Ne3 (56) 2026 «Yessenov Science Journal»

YK 628.1:620.9
MPHTH 70.27.13
DOI 10.56525/PLULS8870

TOWARD LOW-CARBON WATER TREATMENT IN KAZAKHSTAN:
RENEWABLE ENERGY OPPORTUNITIES AND BARRIERS

Ramazan A.*, Taizhanova L.
Yessenov University, Aktau, Kazakhstan
e-mail: akhmet.ramazan@yu.edu.kz, lyailim.taizhanova@yu.edu.kz

Abstract. Kazakhstan’s water sector combines high regional scarcity, aging infrastructure,
dependence on transboundary flows, and a carbon-intensive electricity supply. This review
evaluates whether renewable energy can support lower-carbon water treatment and desalination
under these constraints. A narrative synthesis of 13 sources published from 2018 to 2025 examined
Kazakhstan and comparable treatment settings. Evidence was synthesized across three dimensions:
the suitability of treatment processes for variable power, the spatial match between renewable
resources and water demand, and implementation barriers. Reverse osmosis, membrane bioreactors,
ultraviolet oxidation, and conventional biological treatment were compared qualitatively by energy
demand, tolerance to intermittent operation, maturity, and principal environmental risk. The
evidence indicates that solar photovoltaic systems are promising for modular treatment in southern
and western regions, whereas wind power has potential for larger coastal desalination facilities in
Mangystau. Hybrid systems with storage or grid backup are preferable to stand-alone renewable
supply for processes requiring continuous pressure or aeration. The main constraints are not
resource availability alone but high initial cost, weak grid flexibility, aging water networks, limited
operational data, fragmented governance, and brine management. Renewable integration can reduce
operational emissions, but the magnitude cannot be generalized without facility-specific electricity,
recovery, chemical, and brine-disposal data. A phased pathway is proposed: reduce network losses
first, conduct energy and water audits, pilot hybrid systems, and apply life-cycle assessment before
scale-up. The review concludes that renewable-powered treatment is technically plausible in
Kazakhstan, but credible decarbonization requires monitored demonstrations and coordinated
water-energy planning.
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Introduction

Water security in Kazakhstan is shaped by pronounced spatial variability, a dry continental
climate, aging treatment and conveyance assets, and dependence on rivers shared with neighboring
states. These conditions create a coupled problem: more treatment and desalination may be needed
precisely where electricity supply is carbon intensive or infrastructure is least reliable. Water-sector
modernization therefore cannot be assessed separately from the energy transition. The institutional
dimension is equally important because fragmented responsibilities can delay investment and
obscure accountability for water quality and physical losses [3].

Kazakhstan has strong wind resources across the steppe and substantial solar resources in
southern and western regions. Yet the presence of a renewable resource does not by itself establish
the feasibility of a water-treatment project. Treatment technologies differ in their need for
continuous power, pressure stability, pretreatment, skilled operation, chemical supply, and residuals
management. Reverse osmosis can be coupled with photovoltaic or wind generation, but
intermittent supply may increase cycling, membrane stress, and production variability unless
storage, a grid connection, or a hybrid configuration is provided [8]. Biological processes also
require reliable aeration and control, while ultraviolet and advanced oxidation systems are sensitive
to water quality and energy dose.
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Previous work has discussed Kazakhstan’s water pollution, renewable-energy potential, and
individual treatment technologies, but these topics are often treated independently. Central Asian
evidence confirms continuing pressure from municipal, agricultural, and industrial pollution [6],
while research on Kazakhstan’s wind development shows that resource potential is mediated by
grid, investment, and policy constraints [5]. A useful assessment must therefore connect treatment
performance, energy-system characteristics, environmental burdens, and governance.

The purpose of this review is to evaluate the practical role of renewable energy in
Kazakhstan’s water treatment and desalination sector. The objectives are to identify technology—
energy combinations suited to different regional conditions; compare their operational and
environmental trade-offs; determine the main barriers to implementation; and propose a phased
pathway for pilot projects and subsequent scale-up. The review does not estimate a national
emissions-reduction total because the available studies use heterogeneous boundaries and rarely
disclose complete plant-level inventories.

