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Abstract

The article considers solar and wind energy resources and their ecological potential
in the Khazar Reserve on Ogurchinsky Island in the Caspian Sea. The methodological basis
is formed by the empirical calculations for the preparation of a feasibility study and the crea-
tion, development and implementation of energy-efficient technologies based on solar-wind
energy equipment in the Reserve. The paper provides an energy, economic and ecological
assessment of a solar power station with a capacity of 10 kW-h/day based on theoretical and
methodological calculations and taking into account natural and climatic conditions.
The station generates electricity (3658.34 kW -h/year), saves organic fuel (1463.336 kg
of equivalent fuel) and reduces harmful emissions into the biosphere: SO, (30.41 kg),
NOx (16.38 kg), CO (2.13 kg), CH4 (4.47 kg), CO, (2339.64 kg), solids (3.19 kg). One 400 W
wind turbine can generate 19.45 kW-h/m?-year, or an average of 1.62 kW-h/m?-month, with
an equivalent reduction in fuel consumption of 7.78 equivalent fuel. The obtained scientifi-
cally substantiated results will contribute to the improvement of social, living, economic
and environmental conditions of the island's inhabitants, the conservation of bioresources,
and strengthening energy and environmental security. The results of the feasibility study
will help implement various solar-wind technological complexes in the region.
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AHHOTALMSA

PaccMOTpeHBI COTHEYHO-BETPOBBIE SHEPTOPECYPCH U UX 3KOJOTHICCKUN MOTEHITHAN B Xa-
3apcKOM 3amoBeqHUKe Ha ocTpoBe OrypumHckoMm B Kacmmiickom mope. Metomomorude-
CKOHM OCHOBOH HOCITY)XWJIH SMIIUPUICCKHE PAcUeThl UL COCTABICHUS TEXHUKO-3KOHOMH-
4ecKoro 00OCHOBaHHMS U CO3JaHus], pa3paObOTKU U BHEIPEHHs dHeprodh(HeKTUBHBIX TEXHO-
JIOTUil Ha OCHOBE COJIHEYHO-BETPOBOI'O YHEProoOOpynoBaHus B 3anoBeaHuke. Ha ocHoBe
TEOPETUYECKUX M METOJMYECKHX PAcueTOB U C YUETOM HPUPOAHO-KINMATHYECKUX YCIIO-
BUH JaHa 3HepreTHyecKas, SKOHOMUUECKass U 3KOJOrudeckasl OIleHKa COJIHEYHOM 3Hepre-
TUYECKO# cTaHIMU MOITHOCTBIO 10 kBT u/cyT. CraHius BeIpabaThIBACT IEKTPOIHEPTHUIO —
3658.34 kB1'u/roj1, 3KOHOMHUT OpraHUyYecKoe TOIMBO — 1463.336 Kr y. T. ¥ COKpamaeTr Bpe-
HBIE BBIOpOCH B Omocdepy: SO, — 30.41 xr, NOy —16.38 kr, CO — 2.13 xr, CH4 — 4.47 T,
CO; — 2339.64 xr, tBepabix BemecTB — 3.19 kr. C moMouip0 0JHOM BETPOYCTAaHOBKU
MOmHOCTEI0 400 BT MoxHO momyduts 19.45 kBT9/M?TOH 3I€KTPOIHEPTHH (B CPEIHEM
1.62 kBr'u/M?-Mec.), TIpU 3TOM SKBMBAJIEHT COKPAIEHHMs Pacxoja TOIUIMBA COCTaBUT
7.78 kr y. T. [lony4ueHHbIC HAYyYHO 0OOCHOBAaHHBIC PE3YJIBTATHl MOXXHO HCIIOJH30BaTh
JUIS yIyYIIEHUsS] COIMATbHO-OBITOBBIX, IKOHOMUYECKUX U SKOJIOTHYECKUX YCIIOBHH OOHTa-
Tesnel OCTPOBA, COXpPaHEHUS OMOPECYpCOB M YKPEIUICHHS DHEPreTHYECKOW M HKOJIOTHYe-
CKOM 6Ge30macHOCTH. Pe3ynpTaThl TEXHUKO-3KOHOMHUYECKOTO 0OOCHOBaHHS MOMOTYT BHE[-
PEHHIO PA3ITUIHBIX COTHETHO-BETPOBBIX TEXHOJIOTUICCKAX KOMIUICKCOB B PETHOHE.

KnroueBbie c/10Ba: COTHEUHO-BETPOBBIE YHEPIOPECYPCHI, SKOJIOTMIECKHUH TTOTEHIINAN, MaTe-
MaTHYecKasi CTaTUCTUKA, Xa3apCcKUi 3all0BEIHUK, ocTpoB OrypunHckuil, Kacnuiickoe mope

Jast murupoBanusn: [lenoowcues A. M., Mamedos b. M. DK03HEpreTHUSCKUN MMOTSHIHAI
COJTHEYHO-BETPOBOH CTAHIMH B Xa3apCKOM 3aroBeqHIKe B Kacrmiickom Mope // DKomorudeckast
Oe3omacHOCTh IPUOpekHON 1 TIenb(hoBoit 30H Mops. 2025. Ne 3. C. 96—114. EDN XKZNOE.

