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Abstract

This article examines the water implications of large-scale green hydrogen production in
the Caspian region of Kazakhstan. The study focuses on Mangystau Region and uses the
publicly announced scale of the Hyrasia One project as a case study. A screening-level
scenario method is applied to estimate annual and daily water demand at three water-use
intensities: 9, 15, and 20 litres per kilogram of hydrogen. At the planned output of up to 2
million tonnes of hydrogen per year, the estimated demand ranges from 18 to 40 million
m? annually, or approximately 49,000—-110,000 m* per day. The central scenario of 30
million m?® per year is higher than the design capacity of the 50,000 m*day Kenderli
desalination plant and therefore cannot be treated as a minor local utility demand. At the
same time, the electricity required for seawater reverse osmosis would represent only a
small share of the renewable electricity announced for the hydrogen complex. This means
that the main constraints are not only energy costs, but also water allocation, intake and
brine-discharge impacts, infrastructure timing, and coordination with public water supply.
The article concludes that hydrogen planning in western Kazakhstan should be linked to
integrated water resources management, a dedicated non-potable water supply,
environmental monitoring, and staged project development.
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1. Introduction

Green hydrogen has moved from a mainly experimental technology to an important part of
industrial and climate policy. It is expected to support decarbonisation in sectors where
direct electrification is difficult, including fertiliser production, steel, shipping, and some
forms of long-distance transport. However, recent international experience also shows that
hydrogen development is slower and more uncertain than many early announcements
suggested. High production costs, uncertain demand, limited transport infrastructure, and
delays in final investment decisions remain important barriers [1]. For this reason, green
hydrogen projects should be assessed not only by their technical potential, but also by the
local resources and institutions needed for implementation.

Water is one of these resources. The chemical minimum for electrolysis is close to 9 litres
of demineralised water per kilogram of hydrogen. The actual demand of a production
complex is higher because raw water must be treated and because water may also be needed
for cooling and auxiliary processes. IRENA and Bluerisk estimate average water
consumption for proton exchange membrane electrolysis at about 17.5 litres per kilogram,
although the final value depends strongly on technology and cooling design [2]. Therefore,



the global water footprint of hydrogen may appear modest, while the local effect can still
be serious when a project is located in an arid region [2, 3].

This issue is particularly relevant for western Kazakhstan. Mangystau has strong wind and
solar resources and access to the Caspian coast, but it also has limited natural freshwater.
The region depends on water transported through the Astrakhan—Mangyshlak pipeline,
seawater desalination, and local groundwater sources. Public investment in new
desalination capacity is mainly intended to reduce shortages for the population and existing
economic activities [7, 8]. A new industrial water user at the scale of a large hydrogen
complex may therefore create pressure even when seawater, rather than drinking water, is
selected as the source.

The purpose of this study is to estimate the water demand associated with the announced
production scale of Hyrasia One and to compare the results with selected indicators of
regional water infrastructure. The study answers three questions: (1) how much water may
be required at different water-use intensities; (2) how this demand compares with recently
announced water-supply capacities in Mangystau; and (3) which water-governance and
environmental conditions should be included in hydrogen planning. The contribution of
the article is a transparent screening calculation for a specific Kazakhstani case. It does not
replace a detailed feasibility study, but it provides an evidence-based starting point for
discussion.

2. Study Context and Research Gap

2.1. Hyrasia One and the energy potential of Mangystau

Hyrasia One is planned as a large wind—solar—hydrogen complex in southwest Kazakhstan.
According to the project developer, the concept includes approximately 40 GW of wind
and solar capacity, around 20 GW of electrolysers, and production of up to 2 million tonnes
of green hydrogen per year. The hydrogen may also be converted into up to 11 million
tonnes of green ammonia for domestic use and export [5, 6]. The scale is important: it
would place the project among the largest hydrogen developments announced worldwide.
Mangystau has several advantages for this type of project: large areas with renewable-
energy potential, existing energy and industrial experience, and proximity to the Caspian
Sea. Kazakhstan has also created a policy basis for renewable-energy growth, which is
necessary because green hydrogen depends on access to low-carbon electricity [14].
Nevertheless, the presence of renewable resources does not automatically mean that a
project is economically or environmentally sustainable. The water supply, desalination
system, export chain, conversion facilities, certification requirements, and long-term
buyers must develop together.