Materials and methods

This article presents a narrative review and qualitative synthesis of the literature already
assembled for the manuscript. The retained corpus comprises 13 cited sources published between
2018 and 2025: journal articles on water treatment, renewable energy, and regional environmental
constraints, together with an official environmental code. The scope is Kazakhstan, with evidence
from comparable treatment applications used to identify engineering implications. No new database
search or statistical meta-analysis was performed for this revision. Because a dated search log,
database export, and screening counts were unavailable, the review is not presented as systematic or
exhaustive.

The retained sources were organized by treatment purpose, operational energy requirements,
regional context, residuals management, and implementation constraints. Technology-specific
evidence was distinguished from the authors’ interpretation for Kazakhstan. The synthesis does not
pool energy or emissions values because the sources differ in feedwater quality, treatment scale,
product-water requirements, and system boundaries. The technology and implementation tables
therefore provide qualitative comparisons and recommendations rather than measured rankings of
Kazakhstan facilities.

For the qualitative comparison, renewable compatibility describes the flexibility of the
complete treatment system, including buffering and backup. High compatibility means that
scheduled operation or water storage can accommodate variable supply; medium compatibility
means that controlled ramping, storage, or grid support is generally necessary. These categories are
engineering judgments used in this review, not standardized scores or experimentally validated
performance levels. Energy profiles are relative descriptions rather than specific energy
consumption measurements.

The interpretation followed a decision sequence: characterize the water source and product-
water requirement; establish a measured water and energy baseline; reduce avoidable losses; select
an appropriate treatment process; and evaluate renewable generation, storage, and backup. Life-
cycle assessment is proposed as a subsequent project-level validation step. No original life-cycle
inventory, emissions calculation, or optimization model is reported in this article.

Results

The evidence supports a differentiated rather than uniform transition. Conventional
mechanical and biological processes remain necessary for municipal treatment and pretreatment,
whereas membrane systems are relevant for saline groundwater, industrial reuse, and Caspian
seawater desalination. Innovative technologies can reduce loading on urban wastewater plants, but
their effectiveness depends on influent characteristics and operational control [2]. A submerged
membrane bioreactor can provide high effluent quality and a smaller footprint than conventional
biological treatment, although energy demand and membrane fouling remain important constraints
[4]. Table 1 summarizes the qualitative technology comparison; its ratings represent the synthesis
described in Materials and methods.
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Table 1 — Comparative suitability of treatment technologies for renewable integration

Technology Primary use Energy profile Renewable Main limitation
compatibility
Mechanical Solids removal Low to medium; | High when flow Does not remove
treatment and pretreatment pumping can be buffered | dissolved contaminants
dominates
Activated sludge Municipal Continuous Medium with grid | Process instability if
wastewater aeration demand | or storage support | aeration is interrupted
Membrane High-quality Medium to high Medium Fouling, aeration
bioreactor wastewater reuse | and continuous energy, skilled

operation

Reverse osmosis

Desalination and

High-pressure

Medium; hybrid

Concentrate disposal

dissolved-solids pumping supply preferred | and membrane fouling
removal
Ultraviolet/adva | Disinfection and | Dose depends on | Medium to high Pretreatment and
nced oxidation micropollutant water quality with buffering electricity demand
control
Waste Low-cost rural Low direct High Large land area and
stabilization wastewater electricity demand seasonal performance
ponds treatment

Reverse osmosis is the principal candidate for low-carbon desalination because it uses
electricity rather than the large thermal input required by thermal desalination. Renewable-powered
systems have been demonstrated in arid settings, but performance depends on feed salinity,
recovery, pressure, pretreatment, and the chosen buffering strategy [8]. Groundwater desalination
and decontamination experiments in Aktau also demonstrate the local relevance of feedwater-
specific testing [12]. In western Kazakhstan, wind and solar generation could reduce exposure to
fossil-based grid electricity, while modular photovoltaic systems may serve small remote
settlements. For a large coastal plant, however, continuous production obligations make a hybrid
configuration more credible than an isolated renewable system.