Introduction

Addressing the challenge of providing energy to protected areas and pastoral
farms in the Karakum Desert, which are distant from centralized power grids,
necessitates evaluating the potential of renewable energy sources (RES). This effort
is also motivated by global climate change concerns and the need to enhance social,
economic, and environmental conditions in remote regions of Turkmenistan. Tran-
sitioning to RES will reduce reliance on fossil fuels, thereby promoting ecological
sustainability and preserving biodiversity [1].

Turkmenistan is undertaking all necessary measures to address this critical issue
and is implementing comprehensive mechanisms in collaboration with internation-
al organizations to ensure environmental and technological sustainability. This was
emphasized by the President of Turkmenistan during speeches at the 78 session
of the United Nations General Assembly and the 28™ Conference of the Parties to
the United Nations Framework Convention on Climate Change.
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Turkmenistan has eight state nature reserves (Repetek, Badkhyz, Kopetdag,
Syunt-Khasardag, Kaplankyr, Amudarya, Koitendag, and Khazar) and 14 wildlife
sanctuaries, covering a total area of 2.0 million ha, or 4% of the country’s territory.

The Khazar Nature Reserve spans 270,000 ha, primarily located in the Caspian
Sea. It supports over 600 plant species and hosts 466 bird species and 55 marine
fish species, five of which are listed in the Red Book. Over 5 million birds migrate
to the reserve annually for wintering. The reserve’s fauna includes rare and pro-
tected species, such as the Caspian seal, long-eared hedgehog, and goitered gazelle,
alongside other species like the tolai hare, reed cat, sand cat, and foxes, characteris-
tic of the desert ecosystem [1-4].

The Khazar Nature Reserve includes Ogurchinsky Island (Fig. 1), located
in the southeastern Caspian Sea in Turkmenistan (39° 6' N; 53° 6' E). As the largest
sandy island in the Caspian Sea, it lies 45 km offshore and forms a narrow spit,
1-1.5 km wide and approximately 42 km long, extending from north to south.
Electricity on the island is provided by diesel generators, with organic fuels (diesel,
gasoline, kerosene, and liquefied gas) imported by sea, incurring substantial finan-
cial costs V) [5-7]. The use of diesel fuel results in the emission of pollutants into
the environment.

Fig. 1. Location of Ogurchinsky
Island (red dot) of the Khazar Nature
Reserve in the Caspian Sea [6, 7]

1) Gidrometeoizdat, 1989. [Scientific and Applied Reference Book on the Climate of the USSR].
Leningrad: Gidrometeoizdat. Series 3. Long-Term Data. Parts 1-6, 502 p. (in Russian).
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Systematic measures to ensure the island’s energy supply and enhance its eco-
nomic, food, water, and environmental security can be achieved using renewable
energy sources, specifically solar and wind power plants integrated with modern
“green” technologies. These measures will also support the conservation of the re-
gion’s biodiversity. Currently, energy provision in protected areas is limited: elec-
tricity is generated by low-capacity gasoline generators, and heating relies on lique-
fied gas.

A primary drawback of using gasoline-powered generators in protected areas
is the significant noise they generate, audible from a distance of 5-10 km, which
disturbs the wildlife inhabiting these regions. Additionally, the combustion of fuel
emits pollutants into the environment.

The technical limitations of gasoline and diesel generators include a short engine
lifespan (600-1,500 h) and high fuel consumption (350-500 g/kW-h). These gene-
rators are unable to handle heavy electrical loads and are unsuitable for round-
the-clock operation to power household, laboratory, and other electrical appliances
[2, 3, 8]. Consequently, a key requirement for modern autonomous power sources
is the ability to provide consistent, 24-hour power supply to consumers. Currently,
the condition of existing power stations, which rely on gasoline and diesel genera-
tors, is considered unsatisfactory due to severe equipment wear and tear.

These limitations can be addressed by deploying solar and wind power sta-
tions, tailored to local energy resources, thereby reducing the environmental impact
of diesel and gasoline power stations. All of the above makes solving this problem
undoubtedly relevant.

The most energy-efficient option is to use the solar and wind energy potential
of the Khazar Nature Reserve on Ogurchinsky (Ogurjaly) Island in the Caspian
Sea. However, implementing solar and wind energy technologies requires develop-
ing detailed design and cost estimation documentation, along with a feasibility
study (FS) to assess their applicability [ 1-3].

Degree of development of the topic. The field of solar and wind energy has
been advanced by the contributions of prominent scientists, including V.A. Baum,
P.P. Bezrukikh, V.I. Vissarionov ?, V.M. Evdokimov, D.S. Strebkov, R.B. Bayra-
mov, V.P. Kharitonov, U.A. Bekman, D.A. Duffy, J. Twidell, A. Angstrom, M. Jin,
H.L. Wigley, and others ¥ [3, 9-15].