2.2. Regional water constraints

Mangystau is one of the regions of Kazakhstan where water supply has required continuous
infrastructure expansion. In 2023, the capacity of the Astrakhan—Mangyshlak water
pipeline was increased from 110,000 to 170,000 m?/day, providing an additional 60,000
m?3/day for consumers in Atyrau and Mangystau [7]. The same government programme
included a 50,000 m?*/day seawater desalination plant at Kenderli and reconstruction of the
Caspiy desalination plant to reach 40,000 m?/day [7]. KazMunayGas reports that
population water consumption in the service area of the main pipeline grows by
approximately 4-5% per year [8]. These figures show that new capacity is being developed



in response to existing social and industrial demand rather than as unused reserve capacity
for hydrogen production.

The environmental context is also changing. Recent climate research projects a continued
decline in the level of the Caspian Sea during the twenty-first century, although the
magnitude depends on the climate scenario and model assumptions [11]. A decline of only
5-10 metres could already produce major impacts on coastal ecosystems, protected areas,
and infrastructure [12]. This does not mean that desalination should be rejected, but it
means that seawater intake and brine discharge cannot be treated as a simple technical
detail.

2.3. Research gap

Most international discussions of hydrogen and water provide global or national averages.
Such averages are useful for showing that electrolysis will not dominate total global water
consumption, but they do not answer the local planning question. For Mangystau, the
relevant issue is whether a new water demand of tens of thousands of cubic metres per day
can be added without reducing water security for residents, agriculture, ecosystems, and
existing industries. The current article addresses this gap by linking public information on
the Hyrasia One production target to public information on regional water infrastructure.

3. Materials and Methods

3.1. Research design and data sources

The study uses a case-study and scenario-assessment approach. The production target and
main technical scale of Hyrasia One are taken from official project publications [5, 6].
Regional infrastructure indicators are taken from the Government of Kazakhstan and
KazMunayGas [7, 8]. Water-intensity assumptions are based on international technical and
scientific literature on electrolysis and hydrogen production [2-4]. Desalination energy
assumptions are based on recent research on seawater reverse osmosis [10]. The
environmental discussion uses peer-reviewed studies of global brine production and
Caspian Sea level decline [9, 11, 12].

3.2. Scenario assumptions

Three water-use intensities were selected. The minimum scenario uses 9 L/kg H. and
represents the approximate stoichiometric requirement for the electrolyser feed. The central
scenario uses 15 L/kg Hz and represents an efficient industrial configuration with additional
treatment and auxiliary demand. The high scenario uses 20 L/kg H- as a conservative
screening value. These values cover the range used in the literature and are centred around
the average value reported by IRENA and Bluerisk for PEM electrolysis [2].



Table 1 - Main assumptions used in the scenario assessment

Parameter Minimum scenario Central scenario High scenario
Hydrogen output 2.0 Mt/year 2.0 Mt/year 2.0 Mt/year
Water-use intensity 9 L/kg H 15 L/kg H2 20 L/kg Ha
SWRO electricity 2.5-4.0 kWh/m? 2.5-4.0 kWh/m? 2.5-4.0 kWh/m?
Operating days 365 365 365

Annual water demand was calculated as W = H x 1/ 1,000, where W is water demand in
m?/year, H is hydrogen output in kg/year, and I is water-use intensity in litres per kilogram.
Daily demand was calculated by dividing annual demand by 365. Indicative desalination
electricity demand was calculated by multiplying the required water volume by 2.5-4.0
kWh/m3, the range reported for modern seawater reverse-0Smosis systems [10].

3.3. Limitations

This is a screening-level assessment based on public data. It does not include a site-specific
water balance, seasonal operation, detailed electrolyser type, cooling technology, water-
recovery rate, salinity at the intake point, brine chemistry, pipeline distance, or final
environmental-impact assessment. The calculation also does not assume that existing
public water facilities can supply the hydrogen project. Their capacities are used only as a
scale comparison. A project-level feasibility study may produce lower or higher values
depending on design choices.

4. Results

4.1. Estimated water demand

At the announced production target of 2 million tonnes of hydrogen per year, the minimum
theoretical demand is approximately 18 million m?/year. The central scenario gives 30
million m*/year, and the high scenario gives 40 million m?*/year. On a daily basis, the range
is approximately 49,000—-110,000 m3/day.