Residuals management is a decisive environmental issue. A lower-carbon electricity supply
does not eliminate the ecological risk from concentrated brine, antiscalants, cleaning chemicals, or
rejected contaminants. Recovery of salts and metals from reverse-osmosis concentrate is technically
promising, but commercial viability remains site-specific [9]. Projects should therefore compare
discharge, dilution, evaporation, resource recovery, and zero-liquid-discharge options using local
hydrodynamic and ecological data rather than treating brine as a secondary issue.

The regional match between energy resources and water needs is favorable but uneven.
Southern Kazakhstan has a strong case for solar-powered decentralized treatment, irrigation-water
polishing, and potable systems where daytime operation and storage of treated water can buffer
electricity variability. Mangystau has both acute water demand and access to strong wind and solar
resources, making it a candidate region for hybrid renewable desalination. Northern and eastern
regions may benefit more from energy-efficiency retrofits, wastewater reuse, and locally
appropriate wind or small-hydropower combinations. Spatial planning tools can support siting
decisions, but they must integrate water quality, grid access, land, ecological sensitivity, and
demand rather than renewable potential alone [7].

The synthesis suggests three recurring design requirements: a match between treatment
purpose and source-water quality, a reliable power and water buffer, and explicit management of
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brine or sludge. Figure 1 summarizes how these requirements can be incorporated into project
selection. The diagram is a conceptual outcome of this review; it does not represent a simulated or
commissioned facility.

Water source and demand Baseline and efficiency Treatment selection
Quality * salinity * flow Metering ¢ losses * pumps Fit-for-purpose quality

Renewable supply
Solar * wind * grid backup

Integrated pilot Residuals safeguards
Treatment + energy + buffer Brine * sludge * chemicals

l

Revise design if targets Validation before scale-up

are not demonstrated Quality -‘reliability
Cost * life cycle

—

Figure 1 — Conceptual framework for renewable-powered water treatment in Kazakhstan

Source: authors’ qualitative synthesis. Arrows indicate the proposed decision sequence and
design feedback.

Discussion

The energy transition also faces system-level constraints. Wind development in Kazakhstan
has historically been limited by transmission, investment risk, and institutional capacity despite
strong physical potential [5]. Solar photovoltaic expansion requires grid standards, forecasting, and
storage or demand management to maintain reliability [10]. These constraints are particularly
important for treatment processes that cannot tolerate extended shutdowns. Treated-water
reservoirs, variable-frequency drives, pressure vessels, and flexible scheduling can provide part of
the required buffer and may be less costly than batteries for every application.

Water-system efficiency must precede or accompany new generation. Where conveyance
and distribution losses are high, adding renewable electricity can decarbonize pumping but still
wastes water and installed capacity. The preferred order is leakage control, metering, pump
optimization, process control, and only then renewable sizing. This order also improves the quality
of the baseline needed for life-cycle and cost assessment. Kazakhstan’s Environmental Code
provides a formal basis for pollution prevention and environmental assessment, but project-level
monitoring is needed to translate regulatory objectives into comparable evidence [11]. Table 2
translates these considerations into context-specific implementation recommendations.
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Table 2 — Recommended implementation pathway by context

Context

Preferred configuration

Required evidence before
investment

Priority safeguard

Remote southern
settlement

Solar photovoltaic treatment
with treated-water storage
and backup

Hourly demand, feedwater
quality, seasonal
irradiance, operator
capacity

Safe residuals handling
and reliable disinfection

Mangystau coastal
desalination

Wind-solar—grid hybrid
reverse osmosis with energy
recovery

Salinity, intake ecology,
load profile, grid
constraints, brine

dispersion

Marine impact
assessment and
concentrate monitoring

Urban wastewater
plant

Efficiency retrofit plus solar
or wind power purchase;
consider membrane upgrade
only for reuse

