
tive water allocation was designed by integrating
hydrometeorological information, irrigation net-
work conditions, and crop water requirements.
Fourth, scenario-based modelling was performed

for water-deficit, normal, and water-abundant
years using conventional and adaptive manage-
ment strategies. Finally, the economic efficiency
of the proposed scenarios was assessed through a
comparative analysis of operational and econom-
ic indicators.

The study employed comparative and statis-
tical analyses, economic and mathematical mod-
elling, integrated index assessment, and scenario
analysis. Official data provided by the Bureau of
National Statistics of the Agency for Strategic
Planning and Reforms of the Republic of Ka-
zakhstan and Ministry of Water Resources and
Irrigation of the Republic of Kazakhstan served
as the primary information source for the analy-
sis [14,15].

Results

The proposed methodology was validated
through an integrated assessment of adaptive wa-
ter allocation under different hydrological scenar-
ios. Unlike conventional assessment approaches,
which mainly focus on individual technical in-
dicators, the proposed framework combines hy-
drological, operational, and economic parameters
within a unified decision-support system. This
integrated approach enables a comprehensive
evaluation of irrigation system performance un-
der different water availability conditions while
considering the effects of digital transformation.

The proposed methodological framework is
illustrated in figure, which presents the sequence
of analytical procedures used to assess the eco-
nomic efficiency of adaptive water allocation
management.

1. Data Collection 2. Data Processing 3. Analysis of the 4. Scenario 5. Adaptive Management
and Validation Current Condition Development Algorithm
« collection of initial data « data input and cleaning e analysis of hydrological * water-deficit year  setting management
o hydrometeorological data | | « checking data conditions {Seenario’l) parameters
checKing Aecuracy o analysis of infrastructure ¢ normal year llocation of irrigati
« data on irrigation ®  and completeness M condition P (Scenario 2) » e an:catlon irrigation areas
f and cro
infrastructure o structuring, classification | |  analysis of water use * water-abundant year o ps ,
« data on water supply | and normalization of data efficiency (Scenario 3) 2 :!’tst'r';:zu:?"’" otwater
and losses - forrmationof the o identification of o develop of i i
« data on crop water initial database key problems management scheme + identification of water
requirements « analysis of operational « development of adaptive saving measures
indicators management scheme
v ]
6. Calculation of s Integrated Efficiency (8. Management Decision 9. Monitoring and 10. Assessment of
Indicators Assessment Support Feedback Economic Efficiency
» calculation of hydrological « normalization of indicators | | selection of ptimal scenario| | » monitoring of impl d « calculation of i
|nd|cato‘rs ) @+ calculation of partial > and regime N measures | effectand payback
« calculation of operational sub-indicators « development of « analysis of actual results | o analysis of sustainability
& lncll‘l:cal::rs of " « calculation of Integrated recommended measures » model correction of resul.ts
f:di::‘atolrosn Seonoive Efficiency Index (IEI) * preparation of management « updating the database . evaluatnPn of long-term
« calculation of overall * comparison of scenarios rectrvmendafmns * formationiatifeadbiack . :::::r':tlico:e;ef?l::l
efficiency indicators and management options J * decision-making support for the system Fencrt

Note: compiled by the authors based on the methodological approaches proposed by [3,5], [10]
Figure 1 — Algorithm for assessing the economic efficiency of adaptive water allocation management
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Figure 1 illustrates the proposed algorithm
for assessing the economic efficiency of adaptive
water allocation management. The workflow
integrates  hydrometeorological information,
irrigation network characteristics, scenario-
based modelling, and integrated performance
assessment into a unified analytical framework.
Unlike conventional water allocation approaches
based on fixed operating rules, the proposed
algorithm continuously incorporates updated
monitoring data, enabling real-time adjustment
of management strategies according to water
availability and crop water requirements. This
integrated procedure reduces uncertainty in
decision-making by simultaneously considering
hydrological, operational, and economic factors.

As a result, the framework provides a
scientifically grounded basis for selecting optimal
water allocation strategies, improving irrigation
system reliability, and enhancing the economic
sustainability of water management.

Compared with conventional approaches
to irrigation management, the proposed
methodology  provides several important
advantages. It combines hydrological monitoring,
operational assessment, economic evaluation,
and scenario-based modelling within a single
analytical framework. Such integration allows
irrigation managers to evaluate not only the
technical performance of water allocation but
also its economic consequences. In addition,
continuous updating of monitoring information
enables timely adjustment of management
strategies according to changing hydrological
conditions.  Consequently, the  proposed
methodology supports more reliable, transparent,
and evidence-based decision-making throughout
the irrigation management process.

To quantify the performance of adaptive water
allocation, an integrated system of evaluation
indicators was developed (table 1).