2 Vissarionov, V.1., ed., 2008. [Solar Power]. Moscow: Izdatelskiy Dom MEI, 276 p. (in Russian).

3 Vasilev, Yu.S., Bezrukikh, P.P., Elistratov, V.V. and Sidorenko, G.I., 2008. Estimates of Renewable
Energy Resources in Russia. Saint Petersburg: 1zd-vo Politekhn. Un-ta, 250 p. (in Russian).
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Turkmen scientists have made significant contributions to the field of solar
energy use, achieving notable scientific and practical results. However, the main
limitation of this research is its failure to account for the influence of natural and
climatic factors, as well as the lack of systematic assessments of solar and wind
energy resources, including their technical, economic, and ecological potential.

An analysis of literature sources indicates that the Caspian Sea region and
the islands of Turkmenistan possess significant RES. However, existing scientific
studies lack assessments of energy efficiency, fail to evaluate economic feasibility,
and overlook environmental priorities 2" ¥ [3-5, 9-15].

Based on the analytical studies of solar and wind energy technologies,
the goals and objectives for researching the energy resource potential of solar and
wind energy in the Khazar Nature Reserve have been established.

The purpose of this study is to systematically evaluate the solar and wind ener-
gy potential through innovative computational methods and to assess the energy,
economic, and environmental viability of developing and implementing renewable
energy technologies in the region under study.

The objective of this study is to summarize and evaluate the technical, econom-
ic, and ecological potential of solar and wind power plants on Ogurchinsky Island
in the Khazar Nature Reserve, focusing on energy efficiency, fuel savings, and
environmental impact. It aims to apply innovative computational methods to sys-
tematically assess the energy productivity of converting solar radiation into electri-
cal and thermal energy, determine the basic wind energy potential, and develop
regression equations to forecast energy resources for the preparation of a FS.

The subject of the study is the energy efficiency and environmental sustainabil-
ity of solar and wind power installations on Ogurchinsky Island.

The scientific novelty of the research lies in the development of a systematic
methodology for calculating energy efficiency, incorporating natural and climatic
conditions and the application of solar and wind energy technologies. Additionally,
it involves evaluating the economic and environmental potential of the Khazar
Nature Reserve for implementing these technologies on Ogurchinsky Island and
preparing a FS.

Research methodology and methods

The methodology and research methods employ a systematic approach, inte-
grating theoretical and practical assessments of solar and wind energy technologies
to support the conservation of the island’s rich biodiversity and biological resources.
The methodological framework includes empirical calculations for the preparation
of a FS and the development and implementation of energy-efficient technologies
based on solar and wind energy systems for farms in the region under study ?-%
[3-5, 14].
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Meteorological characteristics of the island

The energy resources of direct solar radiation reaching a horizontal surface
under clear skies in Turkmenistan throughout the year range from 1,699.4 to
1,793.0 kW-h/(m?-year) (146—154 kcal/cm?), while diffuse solar radiation under
clear skies ranges from 372.3 to 453.0 kW-h/(m?-year) (32-39 kcal/cm?).
On cloudy and overcast days, direct solar radiation decreases from 35 to 27%,
with the diffuse component increasing to 25-40%. Across Turkmenistan, total
solar energy varies from 1,687.7 to 1,897.2 kW-h/(m?-year) (145-163 kcal/cm?).
The monthly distribution of the gross energy, technical, and economic potential of
solar energy per square meter of surface area ! is presented in Fig. 2 [3-7].

As shown in Fig. 2, the island’s solar energy resource potential ranges from
44 to 50 kW-h/(m?-month), with total solar radiation on a horizontal surface
amounting to 1,685.4 kW-h/(m? year) and an average monthly radiation of
140.45 kW-h/(m?-month). The annual sunshine duration on the island is 2,668 h,
with an average monthly sunshine duration of 222.3 h. In July, the sun rises at 4:44
and sets at 19:16, and in January, it rises at 7:05 and sets at 16:55 " [3, 4, 8].

The temperature regime on the island varies seasonally. The average annual
temperature ranges from 4.0 to 27.9°C. From May to October, the average tempera-

ture remains around 20.0°C, gradually decreasing to 17.5°C. In January, it reaches
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Fig. 2. Distribution of solar energy resource poten-
tials: gross Eopi and technical E;, converted into thermal
Wi and electrical energy Whgi specific production into
thermal V., and electrical V.4 energy on the territory of
the island by month during the year
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a minimum of 4.0°C. Climatic data indicate that the maximum average air tempera-
ture in January is 11.0°C, rising to 31.1°C in July. The minimum temperature drops
to —0.4°C in January and rises to 23°C in July, with an average annual temperature
of 11.0°C " [3-7].

Wind resources. The extensive meridional extent of the Caspian Sea and
the variety of atmospheric phenomena and circulation patterns result in a complex
wind regime and uneven water temperature distribution on the island. These char-
acteristics are influenced by variations in natural and climatic conditions, synoptic
situations, atmospheric phenomena, air temperature, and current direction, leading
to fluctuations in wind speed ! [3-5, 8, 9].

Scientific research indicates that storm wind formation is influenced by ter-
rain characteristics and atmospheric circulation patterns. The average wind speed
on the island ranges from 2.4 to 4.6 m/s, with an annual average of 3.3 m/s. Storm
winds exceeding 25 m/s have been recorded. The wind rose ! in the bay varies sea-
sonally, driven by changes in atmospheric air circulation [3, 4, 16, 17].

