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MODELING AND ENVIRONMENTAL ASSESSMENT OF LOW-CARBON
DESALINATION TECHNOLOGIES FOR ARID COASTAL REGIONS

Annotation. The article examines the feasibility and architecture of a circular
water system that couples renewable-energy-powered seawater reverse osmosis (SWRO)
and electrolysis to produce green hydrogen in an arid coastal zone of Western
Kazakhstan. The methodology combines a critical review of technological and techno-
economic options, comparison of energy supply configurations (solar/wind;
continuous/intermittent operation), and analysis of water-conditioning routes for
electrolyzers (desalinated seawater and polishing of treated wastewater). The study shows
that integrating SWRO with proton-exchange-membrane electrolysis is technically
feasible; the required feedwater quality is attainable via membrane polishing trains; and
wind-driven intermittent operation can lower capital expenditure by reducing storage
needs. Practical implications include enhanced regional water security and
decarbonization alongside potential hydrogen exports. The paper outlines pilot-scale
pathways and scale-up considerations tailored to the Mangystau context.

Keywords: Low-carbon technology; Desalination; Green hydrogen; Renewable
energy; Reverse osmosis; Circular water systems; Arid coastal regions; Mangystau
region; Solar PV; Wind power.

Introduction

The Mangystau region of Kazakhstan presents a compelling case study for
implementing circular water systems that integrate renewable-powered reverse 0smosis
(RO) desalination with electrolysis for green hydrogen production. This arid coastal
region, located on the eastern shore of the Caspian Sea, faces significant water scarcity
challenges while possessing substantial renewable energy potential and strategic
importance for regional energy development [1].

Water scarcity is particularly acute in remote and coastal areas where populations
depend on groundwater resources. The existing water provision infrastructure includes
seawater desalination plants, though their productivity suffers during hot summer periods
due to high temperatures [2].
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Kazakhstan possesses significant potential for renewable energy development,
making it an attractive location for green hydrogen production. The country has excellent
wind and solar resources, particularly in sparsely populated areas that are favorable for
both solar and wind harvesting. This renewable energy potential is crucial for powering
both desalination and electrolysis processes in a circular water system [3]. Kazakhstan’s
energy strategy promotes renewables to cut domestic fossil use and boost oil and gas
exports, while EU agreements position it as a prospective green hydrogen supplier to
Europe [4]. According to the World Bank’s World Development Indicators, the total
population of Kazakhstan reached 20,592,571 inhabitants in 2024 [5]. This demographic
baseline is essential for assessing national energy and water demand, as well as for
projecting the potential scale of green hydrogen deployment and desalinated water reuse
in the Mangystau region. Population dynamics directly influence the magnitude of
electricity consumption, freshwater requirements, and long-term sustainability strategies,
thereby framing the boundary conditions for integrated renewable energy and hydrogen
systems [5]. Data from the International Energy Agency (IEA) show that Kazakhstan’s
total energy supply (TES) in 1990-2023 was dominated by coal, which remains the
primary source despite fluctuations. Natural gas increased steadily after 2000, while oil
maintained a stable share of around 500,000-700,000 TJ. Contributions from renewables
remain negligible. This persistent reliance on fossil fuels underscores the urgency of
expanding renewables to support green hydrogen and circular water strategies in arid
regions [6]. Kazakhstan’s energy mix is coal-dominated, though the Green Economy
Strategy aims for 50% renewables by 2050. Despite vast wind (~1.8 TWh/year) and solar
(2,800-3,000 h/year) resources, their share is minimal. Hydropower supplies ~12% of
capacity but <2% of generation. Tapping this potential is vital for green hydrogen and
circular desalination in arid regions such as Mangystau. [7].

Solar- and wind-powered RO desalination provides cost-effective freshwater,
with solar reducing costs by ~33% versus grid power. PVV—desalination integration is
economically viable, often undercutting conventional water tariffs. [8].

The country's energy transition strategy includes renewable energy as a pathway
to increase oil and gas exports by reducing domestic consumption of fossil fuels.
Kazakhstan has signed agreements with the EU for green hydrogen development,
positioning itself as a potential major green hydrogen exporter to Europe [9].