Table 1 — System of Indicators for Assessing the Efficiency of Adaptive Water Allocation

Management
Indicator Group Indicator Symbol Unit
Hydrological Water supply reliability coefficient | Kw -
Water conveyance losses Lw %
Water supply volume Q million m?
Operational Operating costs C million KZT
Technical readiness coefficient Kt -
System performance Ps %
Economic Crop yield Y t/ha
Gross production value V million KZT
Economic benefit E million KZT
Note: compiled by the authors based on sources [6,12]

The proposed indicator system comprises
three interrelated groups: hydrological, opera-
tional, and economic indicators. Hydrological in-
dicators evaluate water availability and distribu-
tion efficiency, operational indicators characterize
the technical performance of irrigation infrastruc-
ture, whereas economic indicators measure ag-
ricultural productivity and economic outcomes.
Together, these indicators provide a comprehen-
sive framework for assessing irrigation system
performance.

Unlike conventional engineering-based ap-
proaches, the proposed framework integrates
hydrological, operational, and economic indica-
tors into a unified assessment system, providing
a more objective basis for comparing alternative
irrigation management strategies.

To provide a comprehensive quantitative as-
sessment of adaptive water allocation manage-
ment, an Integrated Adaptive Water Allocation
Efficiency Index (IAWAE) was developed. The
index combines hydrological, operational, and
economic performance into a single evaluation
criterion.

The integrated index is calculated as follows:
IAWAE=aH+pO+yE (1)

where:

IAWAE — Integrated Adaptive Water Alloca-
tion Efficiency Index;

H — normalized hydrological index;

O — normalized operational index;

E — normalized economic index;
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o, B, y — weighting coefficients of the corre-
sponding indicator groups.

The weighting coefficients satisfy the follow-
ing condition:

atpt+y=I ()
In this study, all three indicator groups were

considered equally important. Therefore, equal
weighting coefficients were applied:

1
a:'[}:yzg

hich simplifies Equation (1) to:
H+0+E

IAWAE = — 3)

To evaluate the robustness of the proposed
methodology, scenario-based modelling was
performed for three water availability scenarios:
water-deficit, normal, and water-abundant years
(table 2).

Table 2 — Scenario Matrix for the Assessment of Adaptive Water Allocation Management

Scenario Water Availability

Condition

Management Strategy

Expected Outcome

| Water-deficit year
water losses

Priority water allocation to critical
irrigation areas and minimization of

Reduced water deficit and
lower operating costs

| Normal year

Optimal water allocation according
to crop water requirements

Maximum water-use efficiency

m Water-abundant
year

Flexible regulation of water supply
and efficient utilization of additional
water resources

Increased crop productivity and
higher economic benefits

Note: compiled by the authors based on sources [ 9,10]

The scenario analysis shows that adaptive
water allocation should respond to hydrological
variability rather than rely on fixed water deliv-
ery schedules. During water-deficit years, priority
is given to minimizing water losses and ensuring
water supply to critical irrigation areas. Under
normal conditions, water distribution is optimized
according to crop demand, whereas water-abun-
dant years provide opportunities to improve agri-

cultural productivity through more flexible water
allocation. These results demonstrate that sce-
nario-based planning enhances the adaptability
of irrigation management and supports proactive
decision-making before water shortages or sur-
pluses occur.

The comparative assessment of conventional
and adaptive management strategies is presented
in table 3.

Table 3 — Comparative Assessment of Conventional and Adaptive Water Allocation Management

Indicator Conventional Adaptive Change
Management Management
Water losses, % 18.4 11.6 -36.9%
Water supply reliability coefficient 0.79 0.93 +17.7%
Operating costs, million KZT 124.6 109.2 -12.4%
Crop vyield, t/ha 5.42 6.08 +12.2%
Economic benefit, million KZT - 46.8 -
Note: compiled by the authors based on sources [14, 15]

The results indicate that adaptive water allo-
cation substantially improves irrigation system
performance. Compared with conventional man-
agement, water losses decreased by 36.9%, the
water supply reliability coefficient increased by
17.7%, operational expenditures were reduced
by 12.4%, while crop productivity increased by
12.2%. The estimated economic benefit reached
46.8 million tenge, confirming the practical ad-

vantages of integrating digital technologies into
irrigation management.

These results demonstrate that the proposed
adaptive management strategy improves irriga-
tion performance through more efficient water
distribution and better operational planning. The
reduction in water losses indicates more effec-
tive regulation of water allocation, while low-
er operating costs reflect improved utilization
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of irrigation infrastructure and water resources.
The increase in crop yield suggests that more
reliable water delivery contributes to enhanced
agricultural productivity. Overall, the findings
confirm that integrating digital technologies with
adaptive management generates both operational
and economic benefits, providing a strong basis

for irrigation modernization and sustainable
water resource management.

Finally, the overall performance of each
scenario was evaluated using the proposed
Integrated Adaptive Water Allocation Efficiency
Index. The calculated IAWAE values for the three
hydrological scenarios are presented in table 4.