Fig. 3 presents the average daily distribution of wind and solar energy poten-
tial by month of the year for Ogurchinsky Island.

Wind directions in the Khazar Nature Reserve are influenced by atmospheric
circulation and water temperature, ranging from 3% south to 26% west, with pre-
vailing winds from the west (26%), northwest (16%), northeast (15%), and south-
west (14%) V.
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Fig. 3. Average daily distribution of wind (WP) and
solar (SP) energy potentials on Ogurchinsky Island by
month of the year

Methodology for researching ecoenergy resources

The calculation of solar energy potential was based on the methods ? described
in [3-5, 12-16], adapted to the conditions of the Caspian region. As previously
noted, no studies to date have utilized new methods that incorporate natural and
climatic conditions, hydrometeorological factors, and assessments of technical,
economic, and environmental indicators for regions in Turkmenistan [8—11].

To assess the solar energy potential on the island, long-term meteorological
data were considered, including sunshine duration; angles of incidence on inclined
and perpendicular surfaces; hourly solar angles; solar movement parameters (dec-
lination relative to inclined surfaces and the horizon, sunrise and sunset times);
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characteristics of diffuse radiation and albedo; and average monthly and annual
outdoor air and surface temperatures for an operational solar power plant. Addi-
tionally, specific energy parameters of the solar power plant and local climatic fac-
tors were incorporated.

To develop physical and mathematical models, certain assumptions were

adopted: Ogurchinsky Island is regarded as an area with intense solar radiation
reaching the surface, geographical and climatic conditions are assumed to be uni-
form across the island, and average annual meteorological data for the entire island
were used [3-5, 9].

Optimal tilt angle of solar converters on the island. To maximize the efficien-
cy of solar energy technologies and installations year-round, the optimal tilt angle
of solar converters must be determined, accounting for the geographical character-
istics of the installation site. The calculated optimal tilt angles for a solar receiver
with an east-west orientation are 54° (—0.82930 rad) in winter, 24° (0.42418 rad)
in summer, and an annual average of 39° (0.26664 rad). The energy productivi-
ty of photovoltaic modules as a function of tilt angle for Ogurchinsky Island is
presented in Fig. 4 [2—4, 7, 19].

Gross solar energy potential — the average annual total solar radiation reaching
Ogurchinsky Island, serving as a key energy resource.

To calculate the gross solar energy potential, long-term meteorological data on
solar radiation incident on horizontal and optimally inclined surfaces were consid-
ered. These data were systematized by month (Ei, where i = 1, 2, ..., 12) Y [3-5, 10,
17-20].
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Fig. 4. Receipt of solar radiation at different an-
gles of inclination of the photomodule, the angles
equaling 0°; 24°; 54°; 39° (the optimal angle for
Ogurchinsky Island)
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The calculations were performed taking into account the average cosine of
the angle 0 of direct solar radiation relative to the normal during a 10-hour inter-
val — from 7:00 to 17:00 — for a photovoltaic module with an area of 0.24 m?.
The average annual solar radiation per unit of horizontal surface area by month
under clear skies E,pi, accounting for the module area, is calculated using the for-
mula:

o Emi (1—8)Ei:
P (cos0)  (cos0)

456.2 kW -h/(m?-month),

where Erj is the average annual direct solar radiation per unit of horizontal surface
area by month, kW-h/(m?-month); E;jis the average annual total solar energy per
unit of horizontal surface area by month, kW-h/(m?-month); cos 0 is the average
cosine of the angle of incidence of solar rays on a perpendicular surface, varying
from 24° in summer to 54° in winter; ¢ is the radiation coefficient, ranging from
0.14 to 0.28 (with an annual average of 0.221667) V-2 [3-5, 10, 14, 15]. The opti-
mal tilt angle for the island over the year is 39°.

The total solar radiation E for a 10-hour daily interval from 07:00 to 17:00
per unit of horizontal surface area of a photovoltaic module per year is calculated as:

E=Y,E;=404.5 kW-h/(m? year).

Consequently, the gross solar radiation potential Wg per 0.24 m? of the island’s
area is:

Wg = E-Sc,c =404.5:0.24 = 97.08 kW -h/year,

where Sc.c is the area of the solar power plant, m?.

The technical potential of total annual solar radiation is defined as the amount
of energy that can be converted into usable energy in compliance with environmen-
tal standards over the course of a year. In this study, it is calculated as the sum
of thermal energy obtained from solar radiation conversion for water heating using
a solar collector »? with an area of 1.58 m? and electrical energy generated by
a photovoltaic module with an area of 0.24 m? [3-5, 10, 14, 15].

Technical potential for converting solar energy to heat water using a water
heater. The calculations utilized the parameters of the SCH-12 vacuum solar collec-
tor, which is thermally insulated with polyurethane foam and comprises 12 vacuum
tubes with 14 mm diameter copper heat pipes. The collector has an area of 1.58 m?,
a weight of 41 kg, and dimensions of 2000 x 950 x 1420 x 1400 mm. It is designed
for year-round operation and can withstand temperatures as low as —40 °C.