The Mangystau region's strategic location on the Caspian Sea coast provides
advantages for offshore renewable energy installations, which can offer ecological
advantages compared to onshore alternatives while providing access to abundant seawater
resources [10].

Integrating renewable RO with electrolysis offers a sustainable pathway to tackle
water scarcity and energy transition in arid coasts. In Mangystau, it could enhance water
security and support the global hydrogen economy [11]. This circular model aligns with
Kazakhstan’s green economy goals and water-energy-food nexus challenges, with
success hinging on technology, policy support, and international cooperation [12].
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Literature Review

Circular systems coupling reverse osmosis (RO) desalination with PEM or
alkaline electrolysis have produced green hydrogen in arid coastal settings, with reported
outputs from ~1,500 kg Hz/day to over 8x10° kg/year, electrolyzer efficiencies of 60—
89%, and water use of ~27-900 m3/day [13].

Economic assessments report LCOH of US$1.37-5.26/kg (many models
~US$2.08-2.27/kg); CAPEX is highly variable—desalination can exceed US$6,000/kW
in some cases—while O&M is typically 2-6% of CAPEX annually. Technical and
economic viability depends on resilient infrastructure, renewable integration
(solar/wind/hybrid), and strict water-quality management—critical for Mangystau’s arid

coast [14].

Table 1 - Characteristics of Included Studies

Study Study Type Geographic | System Technology Focus
Context Scale
Azevedo et | Techno- Sines, Gigawatt- | Seawater desalination
al., 2023 economic Portugal scale plus proton exchange
analysis (arid (modeling) | membrane
coastal) electrolysis,
wind/solar
Barghash et | Feasibility/cost- | Oman (arid, | 1,500— Treated effluent plus
al., 2022 benefit analysis | urban) 50,000 reverse
kilograms | osmosis/ultrafiltration
hydrogen | plus proton exchange
per  day | membrane
(modeling) | electrolysis, solar
Mustafa et al., | Case study, | Najran, Multi- Solar plus reverse
2023 sensitivity Saudi generation, | osmosis plus fuel cell-
analysis Arabia 2,709 based electrolysis
(arid) kilograms | [15]
hydrogen
per year
Rehman etal., | Case study, | Agaba Gulf, | 8.2 million | Onshore wind plus
2024 techno-economic | Saudi kilograms | alkaline electrolysis
modeling Arabia (arid | hydrogen | [16]
coastal) per year
Rezk et al., | Feasibility, NEOM 4,895— Photovoltaic/fuel
2020 techno-economic | City, Saudi | 5,530 cell/battery  storage
analysis Arabia (arid | kilograms | hybrid, reverse
coastal) hydrogen | osmosis, alkaline
per year electrolysis [17]
Xu et al., | Simulation, Not Not Seawater membrane
2025 techno-economic | specified specified distillation plus
analysis (arid,
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implied) [18]
Taroual et al., | Techno- Morocco 20-40 Offshore wind/wave
2024 economic (six coastal | tonnes plus proton exchange
assessment regions) hydrogen | membrane
per year electrolysis [19]
Woods et al., | Review, resource | Australia 0.88 Treated wastewater
2022 analysis (arid, million plus electrolysis (type
national) tonnes not specified) [20]
hydrogen
per  year
(potential)
Ledn et al., | Pre-feasibility, Chile (arid | 1,000,000 | Seawater reverse
2023 financial coastal) kilograms | osmosis plus alkaline
analysis hydrogen | electrolysis,
per year solar/wind [21]
Badruzzaman | Techno- Not 1,904 Treated sewage
etal., 2025 economic, specified kilograms | effluent plus reverse
environmental (arid, urban) | hydrogen | osmosis/ultrafiltration
analysis per hour | plus proton exchange
(modeling) | membrane
electrolysis, solar/grid
[22]

The reviewed studies show strong geographic concentration, with most conducted
in Saudi Arabia and single cases in Portugal, Oman, Morocco, Australia, and Chile.
Research is largely situated in arid contexts, often coastal or urban. System scales range
from pilot to gigawatt level, with hydrogen outputs spanning kilograms per day to nearly
a million tonnes annually. Water sources include seawater, wastewater, and treated
effluents. Reverse osmosis dominates desalination, followed by ultrafiltration and
membrane distillation. Electrolysis is evenly split between PEM and alkaline types, with
one study using a fuel-cell electrolyzer. Energy inputs are diverse: mainly solar and wind,
supplemented by wave, grid, and hybrid systems (Table 1).