Table 2 - Estimated water and desalination electricity requirements at 2 Mt Ha/year

Scenario Water intensity Water demand Water demand Ind_iqative SWRO
(L/kg) (million m3/year) (m?3/day) electricity (GWh/year)
Minimum 9 18 49,315 45-72
Central 15 30 82,192 75-120
High 20 40 109,589 100-160

The results show why the statement that hydrogen needs “millions of cubic metres of
water” is not sufficiently precise for regional planning. The daily demand is of the same
order as major water-supply projects in Mangystau. The minimum scenario is almost equal
to the entire design capacity of the Kenderli desalination plant (50,000 m*/day). The central
scenario is about 1.6 times that capacity, while the high scenario is about 2.2 times greater.
The central scenario is also larger than the additional 60,000 m*/day created by the
expansion of the Astrakhan—Mangyshlak pipeline [7].

These comparisons do not mean that the project should use drinking-water infrastructure.
On the contrary, they show that a dedicated source and separate infrastructure are



necessary. Even the theoretical minimum is too large to be treated as a small additional
demand that can be absorbed by the existing regional system without planning.

4.2. Desalination energy is not the only constraint

Using the assumed seawater reverse-osmosis energy range, desalination for the three
scenarios would require approximately 45-160 GWh/year. The Hyrasia One concept refers
to renewable electricity generation of about 120 TWh/year [6]. Therefore, the electricity
used for desalination would be approximately 0.04-0.13% of the announced renewable
generation. This calculation suggests that desalination energy consumption alone is
unlikely to be the main barrier at the full project scale.

However, this result should not be interpreted as evidence that desalination is
environmentally neutral. A plant must also include seawater intake, pretreatment,
demineralisation, pumping, storage, and brine management. Global desalination facilities
produce large volumes of concentrated brine, and environmental effects depend on salinity,
chemicals, discharge design, currents, and local ecosystem sensitivity [9]. For the Caspian
Sea, a landlocked water body facing long-term level decline and ecological pressure, site-
specific modelling and monitoring are especially important [11, 12].

4.3. Water demand may influence project location and phasing

The scenario results support a staged approach. A first production phase would require less
water and would allow actual data to be collected on water quality, desalination
performance, brine dispersion, and ecosystem response. Expansion to the full 2 Mt/year
target should be conditional on the availability of dedicated water infrastructure and
compliance with environmental limits. This would reduce the risk that the hydrogen project
develops faster than the supporting water system.

5. Discussion

5.1. Water allocation and Integrated Water Resources Management

The main policy question is not simply whether there is enough seawater in the Caspian
Sea. The question is how water abstraction, treatment, discharge, and infrastructure are
governed in relation to other users and ecosystems. Integrated Water Resources
Management (IWRM) is useful because it considers water, land, economic development,
and stakeholder interests together rather than as separate sectors [13]. For hydrogen
development in Mangystau, this principle should be applied at both project and regional
levels.
A practical IWRM framework for a large hydrogen project should include:
» a legal guarantee that potable water allocated to households will not be displaced by
hydrogen production;
* a dedicated water balance covering intake, treatment losses, process use, reuse, and
discharge;
« assessment of cumulative impacts together with municipal desalination plants, oil and
gas facilities, and future industrial projects;
* publication of water-use and water-quality indicators throughout project operation;
 participation of local authorities, water utilities, scientists, residents, and
environmental organisations in key decisions.



Water pricing is also important. A low tariff may not reflect scarcity, infrastructure costs,
or environmental risks. At the same time, a very high tariff alone will not protect
ecosystems if environmental limits and monitoring are weak. The economic value of water
should therefore be combined with clear allocation rules and ecological standards [15].

5.2. Alternative sources and efficiency options

Dedicated seawater desalination is the most visible option because the project is near the
Caspian coast. Nevertheless, it should be compared with other sources. Treated municipal
or industrial wastewater may provide part of the demand after advanced treatment. Process-
water reuse and closed-loop cooling can also reduce total consumption. KazMunayGas
already reports projects aimed at reducing freshwater withdrawal and increasing
wastewater reuse in the region [8]. The available volumes and quality are not yet sufficient
for a reliable project calculation, but these options should be assessed before new
abstraction is approved.

The technology choice also matters. Water consumption can be reduced through high
recovery in treatment systems, dry or hybrid cooling, leakage control, and reuse of
condensate where technically possible. For this reason, the project should publish both
water withdrawal and water consumption. Withdrawal describes the total volume taken
from a source, while consumption describes the part not returned to the same water system.
Using only one indicator can give an incomplete picture.