The calculations also used thermal parameters, including water tempe-
rature 7 (60 °C); absorption intensity F(ta) (0.9); heat transfer coefficient
FUL = 0.005 kW/(m?-°C); average monthly ambient temperature T,i, °C; latitude o;
declination angle 9; sunshine varying during the i-th month tci, h/month; the num-
ber of clear and partly cloudy hours, along with operational time tpi, h/month -3
[3, 4, 12-15].

The technical potential of the solar collector Wri per unit of collector area S;
during the operational period from 7:00 to 17:00 is calculated as:
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Wori
A

Ip:
= E;F[(ta) — UL (T - Ty;)cos(-9) %] =¥ W, = 102.65 kW -h/(m>year),
l

where S; is the area allocated for the heat collector, m?; F(ta) is the absorption in-
tensity, F(ta) = 0.9; FUL is the heat transfer coefficient, 0.005; T, is the average
monthly temperature, °C; 6 is the declination angle, degrees; tpi is the operational
duration of solar collector, h/month.

The total of solar thermal energy potential Wy, for a 10-hour daily interval
is calculated by summing the monthly contributions:

Wi = 102.65°S,,

where S; is the area allocated for solar thermal installations, m>.

The technical potential of electricity generated from the conversion of solar
radiation. The calculations are based on the technical specifications of the SIM-30-
12-5BB silicon monocrystalline photovoltaic module, with the following character-
istics: area 0.24 m?; length 541 mm; width 439 mm; height 25 mm; power — 30 W;
cell size 156 x 55.72 mm; operating voltage 18.67 V; and operating temperature
range from —40 to 85 °C.

The following photovoltaic module parameters were incorporated into the cal-
culation formulas: temperature gradient x = 0.004 K!; temperature 71 = 298 K;
efficiency n; = 0.15; heat transfer coefficient A = 40 W/m*-K; and absorption coef-
ficient o= 0.97 % [3-5, 14, 15].

The average monthly operating temperature T; of the photovoltaic module is
calculated using the formula:

%[a—nl(l +XT1)] + (M Ty,

M- %m X

where y — temperature gradient, 0.004 K''; T} ; — temperature, 298 K; n; — efficien-

cy, 0.15; A — heat transfer coefficient, 40 W/m?-K; a — absorption coefficient, 0.97.
The technical potential W.¢i for each month at the optimal tilt angle of the pho-

tovoltaic module (39°) is calculated based on the area of one photovoltaic module

S, equal to 0.24 m?, using the formula:

WTQ)I'
Sy

=Em[1-0(Ti - T0)] = Zi Wagi = 42.7°Ss,

where Sy is the area of one photovoltaic module, m?; 7; is the average monthly
operating temperature of the photovoltaic module, K.

The total annual technical potential, W.y, W-h/year, is calculated by summing
the values across the entire area of the photovoltaic module:

The economic potential of solar energy represents the possible volume of solar
radiation converted into thermal and electrical energy on Ogurchinsky Island over
the course of a year, considering economic viability. The results are economically
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justified for this region based on current prices for energy derived from conven-
tional sources and are expressed in tons of fuel equivalent, in compliance with en-
vironmental standards.

To calculate the economic potential of solar energy for water heating, the fol-
lowing parameters were used: hot water temperature 7y = 60 °C and cold water
temperature 7c= 15 °C; technical characteristics of solar collectors: F(ta) = 0.9;
F-U.=0.005 kW/(m?-°C); water consumption rate m = 100 kg/(person-day); col-
lector cost C=400 $/m?; Ts. = 15 years; water heat capacity ¢, = 4.17 kJ/(kg-°C)
[3-5, 18-20].

The economic potential of solar thermal collectors installed at an optimal angle
to the horizon is calculated using the formula:

Wari = Vi So1s

where War; is the monthly economic potential (i = 1, 2, ..., 12) (summed over all
months of the year); Syt is the economically viable area of installed thermal collec-
tors.

The thermal energy generated from solar radiation, Vs, is calculated as:

Vii = By FL(x0) — Uy (T— T, éLH] =%, V= 8.5 kW-h/(m>-month),

where £y, is the monthly solar radiation, kW-h/(m?*-year).

The specific volume of solar energy generated determines the economic viabil-
ity and payback period of solar installations.

The calculated volumetric heat output of a solar water heater, heating water to
a temperature of up to 44 °C (m*/month), is presented in Fig. 5.

The economic potential of solar radiation in the region increases with the amount
of energy generated per unit of surface area of the solar collector, considering three
key factors: the critical value of specific heat energy output, the economic parame-
ters of energy consumption, and the cost parameters of industrial energy produc-
tion, accounting for fuel costs and regional environmental factors.
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Fig. 5. Volumetric heating output of a solar water
heater when heating 1 m® water to a temperature of
44°C by months
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The calculation of the economic resource potential for obtaining electricity
from the conversion of solar radiation is similarly determined by the expression:

Wowi = Vi Sra
V=Eyn,[1-2(Ti— T1)] = X;V = 3.6 kW-h/(m* month),

where Vg is the amount of energy generated per unit area of the solar battery
in the i-th month, kW-h/(m?-month); S»¢ is the economically viable area of installed
solar photovoltaic modules, m?; Eyi is the average annual solar energy yield per
unit area of the solar battery in the i-th month of the year, kW-h/(m?-month) ?- ¥ [3,
13-15].