Table 2 - Water Treatment System Performance

Study System Component | Performanc | Efficiency | Operating
e Rates Conditions
Parameters
Azevedo et | Seawater No No mention | Wind/solar,
al., 2023 desalination  (type | quantitative | found gigawatt-scale
not specified) plus | metrics
proton exchange | mentioned
membrane
electrolysis
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Barghash et | Treated effluent plus | 1,500— No mention | Solar, Oman
al., 2022 reverse 50,000 found
osmosis/ultrafiltratio | kilograms
n plus  proton | hydrogen per
exchange membrane | day; 27-900
electrolysis cubic meters
per day
water
Mustafa et | Reverse osmosis | 2,709 58% solar | Solar, Saudi
al., 2023 plus fuel cell-based | kilograms use Arabia
electrolysis hydrogen per
year; 720
cubic meters
purified
water
Rehman et | Alkaline electrolysis | 8,214,152 No mention | 160  megawatt
al., 2024 Kilograms found wind, Saudi
hydrogen per Arabia
year; 7,335
hours  per
year
operation
Rezk et al., | Reverse osmosis | 4,895-5,530 | No mention | Photovoltaic/fuel
2020 plus hybrid | kilograms found cell/battery
photovoltaic/fuel hydrogen per storage,  Saudi
cell/battery storage | year; Arabia
plus alkaline | 542,565
electrolysis Kilowatt-
hours  per
year
Xu et al., | Membrane 49.65 70% Renewable
2025 distillation plus | kilograms (alkaline
alkaline electrolysis | per hour | electrolysis)
water
consumption
; 8,322 hours
per year
operation
Taroual et | Offshore wind/wave | 20-40 13-18% Morocco, hybrid
al., 2024 plus proton | tonnes (system), renewables
exchange membrane | hydrogen per | 62-89%
electrolysis year; 14-20 | (electrolyzer
megawatt )
electricity
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Woods et al., | Treated wastewater | 420,000 No mention | Renewable,
2022 plus electrolysis tonnes found Australia
hydrogen per
day
(potential)
Leon et al., | Reverse osmosis | 1,000,000 No mention | 14-22 megawatt
2023 plus alkaline | kilograms found wind/solar, Chile
electrolysis hydrogen per
year; 2-3.1
cubic meters
per hour
water
Badruzzama | Reverse 1,904 60-80% Photovoltaic/sol
netal., 2025 | osmosis/ultrafiltratio | kilograms (electrical), | ar
n plus  proton | hydrogen per | 56-73% thermal/paraboli
exchange membrane | hour; 1,714 | (exergy) c trough
electrolysis Kilograms collector/grid,
per hour 100 megawatt-
water hour electrolyzer

The reviewed studies demonstrate wide variation in system design. Water sources
include seawater (three cases), wastewater, and treated effluents, though most are
unspecified. Pretreatment methods range from reverse osmosis and ultrafiltration to
membrane distillation. Electrolysis is evenly split between PEM and alkaline types, with
one fuel-cell variant. Reported hydrogen outputs span from 1,500-50,000 kg/day to
420,000 tonnes/year, with highly diverse water demands and operating hours. Efficiency
values vary widely (13-89%), and energy inputs include solar, wind, hybrid, and
unspecified renewables. Geographically, Saudi Arabia dominates (three studies), with
single cases in Oman, Morocco, Australia, and Chile (Table 2).