5.3. Economic and geoeconomic uncertainty

Water is an important constraint, but it is not the only uncertainty surrounding Hyrasia
One. Large-scale green hydrogen remains more expensive than conventional hydrogen in
many markets, and international projects face uncertain demand, regulatory changes, and
slow infrastructure development [1]. For an export-oriented project in Kazakhstan, the
value chain may include conversion to ammonia, storage, port handling, shipping across
the Caspian, further transport through the Caucasus or other routes, and certification for
the final market. Each additional stage affects cost, energy use, and commercial risk.

This makes it necessary to avoid two opposite conclusions. The first is that water scarcity
makes green hydrogen impossible in Mangystau. The calculations do not support this,
because dedicated desalination can technically provide the required water and its electricity
demand is small relative to the announced renewable generation. The second conclusion is
that desalination completely solves the water problem. This is also incorrect, because
infrastructure, brine discharge, local ecosystems, social priorities, and institutional
coordination remain significant. The project can be sustainable only when these conditions
are included in the design and cost from the beginning.

5.4. Policy recommendations for Kazakhstan

Based on the scenario assessment, the following measures are recommended:
* Require a project-specific water strategy before approval of the full production scale,
including seasonal and cumulative water balances.
* Develop dedicated non-potable water infrastructure so that the hydrogen project does
not compete directly with household supply.
» Make project expansion conditional on verified performance of desalination, reuse,
and brine-management systems.



* Include Caspian Sea level decline and coastline change in the design of intake, outfall,
port, and pipeline infrastructure.

* Use transparent monitoring and public reporting for water withdrawal, consumption,
water quality, brine salinity, and ecological indicators.

» Assess export demand and infrastructure together with water and energy planning,
rather than approving each component separately.

6. Conclusion

The Caspian region of Kazakhstan has strong potential for renewable energy and green
hydrogen, but this potential is located in a water-scarce environment. Using the announced
Hyrasia One target of up to 2 million tonnes of hydrogen per year, this study estimates
water demand of 1840 million m3/year. The central estimate is 30 million m?/year, or
about 82,000 m?/day. This is larger than the design capacity of the Kenderli desalination
plant and shows that water supply for hydrogen must be treated as major industrial
infrastructure.

The analysis also gives a more balanced view of desalination. Its electricity demand would
be small compared with the renewable generation announced for the project, so energy
consumption is not necessarily the decisive limitation. The more difficult issues are the
timing and cost of dedicated infrastructure, protection of public water supply, brine
discharge, ecological sensitivity of the Caspian Sea, and coordination between water and
energy policy.

Green hydrogen development in Mangystau is therefore possible, but it should be
conditional rather than automatic. A dedicated water source, staged implementation, water
reuse, environmental monitoring, and an IWRM-based governance framework should be
included from the earliest design stage. Future research should use project-specific
engineering data and regional datasets to model seasonal water availability, desalination
recovery, brine dispersion, wastewater reuse potential, and the full economic cost of the
hydrogen—water system.
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PE3IOME

3EJIJEHBIA BOJOPO/J Y IIEHA BOJbI: BBI3OBBI KACITMACKOI'O
PET'MOHA KA3AXCTAHA
V. ToinbieBa, A.M. AbyHypoBa
Kazaxcrancko-Hemeuxwuii yauusepcuret (IKVY)
Anmartel, Kazaxcran

B cratee paccMaTpuBarOTCS MEPCIEKTUBBI Pa3BUTHS DHEPIeTHKU 3€IEHOT0 BOAOPOAA B
3amaJHbIX pernoHax KazaxcraHa ¢ 0COOBIM aKIIEHTOM Ha OrPaHMYEHHOCTb BOJHBIX
pecypcoB. AKTyaJIbHOCTh HCCIIEI0BaHUS 00YCIOBIIEHA PACTYILIUM MUPOBBIM UHTEPECOM K
BOJIOPOJly KakK KJIFOUEBOMY JJIEMEHTY cTpaTeruil nexapOonmsauuu. Llenap paborsr —
OLICHUTh B3aMMOCBSI3b MEX]y IPOU3BOJCTBOM BOAOPOAa U OOECIIEUEHHOCThIO BOJOH B
3aCyNIUIMBBIX palioHax. Merojnonoruyeckas 0a3a BKIOYAeT aHAIUTHYECKUH 0030p,
CPaBHUTEJbHBIA aHaIM3 M KOJIMYECTBEHHYIO OLIEHKY BOJOINOTpeOJIeHus B Ipolieccax
JIEKTpoiM3a. Pe3ynpTaThl IMOKa3blBalOT, YTO KPYIMHOMACIITAaOHOE IMPOU3BOJCTBO
BOZOpOJa TpeOyeT 3HAuMTENbHBIX BOJHBIX PECYpPCOB, KOTOpPbIE MOTYT CTaTh
OrpaHUYMBAIOUINM (DAKTOPOM B PETHOHAX C CYIIECTBYIOIIUM BOJHBIM JE(HUIIUTOM, TAKUX
kak [Ipukacnuii. B nccnenoBaHum TakKe BBISBICHBI SKOJOTMYECKHE U 3KOHOMHYECKHE
OrpaHUUYEHUS ONIPECHEHUS KaK aJIbTEPHATUBHOIO UCTOYHMKA BObI. ClieaaH BBIBOJ O TOM,
YTO YCTONYMBOE pa3BUTHE BOJAOPOIHON sHepreTuky B Kasaxcrane TpedyeT HHTErpauu ¢
CUCTEMaMHU YIPaBICHUS BOJHBIMU PECYpCaMH M COIVIACOBAHHBIX ITOJMTHYECKUX
MTOAXOOB.