Expected economic indicators of the solar power plant (SPP): the expected elec-
tricity output of a single SPP, comprising a single photovoltaic module with an area
of 5.2 m? and a capacity of 100 W, oriented south at an optimal tilt angle of 39°, is
5.01 kW-h/day or 60.4 kW-h/year. The total electricity generation for the SPP is
1829.17 kW-h/year. The estimated cost of the SPP is $6,336.96, with a profitability
of 6.76%. At an electricity cost of $0.055 per kW-h, the payback period for the pho-
tovoltaic SPP is 2.8 years.

The ecological potential of solar radiation on the island contributes to the tech-
nical resource potential, which is converted into thermal, electrical, and other energy
forms using technological equipment to reduce anthropogenic environmental im-
pacts from fossil fuel use [3-5, 17].

The energy, economic, and environmental potential of a single photovoltaic mod-
ule on the island yields 42.77 kW h/year, equivalent to an average of 3.6 kW-h/month
of electricity, resulting in a reduction of 17.1 kg of equivalent standard fuel consump-
tion annually. The environmental benefits include reductions in harmful emissions
as follows: SO, — 0.3555 kg/year; NOx — 0.1915 kg/year; CO — 0.0248 kg/year;
CH4 — 0.0522 kg/year; CO, — 27.35 kg/year; and solid particles — 0.0373 kg/year.

Solar radiation is used to convert energy to heat water to 44 °C. The energy,
economic, and environmental potential of this process yields 102.65 kW-h/year,
equivalent to an average electricity saving of 8.5 kW-h/month, with a corresponding
reduction in fuel consumption of 41.1 kg of fuel oil annually. The environmental
benefits include reductions in harmful emissions as follows: SO, — 0.853427 kg/year,
NOy — 0.459538 kg/year, CO — 0.05968 kg/year, CHs — 0.125328 kg/year; CO, —
65.64826 kg/year, and solid particles — 0.08952 kg/year.

Wind energy potential

The HY-400L low-power wind turbine is designed for power generation.
Its technical specifications are as follows: rated power of 400 W; maximum power
of 500 W; rated voltage of 24 V; start-up wind speed of 2 m/s; cut-in wind speed of
2.5 m/s; rated wind speed of 12 m/s; operating temperature range of —40 to 60 °C;
maximum wind speed of 50 m/s; number of blades — 5; rotor diameter — 1.55 m;
swept area — 1.89 m; overall dimensions — 118 x 47 x 27 cm.

A single 5 m high wind turbine on the island can generate 19.45 kW-h/m?*/year
of electricity, equivalent to an average of 1.62 kW-h/m?/month, with a corresponding
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reduction in fuel consumption of 7.78 kg. The environmental benefits include
reductions in harmful emissions as follows: SO, — 0.161706 kg/year; NOy —
0.087073 kg/year; CO — 0.011308 kg/year; CHs — 0.023747 kg/year; CO, —
12.43895 kg/year; and solid particles — 0.016962 kg/year? [3, 14-16].

According to the results of the calculations, the use of solar radiation to con-
serve fuel can reduce the costs of various products and their energy-intensive
production processes, enhance the ecological conditions, and improve social and
living standards in the Caspian region of Turkmenistan.

Statistical analysis of conditions

Regression equations can be applied when developing a FS and calculating
the power requirements of heating devices, as well as determining heat losses un-
der various climatic conditions for the construction of power stations or structures
[3-5, 10-12].

When preparing design and cost estimation documentation, including FS,
for the construction of solar and wind energy facilities, hydrometeorological data
from the Khazar Nature Reserve, along with quantitative estimates of their distribu-
tion, are essential to support the work of engineers, cost estimators, and designers.

Hydrometeorological data were processed using mathematical statistics meth-
ods. The resulting data were approximated as a simplified scatter plot, represented
by a linear regression equation in the form of a correlation ellipse. In a rectangular
coordinate system, the linear regression equation is expressed as y = a + bx, where
a represents the intercept and b denotes the regression coefficient. To analyze
the impact of incident solar radiation on the energy output of a photovoltaic mod-
ule, a regression equation was developed, incorporating the angle of inclination:
0° (horizontal position); 24° (summer period); 54° (winter period); 39° (optimal
for the region). Additional factors considered include average, maximum, and min-
imum temperature regimes, sunshine duration, wind speed, cloudy day duration,
precipitation, and soil temperature to forecast energy potential and calculate the coef-
ficient of determination, which quantifies the strength and closeness of the relation-
ship between variables. The resulting equations are presented below.