Table 3 - Electrolysis Integration and Efficiency

Study System Performance | Efficiency Operating
Component | Parameters Rates Conditions
Azevedo et | Proton No  mention | No mention | Wind/solar,
al., 2023 exchange found found gigawatt-scale
membrane
electrolysis
Barghash et | Proton 1,500-50,000 | No mention | Solar
al., 2022 exchange kilograms found
membrane hydrogen per
electrolysis | day
Mustafa et al., | Fuel cell- | 2,709 58% solar use | Solar
2023 based kilograms
electrolysis
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hydrogen per
year
Rehmanetal., | Alkaline 8,214,152 No mention | 160 megawatt wind
2024 electrolysis | kilograms found
hydrogen per
year, 7,335
hours per year
Rezk et al., | Alkaline 4,895-5,530 No mention | Photovoltaic/fuel
2020 electrolysis | kilograms found cell/battery storage
hydrogen per
year
Xu et al, | Alkaline 49.65 70% Renewable
2025 electrolysis | kilograms per
hour water;
8,322 hours per
year
Taroual et al., | Proton 20-40 tonnes | 62-89% Offshore
2024 exchange hydrogen per | (electrolyzer) | wind/wave
membrane year
electrolysis
Woods et al., | Electrolysis | 420,000 tonnes | No  mention | Renewable
2022 (type not | hydrogen per | found
mentioned) | day (potential)
Leon et al., | Alkaline 1,000,000 No mention | Wind/solar
2023 electrolysis | kilograms found
hydrogen per
year
Badruzzaman | Proton 1,904 60-80% Photovoltaic/solar
etal., 2025 exchange kilograms (electrical), thermal/parabolic
membrane hydrogen per | 56-73% trough
electrolysis | hour (exergy) collector/grid

A technology-distribution analysis of electrolysis shows an equal predominance
of the two main types-proton-exchange membrane (PEM) electrolyzers and alkaline
electrolyzers-while a fuel-cell-type electrolyzer is mentioned in only one case. This
balance indicates active technological competition and the absence of a single standard
for integration with desalination (Table 3).

Studies report hydrogen production at multiple scales, from kilograms per hour to
hundreds of thousands of tonnes annually, with operating times up to 8,322 hours.
Efficiency values range widely (56-89%), reflecting technological and methodological
differences. Energy supply configurations are diverse, including solar, wind, combined
systems, and hybrid options. Regionally, Saudi Arabia dominates, with single studies
from Portugal, Oman, Morocco, Australia, and Chile. Economically, most studies
consider green hydrogen competitive, with reported costs between $1.37-6/kg, though
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one deems it unviable; parity with fossil-based hydrogen is seen as possible under

favorable conditions.Additional related indicators were identified: annual revenue of 8.3—

49.7 million Omani rials [23], electricity cost of $0.117-0.164 per kWh [17], and water
cost of $1.28 per ton [18].

Renewable hydrogen deployment demands major investment in desalination,
renewable energy, and storage, with feasibility highly dependent on local water, resource,
and grid conditions. Despite limited empirical data and persistent challenges, large-scale
adoption could deliver substantial environmental benefits.

Materials and methods

The modeled object is an off-grid coastal hybrid for western Kazakhstan: a
photovoltaic (PV) installation, one or two Enercon E-82 E4 wind turbines (3 MW), a
rectifier/inverter, a buffer battery bank (generic lead—acid), a 3 MW proton-exchange
membrane (PEM) electrolyzer, 2,000 kg of hydrogen storage, and a reverse osmosis (RO)
desalination unit specified as a deferrable load in HOMER Pro. The base scenario was
chosen as the configuration most consistent with the “circular water” concept: a 5 MWp
PV array + 1xE-82 (3 MW), because it combines a high share of renewable energy,
significant generation curtailment, and the presence of RO as a flexible load. For the Base
case: Annual electricity consumption of the electrolyzer: 5,125,030 kWh-yr".

Equivalent full-load operating hours:

_— Ee 5125030 hour
T P 3000

Average power:

P, = ~ 585 kW

8760

Hydrogen output: ~110,441 kg-yr ' (Base; 105,109 kg-yr ' for PV-only; 110,441
kg yr! for Wind-only; 110,464 kg-yr ' for PV+2xE-82).

LCOH: 11.9 USD-kg™'; 10.4 USD kg (PV-only); 8.52 USD kg™ (Wind-only);
15.7 USD kg™ (PV+2xE-82).