Aeration and pumping
sub-metering, effluent
target, sludge route

Avoid higher life-cycle
burden from
unnecessary treatment

Agricultural reuse
scheme

Fit-for-purpose treatment
linked to irrigation demand

Crop standard, seasonal
storage, salinity and
nutrient balance

Soil salinization and
health-risk control

Industrial facility

Process integration, reuse,
and hybrid electricity

Contaminant-specific mass
balance and production
schedule

Prevent transfer of
pollution to concentrate
or sludge

A credible pilot program should report a minimum dataset: feed and product water quality;
hourly electricity consumption; specific energy consumption per cubic metre; water recovery;
chemical consumption; membrane and filter replacement; downtime; renewable fraction; storage
losses; concentrate or sludge quantity and quality; and capital and operating expenditure. Without
these variables, reported percentages of emissions or cost reduction are not transferable. The same
functional unit and quality target must be used when comparing alternatives.

Life-cycle assessment is necessary because operational electricity is only one source of
impact. A low-grid-emission scenario can shift the relative importance toward membranes,
chemicals, construction materials, storage, and end-of-life treatment. Conversely, in a coal-
dominated grid, renewable electricity may dominate the improvement. The assessment should
follow a cradle-to-grave boundary where data permit, test grid and renewable scenarios, and report
sensitivity to membrane life, recovery, storage replacement, and brine management. Claims of
carbon reduction should be expressed as scenario results with uncertainty, not as a single national
value.

Governance remains a cross-cutting barrier. Water and energy planning use different
datasets, investment cycles, and performance indicators. A joint program should therefore select
pilots using shared criteria and publish harmonized monitoring results. Basin-level water constraints
must also be respected: climate-driven runoff change in the Tianshan region and long-term
uncertainty for the Lake Balkhash basin show that supply projections cannot rely on historical
averages alone [1, 13]. Renewable-powered treatment improves the quality or accessibility of water
but does not create unlimited freshwater.

The most defensible near-term strategy is incremental. In the first stage, utilities should audit
losses, energy use, and water quality. In the second stage, small hybrid pilots should be deployed in
locations with a clear treatment need and measurable baseline. In the third stage, life-cycle,
reliability, and cost results should be independently compared with conventional alternatives. Only
configurations that meet water-quality targets and demonstrate environmental improvement under
local conditions should proceed to wider replication.
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Conclusions