An important stage in regression analysis is establishing the mathematical
relationship between the dependent variable y and the independent variable X.
Consequently, the dependent variable y — representing the angle of inclination of
the photovoltaic module — was determined on a horizontal surface as follows: 24°
for the summer period, 54° for the winter period, and an optimal annual angle of
39°, The independent variable X corresponds to the intensity of solar radiation inci-
dent on the surface.

The following regression equations for the tilt angles of photovoltaic modules
were obtained:

for 24°: y=0.0004x + 0.1489; R=0.0012; (1)
39°: y=0.0008x + 0.1445; R=10.0079; 2)
54°: y=0.0005x + 0.1385; R=10.0054; 3)

0°: 1in a horizontal position
y =-0.0007x + 0.1435; R=0.0017. 4)
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Electricity generation by a solar installation with one photovoltaic module:
y =-0.0098x + 3.628; R=10.0018. (5)

Regression equation for heat energy production by a single solar collector
when heating water:

y = —0.0239% + 8.7094; R =0.0018. (6)
Hot water output, m?:
y = —0.1885x + 77.435; R=0.0015. )

Electricity generation by a solar power plant with 10 photovoltaic modules with a
capacity of 10 kW:

y=0.0164x +4.9286; R=0.0026. (8)
Regression equation and average wind speed dispersion coefficient:
y =-0.0038x + 3.4333; R=0.0004. 9)
Electricity generation by a single wind turbine:
y =0.0034x + 1.5988; R=0.0074. (10)

Using data from scientific climate reference materials and observations from
the State Meteorological Service, regression equations were derived as follows:
sunshine hours:

y =0.0573x + 7.46, (11
duration of sunshine:
y =3.3776x +200.88, (12)
average wind speed:
y =-0.007x + 5.7788, (13)
number of cloudy days:
y=-0.1262x + 3.4621, (14)
precipitation amount:
y =-0.4336x + 11.485, (15)
monthly soil temperature:
y =0.6538x + 12.0. (16)

To assess the relationship between two variables, X and y, for the island over
the course of a year, the following correlation coefficients R were calculated for
the conversion of solar energy into electrical energy: 0.0018 for a single photovol-
taic module, 0.0018 for a thermal collector, and 0.0015 for hot water production
volume. These values indicate a very weak correlation [3-5, 17, 20].

Using the regression equations (1)—(16), it is possible to forecast the range of
annual variations for the following parameters: electricity generation by solar and
wind power plants, average wind speed, number of cloudy days, precipitation
amount, average air temperature, sunshine duration, and monthly soil temperature.
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Productivity of wind and solar energy converters in terms of heat and electrical energy production and reduction of harmful emissions into

the environment per year on the island
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Discussion of results

Based on research utilizing
reference data and systematic
theoretical and practical calcula-
tions, estimates were derived for
the solar energy resource poten-
tial per square meter on Ogur-
chinsky Island over the course
of a year, encompassing gross,
technical, and economic poten-
tial converted into thermal and
electrical energy. The average
monthly direct solar radiation at
an optimal inclination angle of
39° is 1900.5 kW-h/(m?-month),
while the average annual amount
of solar radiation incident on a ho-
rizontal surface over a 10-hour
daily interval is 1685.4 kW -h/m?,

The energy efficiency, eco-
nomic, and environmental po-
tential of a Sila solar power plant
(SPP) with a capacity of 30 W
and an area of 0.24 m?, a SCH-
12 water heater (WH) with a heat
output reaching 44 °C and an area
of 1.58 m?, and a 400 W wind
power plant (WPP) are present-
ed in the table. The table indi-
cates that the technical potential
of ten photovoltaic modules,
each with an area of 0.24 m?
and a capacity of 60 W, totals
42.77 kW-h/year. The ecological
resource potential of solar ener-
gy for conversion into electrici-
ty corresponds to a fuel con-
sumption reduction of 17.1 kg
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of fuel equivalent per year. Additionally, the technical potential of a single SCH-12
water heater with an absorption area of 1.58 m?, capable of heating water to 44 °C,
is 102.65 kW-h/year.

The calculated expected values for the total energy productivity of WPP
and SPP, when converting solar energy into heat and electricity, amount to
164.87 kW-h/(m?-year), with associated reductions in harmful environmental emis-
sions per year as follows: fuel savings — 65.948 L/year, emission reductions of SO, —
1.3707 kg/year, NOy — 0.7381 kg/year, CO — 0.09585 kg/year, CHs — 0.20129 kg/year,
CO; - 105.4401 kg/year, and solid particles — 0.14378 kg/year? [9, 15, 16].

Fig. 6 illustrates the overall dynamics of the average daily energy productivity
of WPP and SPP for electricity generation and thermal energy production, present-
ed by month of the year.

The installation of 10 photovoltaic modules, each with an area of 5.2 m?
on the island for laboratory research would yield the following results: an annual
electricity generation of 1,829.2 kW-h, an average monthly generation of 60.4 kW-h,
and an average daily generation of 5.0 kW-h/day. Monthly fuel savings would
amount to 24.16 kg, with corresponding reductions in harmful emissions as follows:
SO, — 0.502163 kg/month, NOy — 0.270395 kg/month, CO — 0.035116 kg/month,
CH4 — 0.073744 kg/month, CO, — 38.62791 kg/month, and solid particles —
0.052674 kg/month.