Source utilization coefficients (Base, by installed capacity):

_— 6522728 4% Ch = 10649665 4059,
PV 75000 « 8760 00 CTwind T 30008760 0

Energy conversion RO — volume of water (SEC = 3.0-4.5 kWh/m3)

Post-processing method for RO:
Ero, yr VroyTr Ero, month

Vo, yr = —~<pc Vro,day = VT Vro, month = SEC
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Results

Monthly aggregates of generation, electrolyzer demand, RO load, and curtailment
were not directly provided in the outputs. Instead, seasonality was assessed qualitatively:
the monthly diagram indicates that wind contributions are relatively uniform, where PV
exhibits a pronounced summer peak. A strict quantitative breakdown is therefore not
included. The currently installed RO capacity and dispatch profile absorb only a small
fraction of the potential curtailment reduction; the reserve margin remains nearly an order
of magnitude higher.

Annual RO energy: Ero, year =729167 kWh.
Equivalent water output (m?-yr).
SEC = 3.0 @ Vjpqr = 3729609 m? - L
SEC = 3.5 2 Vjpqr = 3196808 m* - yr=1
SEC = 4.0 = Vypqr = 2797207 m® - yr~!
SEC = 4.5 = Vypqr = 2486406 m® - yr~!
The share of actually loaded RO energy from the cutoff:
(ERO)* 100% = 6,52%

curt

The specific water requirement for electrolysis is assumed at 9-10 L-kg™' Ha
(including process losses). For the Base case (110,441 kg Hz-yr™):

Vyz, water =~ (0.009 —0.010) X 110441 = 994 — 1104 m3 - yr1

Comparison with annual RO output is a large surplus-by a factor of 150-245 depending
on SEC. This enables: (i) complete coverage of electrolyzer process water via desalination, (ii)
diversion of excess RO water to local municipal/industrial demands or reserve storage, and (iii)
incorporation of circular water use (e.g., reuse of RO flushing streams and auxiliary condensate)
without risk of energy deficit. With SEC increasing from 3.0 to 4.5 kWh-m3, annual RO output
declines from 243,056 to 162,037 m*-yr ! (—33%), while average daily yield decreases from
665.9 to 443.9 m*-d!. The share of curtailed energy absorbed by RO is proportional to Ero and
does not depend on SEC; in the Base case it is fixed at 6.52% of generation.

Scenarios. For PV-only and Wind-only cases, Ero~0.729 GWh-yr !, but curtailment
differs sharply (2.43 vs. 4.52 GWh-yr '), resulting in markedly different RO absorption effects
(E_RO/curtailment: 29.9% for PV-only vs. 16.1% for Wind-only). In the PV+2 x E-82
configuration, curtailment reaches its maximum (21.83 GWh-yr), while the contribution of
the current RO to its absorption is minimal (3.34%), highlighting the need for either scaling up
RO capacity or introducing alternative flexible loads/storage.

In the baseline hybrid configuration (PV 5 MW + 1 x Enercon E-82 E4, 3 MW), the
annual generation reached 17,172,393 kWh-yr, of which PV contributed 6,522,728 kWh-yr!
(38%) and wind 10,649,665 kWh-yr! (62%). Consumption was distributed as follows:
electrolyzer — 5,125,103 kWh-yr (87.5% of HOMER’s “clectric load””), RO — 729,167
kWh-yr' (12.5%), and miscellaneous AC load — 365 kWh-yr'. “Curtailment” (i.e.,
unused surplus renewable energy) amounted to 11,188,827 kWh-yr™!, corresponding to

471



BKY Xa6apLubicbl S5
BecTHuk 3KY “# 4(100) — 2025
65.2% of total generation. The renewable fraction was 100%. Capacity factors were
estimated as CF_PV = 14.9% (6.52 GWh from 5 MW installed) and CF_wind = 40.5%
(10.65 GWh from 3 MW). Figure 1 summarizes the monthly generation profiles,
electrolyzer and RO operation, and the share of curtailed energy.