Renewable energy can support the decarbonization and extension of water treatment in
Kazakhstan, but the appropriate configuration depends on regional water quality, demand, grid
conditions, and operational capacity. Solar photovoltaic systems are well suited to modular and
schedulable treatment in southern and remote areas, while wind—solar hybrid supply has stronger
potential for large desalination projects in Mangystau. Processes requiring stable pressure or
continuous aeration should not be designed around variable generation without treated-water
storage, electrical storage, grid support, or another reliable backup. The review also shows that
renewable supply alone is insufficient: network losses, inefficient pumping, membrane fouling,
brine disposal, fragmented governance, and limited monitoring can negate the expected benefit.
Kazakhstan should therefore prioritize water and energy audits, leakage reduction, fit-for-purpose
treatment, and monitored hybrid pilots before large-scale replication. Each pilot should report
comparable water-quality, energy, recovery, chemical, residuals, reliability, cost, and life-cycle
indicators. Under this evidence-based pathway, renewable-powered treatment can contribute to
water security and lower operational emissions without overstating benefits or transferring impacts
to brine, sludge, materials, or storage systems.
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KA3AKCTAHIAT'BI TOMEH KOMIPTEKTI CY TABAPTYTI'A KOIIIY:
KAHAPTBIJIATBIH DOHEPTETUKAHBIH MYMKIHAIKTEPI MEH KEJIEPT'TVIEPI
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Anparna. Ka3zakcTaHHBIH Cy  CEKTOpBIHA  OHIPIAIK Cy  TamIIbUIBIFBL,  €CKIpreH
MHGPAKYPbUIBIM, TPAHCIIEKAPAJIBIK aFbIHAAPFA TOYEIALIIK XKOHE KOMIPTEK ChIMBIMIBUIBIFBI KOFAPHI
AJIEKTPMEH XaOJbIKTay Kartap ocep ereni. byn momyna sKaHApTBUIATBIH SHEPIUs Ke3IEpiH Cy
TazapTy »JKOHE TYUIBUIAHJBIPY OJKYHeNepiHe eHri3yliH TEeXHMKAJIBIK JKOHE HKOJOTHSUIBIK
OpBIHJIBUIBIFEI Oarananpl. Ka3zakcTraH koHe yKcac KyaH eHipijep OOMbIHINA aFbUILIBIH TUTIHIETI
pelieH3MsJIaHFaH €HOEKTEep MEH pecMM Ky)KaTTap TalJaHbll, Ta3apTy YIepiCTepiHiH alHbIMAJIbI
KyaTKa OeHIMIUIIr, »KaHapThUIAThIH PECYpPCTapblH CY CYPaHBICBIMEH ayMaKTBIK COMKECTIIl oHE
eHri3y Kejaeprijepi KapacTwlpbulgbsl. Kepi ocMoc, MeMOpaHamiblK OHOpeakTopiap, yIbTpakyJriH
TOTBIFY JKQHE JISCTYPJIl OMOJIOTHSUIIBIK Ta3apTy SHEPTUsl KAKETTLIIr, TEXHOJOTUSIIBIK KETUTyl XKoHe
HETI3T1 3KOJOTHUAJIBIK ToyeKenaepi OoMbIHIIA calabICTBIPbUIABI. HOoTHKEnep OHTYCTIK »KoHE OaThIc
OHIpIIep/IeTiT MOIYJBAIK JKYWHenep YVIIH KyH OJHEpreTHKAChIHBIH, all MaHFBICTayIarsl ipi
TYUIBIIAHBIPY HBICAHJApPBl YIIIH JKeJ1 HHEPreTUKACBIHBIH OJIeyeTi KOFapbhl €KEHIH KOpCEeTTI.
Y31KCi3 KbICBIM HEMEcCEe al’pallvs Tajan €TUIETIH YJepicTepAe PHEprus cakTay *yHhecl He BJIeKTp
KEIICiHIH pe3epBi Oap rubpuaTiK memiMaep KaxkeT. Herisri mekTeynepre 0acTamnkbl KamuTaaabIK
UIBIFBIH, JKETIHIH 9JCI3 HMKEeMIUNri, cy KYOBIpIapbhlHBIH TO3Ybl, MaijanaHy JAepeKTepiHiH
TaNIIBIIBIFBI, OaCKapyIblH O6JIIEeKTEHY1 )KoHE TY3/Ibl KOHIIEHTPATThl Oackapy *kartazbl. JKyienepui
KEHEWTYAIH alJIblHAa Cy MEH OHEeprus ayJIuTiH ©TKi3y, IIBIFbIHAApABl a3aiTy, THOPUITIK
MUJIOTTApP/Ibl ChIHAY KOHE OMIPIIIK LUKJII OaFaiay YChIHBUIABI.

Tyiiin ce3mep: cy Ta3apTy, >KaHapTHUIATBIH DSHEPIus, TYIIBUIAHIBIPY, Kepli OcMoC,
KeMipTekciznenaipy, Kazakcran, cy Kayinci3airi.