Table 4 — Integrated Efficiency Assessment under Different Water Availability Scenarios

Scenario Hydrological Operational Economic Integrated Efficiency
Index Index Index Index (IAWAE)
Water-deficit year 0.81 0.84 0.79 0.81
Normal year 0.92 0.91 0.94 0.92
Water-abundant year 0.88 0.89 0.90 0.89
Note: compiled by the authors based on source [12]

The integrated assessment confirms the
robustness and practical applicability of the
proposed methodology under different water
availability scenarios. The highest Integrated
Adaptive Water Allocation Efficiency Index value
(0.92) was achieved under normal hydrological
conditions, while adaptive management also
maintained high performance during water-deficit
years (0.81) and water-abundant years (0.89).
These results demonstrate that the proposed
framework effectively supports adaptive water
allocation across varying hydrological conditions.
The TAWAE provides a reliable quantitative
tool for comparing alternative management
strategies, identifying priority areas for irrigation
infrastructure modernization, and evaluating the
effectiveness of digital transformation initiatives.
Consequently, the proposed methodology
offers a practical decision-support framework
for irrigation authorities responsible for water
allocation planning and sustainable management
of irrigation systems.

The obtained IAWE values indicate that
adaptive management maintains a high level of
efficiency across all water availability scenarios.
An integrated score exceeding 0.80 suggests
that the proposed management strategy ensures
balanced performance in terms of water allocation
reliability, operational efficiency, and economic
outcomes. The relatively small variation of
IAWAE across scenarios demonstrates the stability
of the proposed methodology and confirms
its applicability under different hydrological
conditions. Consequently, the integrated index
may serve as a quantitative benchmark for
evaluating irrigation system modernization
projects and monitoring the effectiveness of
digital transformation initiatives over time.

The obtained results demonstrate that the
proposed methodology  supports strategic
planning at operational, regional, and national
levels of irrigation management. It enables
irrigation authorities to identify efficient water
allocation strategies, prioritize investments in
irrigation infrastructure and digital technologies,
and evaluate public policies aimed at improving
water-use efficiency under climate change. An
important advantage of the methodology is its
flexibility regarding data availability, allowing
its application even where digital monitoring
systems are not yet fully implemented.

The framework can be integrated with
geographic information systems, remote sensing,
Internet of Things (IoT) technologies, and
automated monitoring platforms, enhancing
its  practical applicability during digital
transformation. Repeated calculation of the
IAWAE enables continuous monitoring of
irrigation performance, objective comparison of
irrigationsystems,andevaluationofmodernization
projects over time. By integrating engineering,
hydrological, and economic indicators into a
unified framework, the proposed methodology
improves decision-making, strengthens the
economic sustainability of irrigation systems, and
supports long-term water resources management
and sustainable agricultural development.

Discussion

The findings demonstrate that adaptive water
allocation management significantly improves
the operational efficiency of irrigation systems
by integrating hydrological, operational, and
economic factors into a unified assessment
framework. Unlike conventional approaches
based on fixed water delivery schedules,
the proposed methodology enables dynamic
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adjustment of water allocation according to
water availability and crop water requirements,
thereby improving the flexibility and efficiency
of irrigation management.

The obtained results are consistent with
the studies [5], which emphasized adaptive
management as an essential approach for
increasing the resilience of water resources
systems under conditions of hydrological
uncertainty. Similar conclusions were reported
in [6], which demonstrated that combining crop
water balance models with digital monitoring
technologies enhances irrigation scheduling
and promotes more efficient water use.
However, unlike previous studies, the proposed
methodology integrates hydrological, operational,
and economic indicators into a single evaluation
framework, allowing quantitative comparison of
alternative water allocation strategies.

Comparison with study [10] indicates that
digital technologies substantially improve the
accuracy of irrigation management through
intelligent monitoring and automated control.
Nevertheless, most existing studies primarily
focus on technological optimization, whereas the
proposed approach extends their application by
emphasizing the economic efficiency of adaptive
water allocation.

From a practical perspective, the developed
methodology can support irrigation infrastructure
modernization, investment planning, and regional
digital transformation programmes. The proposed
framework provides decision-makers with a
reliable tool for selecting efficient water allocation
strategies under varying hydrological conditions
and contributes to the sustainable management of
irrigation systems in Kazakhstan.

Conclusions

1. This study proposed an integrated
methodology forassessing the economic efficiency
of adaptive water allocation management by
combining hydrological, operational, and
economic indicators into a unified evaluation
framework. The proposed approach provides
a more reliable basis for decision-making in
the operation and modernization of irrigation
systems.

2. The scenario analysis demonstrated that
adaptive water allocation management reduces
non-productive water losses, improves the
water supply reliability coefficient, decreases
operating costs, and enhances the efficiency of
water use compared with conventional irrigation
management practices.

3. The proposed Integrated Adaptive
Water Allocation Efficiency Index provides
a comprehensive tool for evaluating the
effectiveness of digital modernization in irrigation
systems and supports the selection of optimal
water allocation strategies under different water
availability scenarios.

4. The practical value of the proposed
methodology lies in its application to investment
planning, irrigation infrastructure modernization,
and the implementation of national and regional
digital transformation programmes in the water
management sector of the Republic of Kazakhstan.

5. Future research should focus on integrating
artificial intelligence, Digital Twin technology,
Geographic Information Systems (GIS), and real-
time monitoring tools into intelligent decision-
support systems to further improve adaptive
water resources management under increasing
hydrological uncertainty.
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