—=— Curtailment
BN Electrolyzer

800000

600000

400000

kWh per month

200000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1 - Monthly energy balance (PV-only): PV generation, electrolyzer and RO
consumption, curtailment (kWh/month)

The hybrid system produces 110,441 kg H-yr™!, with stable electrolysis demand
of ~46.4 kWh-kg' H.. The electrolyzer operates at ~585 kW average load (CF = 19.5%
for 3 MW). Sensitivity analysis gives an LCOH of 8.52—15.7 USD-kg '; the baseline case
adopts 11.9 USD-kg™! (Figure 2).

600000 |{ M= Electrolyzer (kWh/mo)

—e— Specific electricity use (kWh/kg) -46.4052294

500000 - 46.4052292

-46.4052290
400000
-46.4052288

300000 - 46.4052286

200000 -46.4052284

-46.4052282
100000

- 46.4052280

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figure 2 - H: production (kg/month) and specific electricity use (kWh/kg), monthly
(PV-only)
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2
g
g
g 100000
50000
0 3.0 3.5 4.0 4.5
SEC (kWh/m3)
Figure 3 - RO water vs SEC (3.0-4.5 kwWh/m?3): annual (m3/year) and daily (m3/day)
volumes

Hybrid case (Ero,year = 729,167 kWh-yr):

SEC = 3.0: Vyeqr = 243056 m> - yr™"; Vgq, =~ 665.9m>-d~"
SEC = 3.5: Vyeqr = 208333 m> - yr™'; Vgq, =~ 5708 m>-d "
SEC = 4.0: Viypqr = 182292 m3 - yr=1; Vyop, = 499.4m3-d™1
SEC = 4.5: Vypur = 162037 m3 - yr™Y; Vyoy ~ 443.9m3 - d7!

For the PV-only scenario (based on the hourly output, Ero,year=728,702 kWh-yr!),
the monthly breakdown can be presented analogously, with water production volumes
scaled by SEC to capture seasonal variations in PV-driven operation.

For SEC = 3.5 kWh-m™3, the modeled RO system delivers an average output of
approximately 17.35 thousand m?3 per month. The seasonal amplitude is modest, at around
11.2%, with the minimum production observed in February (15.8 thousand m?) and the
maximum in March (17.76 thousand m3). This relatively low variability indicates that the
hybrid PV—wind configuration provides a stable water yield across the year, reinforcing
the reliability of RO as a flexible sink for curtailed renewable energy.

At the current RO capacity:
PV-only: annual RO consumption Ero,year=728,702 kWh; curtailment = 2,433,308 kWh
= RO absorbs =29.95% of curtailed energy.
Wind-only: curtailment ~4,519,613 kWh = RO absorbs ~16.1%.
Hybrid (Base): curtailment = 11,188,827 kWh = RO absorbs ~6.5%.
Discussion

This demonstrates that while the present RO load substantially offsets PV-only

curtailment, its relative impact diminishes as total curtailment grows in wind-dominated
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and hybrid configurations, hlghllghtlng the need for scalable RO capacity to more
effectively mitigate idle renewable generation.

—e— SEC 3.0
—8— SEC 4.5
140000

120000

100000 |

80000

m? per month

60000

40000

20000

ok

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 4 - Curtailment—water potential (m*/month) at SEC 3.0 and 4.5 (PV-
only)

RO scaling potential ranges from 2.49-3.73 million m*-yr' depending on SEC,
but only ~0.54-0.81 million m*-yr! in PV-only scenarios. Seasonal analysis shows PV
peaking in summer and wind remaining stable, suggesting that curtailment can be reduced
by shifting RO loads to surplus periods. Prioritizing electrolyzers over RO ensures
hydrogen output while excess energy is directed to water production.

20000

18000

m? per month

16000

] \/\NW
Mio
SEC 3.5 —8— SEC4.5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

12000t

Figure 5 - Monthly RO water by SEC (3.0-4.5 kWh/m3) (PV-only)

At 10 L H20 per kg Ho, electrolyzer demand is ~1,104 m?*-yr!, whereas RO yields
162,000-243,000 m*-yr* (147-189x higher), ensuring surplus water supply (Figure 5).
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PEM fuel cell condensation offsets ~90-99% of demand, achieving near-complete
circularity and leaving most RO output available for external use. Higher SEC reduces
yield by one-third, but scaled RO enhances curtailment-to-water conversion and
indirectly improves hydrogen economics, with modeled LCOH spanning $8.5-15.7/kg
(Figure 6).