KuroueBble ciioBa: 3e1€HBIN BOAOPOJ, BOJHBIE PECYPCHI, dNeKTpoau3, [Ipukacnuiickuit
peruoH, Kazaxcran, omnpecHeHue, BO300HOBIs€Mas JSHEpPrus, JIeQUIUT BOJBIL,
JHepreTuyeckas noiautuka, MYBP.



TYUIHJAEME
JKACBLJI CYTEK KOHE CY/JbIH KYHBI: KASAKCTAHHBIH KACIIUHA
MAHbBI OHIPIHAEI'T CbIH-KATEPJIEP
V. ToiinsieBa, A.M. Ab6ayHypoBa
Kazak-Hewmic yauBepcureti (DKU)
Anwmartsl, Kazakcran

Maxkanana Ka3zakcTanHbplH OaTbic aliMaKTapbhlHIA JKAaChUl CYTEK OSHEPTreTUKACHIH
JIaMBITY/IbIH KeJelIeri Cy PEeCypCTAphIHbIH MIEKTEYLIIrt TYPFBICHIHAH TajdaHaJbl.
3epTTeyniH ©3eKTUIIr CyTEeKTiH AeKapOOHH3AIMs CTPATETUUIAPBIHAAFB] HETI3T1 2JIeMEHT
peTiH/e FalaMJIbIK KbI3BIFYIIBUIBIKKA € OOJYbIMEH TYCIHAIpUIeal. 3epTTeyaiH MaKcaThl
— KyaH aiiMaKTapJiarbl CyTeK OHAIPiCi MEH CYy KAMTaMaChI3bIFBIHBIH 63apa OalIaHbIChIH
Oaranay. OJICTeMENK Heri3re aHaJUTHKAIbIK II0Jy, CAIBICTHIPMANbl Talfay >KOHE
ANEKTPOJIN3  YHEpIiCiHAeri Cy TYTBIHYIbI CaHIBIK Oaramay Kipemi. Hotmkenep
KOPCETKeHIeH, CYTeKTi ipi KeJeMJie OHIIpy aUTapibIKTail Cy pecypcTapblH KaXeT eTeil
YKOHE Cy TaNIbLUILIFEI 0ap Kacmuii MaHbI CUSKTBI OHIpIIEep e MEKTeYIIi (aKTOpFa alHATYBI
MyMKiH. CoHlali-aK 3epTTey HOTHXKENEepl TYIIbUIAHIBIPYAbIH OanaMalsl Cy Ke31 peTiHaeri
IKOJIOTHSUTBIK KOHE SKOHOMMKAIBIK IICKTEYJIEpiH amibil KepcerTi. Kasakcranma cyTek
SHEPreTUKACHIH OPHBIKTHI JAMBITY CY peCypCTapblH OacKapy KyilenepiMeH HHTEeT palusHbI
KOHE KeNICIIreH CcasgCch TOCUIAepHl Tajam eTeli JETeH KOPBITBIHABI  Kacajlibl.
Tyiinai ce3mep: >Xachll CyTeK, Cy pecypcTapbl, snekTponus, Kacrnmii maHbl eHIpi,
KazakcraH, TYHIBUTAHIBIPY, KAHAPTHUIATBIH SHEPTHs, CY TANIIBUIBIFBI, YHEPTCTUKAIBIK
cascatr, UYBP.
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