HA ITYTHU K HU3KOYTJIEPOJHOM BOJOOUYNCTKE B KA3BAXCTAHE:
BO3MOKHOCTH U BAPHEPHI BO3OBHOBJISIEMOM SHEPTETUKHA
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AnHoTanus. Bonubiii cexkrop KazaxcraHa OJHOBPEMEHHO HCIBITHIBAET PErHOHABHBIN
ne(UIHAT BOABI, U3HOC HHPPACTPYKTYPHI, 3aBUCUIMOCTh OT TPAHCTPAHUYHOTO CTOKAa U BO3JICHCTBHE
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YIIepoaoEMKOro 3yekTpocHaOxkeHusi. B o0030pe olieHeHa TeXHHUYECKas W HIKOJIOrHuYecKas
00OCHOBAaHHOCTh TPHUMEHEHHUS BO300OHOBJSIEMO OSHEPrUU IS BOJOOYHCTKH U OIPECHEHUS.
[Ipoananu3upoBaHbl aHTIOA3BIYHBIE PELEH3UPYEMble MyOIUKAIMN U OpUIHAIbHBIE JOKYMEHTHI 110
KazaxcTtany u conmoctaBUMBIM 3acylnUIMBBIM pernoHaMm. CHHTE3 OXBaThiBaJl COBMECTHMOCTD
MIPOLIECCOB OYUCTKU C MEPEMEHHON T'eHepaluel, TePPUTOPUATIEHOE COOTBETCTBUE IHEPTrEeTHUECKUX
pecypcoB cmpocy Ha BOAYy M OrpaHuueHuss BHeApeHHs. OOpaTHBIE ocMoc, MeMOpaHHBIE
OuopeakTophl, yIbTpadUOIETOBOE OKUCICHHE W TPaJAULIMOHHAS OHOJOrMYecKas OYHCTKa
COITOCTABJICHBI TI0 SHEPrONOTPEOICHUIO, TEXHOJIOTUYECKOH 3pEIOCTH U OCHOBHBIM HKOJIOTHUECKUM
puckaMm. Pe3ynbTaThl yKa3bIBalOT, YTO COJHEUHAs SHEpreTrka Hanbosiee MPUroAHa sl MOIYJIbHBIX
CUCTEM B I0XKHBIX U 3allaJHBIX PETUOHAX, a BETPOBAsl YJHEPreTUKA UMEET OOJIBIITUI MOTCHIIHAT IS
KPYHHBIX ONPECHUTENbHbIX 00bekTOB Manrucray. Jlns mpoueccoB, TpeOYIOIIMX MOCTOSHHOTO
JABJICHUS WM a’pallid, MPEANOYTHTEIbHBI THOPHUIHBIC CUCTEMBI C HAKOIJICHHEM JHEPTUH JTUOO0
pezepBoM ceTu. KitoyeBbIMH OTpaHMYEHHUSMU OCTAIOTCS BBICOKME IEpBOHAYANbHBIE 3aTPaThl,
HEJ0CTAaTOYHAs THOKOCTh JSHEPrOCHCTEMbI, W3HOIICHHBIC BOIOIPOBOJHBIC CETH, Je(HIHT
SKCIUTYyaTallMOHHBIX JaHHBIX, (PparMEeHTHPOBAHHOE YIIpaBlIeHHWE U oOpaieHue ¢ paccoioM. Jlo
MacCIITaOUPOBAHUS PEKOMEHIYETCSI COKPATUTh TOTEPH BOJIBI, TIPOBECTH YHEPTCTUUYCCKUN U BOIHBIN
ayJIUT, UCIBITaTh THOPUAHBIC MUJIOTHBIE YCTAHOBKM M BBIMOJIHHUTH OLIEHKY >KU3HEHHOTO LIHKIIA.
Bo3o0OHOBIIsIEMasi BOZOOYNCTKA TEXHUYECKH OCYIIECTBHMA, HO TOATBEPXKICHHUE JEKapOOHH3AINU
TpeOyeT u3MepseMbIX JEMOHCTPAIIMOHHBIX MPOEKTOB M COTJIACOBAHHOTO TUIAHUPOBAHMS BOJHOTO U
SHEPreTUYECKOr0 CEKTOPOB.

KiioueBble cj10Ba: BOJOOYHCTKA, BO30OHOBISieMass JHEPTUs, OMpPECHEHUe, OOpaTHBIN
ocMoc, nekapbonmsanus, Kazaxcran, BogHas 6€30MacHOCTD.
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