250000 242,901

| .

208,200
200000
182,175

161,934

150000

m3/year

100000

50000

3.0 3.5 4.0 4.5
SEC (kWh/m?)

Figure 6 - Sensitivity to SEC: annual RO water (m3/year)

The assessment of brine quality and disposal scenarios falls outside the scope of
the present modeling. Nevertheless, the conclusion remains robust: flexible RO
substantially reduces curtailment and generates a surplus water resource, with virtually
no competition for water with electrolysis-an important advantage in the arid coastal
context of Mangystau.

Conclusion

The “SWRO — deionization — PEM electrolysis — recirculation/reuse” chain is
technologically coherent and well-suited to Mangystau, combining mature membrane and
electrochemical technologies and enabling follower-mode operation under variable
renewable profiles. Evidence from coupling renewable desalination with hydrogen
production indicates that PEM systems offer strong dynamic controllability and product
purity, facilitating integration with VRE. Target electrolyzer feedwater quality is
achievable via two routes: (i) seawater desalination followed by deionization and (ii)
polishing of treated wastewater; in the latter case, two-stage membrane trains can deliver
conductivity below 5 pS/cm. For comparable daily Hz output, a wind-plus-SWRO
intermittent configuration yields the lowest CAPEX, making it a promising choice for a
demonstration project. The water footprint can be further reduced through local
recirculation between the electrolyzer and ancillary consumers/cooling systems.
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Pamazan A. K., Taiixkanosa JI.C., CoeipabioekKbi3bl C.

APUJITI JKAFAJIAY AMUMAKTAPBIHA APHAJIFAH TOMEH
KOMIPTEKTI TYIWIBIJIAHABIPY TEXHOJIOT'UAJIAPBIH MOJIEJIBJAEY
7KOHE 3KOJIOT'UAJIBIK BAFAJIAY

Angatna. Maxkana bareic Ka3akcTaHHBIH apuITi TEHI3 jKarajiaybl KarJaiblHIa
JKAChLI CYTEri eHIIpY YIUIH KaHAPTHUIATBIH SHEPTHSAMEH KaMTaMachl3 €TIETIH TEeHi3
cybIH Kepi ocmoc (SWRO) xoHe ammeKkTposm3ai OipiKTipeTiH alHaTBIMABIK CY KYHECiHIH
1CK€e achIPBUTYBIH )KOHE apXUTEKTYPaChlH KapacThIpabl. OJiCHaMa TEXHOIOTHSUIBIK JKOHE
TEXHUKO-IKOHOMHKAJIBIK MICIIIM/EPTe ChIHH IOy JKacaybl, SHEPTHIMCH JKaOJbIKTay
KOHGUTypauusiapblH  (KYH/5KeN;, Y3IIKCI3/y3UTCTI KYMBIC) CaJBICTBIPYABl JKOHE
AIIEKTPOJIM3EPIIEPre apHAIFaH Cy JalbIHIay MAPIIPYTTAPBIH (TY3ChI31aHIbBIPHUIFAH TEHI3
Cybl JKOHE Ta3apThUIFaH MIAWBIHABI CyIbl KOCHIMINIA Ta3apTy) Taldayabl KaMTHBL.
3eprrey SWRO men nporonanmactsiprbiil MeMOpanaisl (PEM) anexktponnsai OipikTipy
TEXHHUKAJBIK KY3€Te acaThIHbIH; KaXETT1 KOPEKTIK Cy canachl MeMOpaHaIbIK MOTHIINHT
TI130€KTepl apKplIbl KaMTaMachl3 €TUIETIHIH; >KEJIMEH KOPEKTEHETIH Y3UIICTI pexuM
DHEPrusl CaKTay CHIMBIMIBUIBIKTAPbIHA KAKETTLTIKTI a3aMThIN, KYpAeNi HIBIFBIHIAPIbI
TOMEHJIETETIHIH KopceTeal. [IpakTukanblKk MaHbI3bl — aiMAaKTBIH Cy KayINCI3/IITiH KOHE
neKkapOOHU3alMsAHbl KYLICHTY, COHAai-aKk CyTeriHi JKcmoprray omneyeri. JKyMmbic
ManrbIcTay YIIIH TUIOTTHIK OarbITTap MEH MaclTadTay MaceseliepiH alKbIHIa bl