The energy efficiency of the VSF-1 water heating system, when heating water
to 44 °C, yields an annual output of 914.52 m*/year, with an average monthly out-
put of 76.21 m?®.
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Fig. 6. Dynamics of average daily energy produc-
tivity of renewable energy sources, solar power plants,
electricity and warm water production on Ogurchinsky
Island by months: orange line — wind energy produc-
tion, blue line — solar energy production, green line —
conversion of solar energy to heat. The numerals stand
for months
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To optimize the use of solar energy stations and installations throughout the year,
it is essential to determine the optimal inclination angle of the solar converter based
on the geographical location of the site. The calculated optimal inclination angles
for a solar receiver with an east-west orientation on Ogurchinsky Island, by month,
are as follows: 54° (—0.82930 rad) for winter; 24° (0.42418 rad) for summer, and
an annual optimal angle of 39° (0.26664 rad).

When designing a SPP with automated solar radiation tracking based
on the inclination angle for Ogurchinsky Island, the graphs in Fig. 5 [2—4, 7] can
be used.

The expected environmental reduction potential for harmful emissions when
using solar and wind energy technologies throughout the year on Ogurchinsky
Island has been calculated as follows:

— SPP: with an annual electricity generation of 164.87 kW-h/(m?-year), fuel
savings amount to 65.948 kg of fuel equivalent/year, with emission reductions of
SO: — 1.3707 kg/year, NOx — 0.7381 kg/year, CO — 0.09585 kg/year, CHs —
0.20129 kg/year, CO, — 105.4401 kg/year, and solid particles — 0.14378 kg/year
[3,4,9,16].

— WH: with an annual output of 102.65 kW-h/(m?* year), fuel savings amount to
41.06 kg of fuel equivalent per year, with emission reductions of SO, — 0.8534 kg/year,
NOx — 0.45953 kg/year, CO — 0.0596 kg/year, CHs — 0.1253 kg/year, CO, —
65.64826 kg/year, and solid particles — 0.08952 kg/year.

— WPP: with an annual electricity generation of 19.45 kW-h/(m?* year), fuel
savings amount to 7.78 kg of fuel equivalent per year, with emission reductions of
SO, — 0.161706 kg/year, NOx — 0.087073 kg/year, CO — 0.011308 kg/year, CHs —
0.023747 kg/year, CO, — 12.43895 kg/year, and solid particles — 0.016962 kg/year.

The results, obtained using mathematical statistics methods for regression
equations (1)-(16), are essential for implementing solar-wind energy complexes
and power plants in the southern sector of the Caspian Sea.

Conclusion

The energy resources of solar radiation, along with their technical, economic,
and environmental potential, have been evaluated based on the hydrometeorological
and natural climatic conditions of the Khazar Nature Reserve in the Caspian Sea.
These conditions include sunshine duration, the inclination angle of the optimally
oriented receiver surface, the hour angle of solar declination, direct and diffuse radia-
tion, albedo, and average monthly and annual outdoor air temperatures. The energy
parameters and operating time of a SPP with an area of 10.4 m?, oriented at an av-
erage annual optimal inclination angle of 39°, were analyzed. Calculations indicate
an average annual electricity generation of 10.03 kW-h/day, a total annual electricity
generation of 3658.34 kW-h, organic fuel savings of 1463.336 kg per year, and re-
ductions in harmful emissions as follows: SO, — 30.41 kg/year; NOx — 16.38 kg/year;
CO — 2.13 kg/year; CHs — 4.47 kg/year; CO; — 2339.64 kg/year; solid substances —
3.19 kg/year.
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The cost of an SPP with an energy output of 10 kW-h/day is $12,673.9.
The average daily energy consumption of the laboratory premises, when operating
essential electrical appliances, is 10.03 kW-h/day, with a cost of $0.055 per kW-h,
excluding transportation costs via the Caspian Sea. Preliminary calculations indi-
cate that the payback period for the photovoltaic SPP is 5 years and 6 months, with
a profitability of 6.76% and a net profit of $2,234.01 over 10 years.

The findings confirm that utilizing solar and wind energy resources is a priori-
tized, promising, environmentally sustainable, and economically viable solution
for electricity supply, energy security, and other applications along the Caspian Sea.

The results obtained from regression equations (1)—(16) will be valuable
for preparing design and cost estimation documentation, as well as FS, to support
the implementation of solar and wind energy technologies in the region.

The implementation of these technologies will address various energy supply
challenges at the Khazar Nature Reserve on Ogurchinsky Island. The adoption of
modern electronic technologies will enhance the reliability of data obtained from
flora and fauna observations, support the conservation of biological resources and
biodiversity, improve social and living conditions for workers and residents, and
reduce the anthropogenic impact on the ecosystem. These efforts will contribute
to Turkmenistan’s National and State Energy, Socio-Economic and Environmental
Sustainable Development Programs, as well as the Paris Agreement on Climate
Change, the outcomes of the 28" session of the Conference of the Parties to the UN
Framework Convention on Climate Change (COP28), and other national and inter-
national initiatives.
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