Kint ce3mep: TemeHkeMipTekTi TexHojorusuiap; Tymbuianasipy; JKacein
cyreri; JKanapteulateiH sHeprus; Kepi ocmoc; Cy aifHameIMbl Kyienepi; ApuaTi
JKarajay aiiMakTapsl, ManreicTay o0nbIchl; KyH ¢oTosnekTp xyhenepi; XKen sHeprusichl.

Pamazan A. K., Taitxxanosa JI.C., CeipabioekKbi3bl C.
MOJAEJUPOBAHUE U DKOJIOI'NYECKAS OIIEHKA
HU3KOYTJEPOJHBIX TEXHOJOIMA ONIPECHEHUSA 15
3ACYHIJIUBBIX TPUBPEKHBIX PETHOHOB
AnHoTtanmusa. Cratbss  uUCCleAyeT  OCYIIECTBUMOCTb U apXUTEKTYpy
MUAPKYJSIITAOHHOW BOJHOM CHCTEMBI, COUYETAIONIEH BO300HOBIISIEMO-IHEPTETUUECKOE
oOpartHoe ocMocHoe ornpecHeHue (SWRO) u a51ekTponu3 Ui IpOU3BOJICTBA «3EIEHOT0»
BOJIOPO/Ia B 3aCyNUIMBOW mpuOpexHoi 30He 3amamHoro Kaszaxcrana. Metomonorus
BKITIOUAET KPUTUYECKUH 0030p TEXHOJIOTUYECKUX U TEXHUKO-IKOHOMUYECKUX PEIIeHUH,
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COIIOCTABJICHUE BAPMAHTOB HHEPrOCHAOKEHUs (COJHEYHAas/BETpoBas TIeHepalys,
HETPEPHIBHBIN/TIPEPBIBUCTHIA PEKUMBI), @ TAK)KE aHAIMU3 MyTEeH MOATOTOBKU BOJBI IJIS
NEKTPOIU3EPOB (ONPECHEHNE MOPCKOM BOJbI U MOJMPOBAHUE OUYHUILEHHBIX CTOYHBIX
Box). [Tokaszano, uto unrerpanuss SWRO u PEM-aexTponn3a TeXHUUECKH BBINOJIHUMA,
TpeOyeMoe KadyecTBO IUTATEIbHOM BOJIBI JOCTHKMMO MEMOpaHHBIMHM CXEMaMH
JIOOYMCTKH; MIPEepBIBUCTAs paboTa, MUTaeMasi BETPOIHEPTETUKOM, CHIDKACT KalTuTaIbHbIE
3aTpathl OJarozaps MEHbIIUM TpeOOBaHUAM K HakonurtensM. Ilpaktuyeckoe 3HaueHue
COCTOUT B TOBBIIICEHUM BOJHOM O€30MAaCHOCTH M JEKapOOHW3AIMH PETHOHA IIPH
OJTHOBPEMEHHOM (hOPMHUPOBAHUM HKCIOPTHOIO IMOTEHIMala BOAOPOAA; MPEIOKEHBI
HaIpPaBJICHUS AJI NWIOTHOW JEMOHCTPALMU U MacluTaOUpOBaHMUSL.

KawueBble ciaoBa: Huskoyriaepoansie TexHoJoruu; OnpecHeHue; 3enEHbIi
BoopoJ;; Bos3oOHoBisiemass »Heprusi; OOpaTHbli ocMoc; CHCTEMBl LMPKYJISIPHOTO
BOJIOTIONIB30BaHUs; 3aCyNUIMBBIE TPUOPEKHBIE PETHOHBI, MaHTHCTaycKas 00JacTh;
CouHeunble (POTORIEKTPUUECKHUE CHCTeMBbl; BeTposHepreTuka.
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