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FEATURES OF THE DETERMINATION OF THE OPTIMAL COMPOSITION OF A WIND-
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ABSTRACT. The established trend towards decentralisation and the use of renewable energy is reflected in the choice of the composition of the generating
complexes in many developed countries. It should be noted that hybrid power plants including two or more renewable sources, as a rule — photovoltaic and wind
power plants, become more and more common in the world. Despite the specifics of the development of renewable energy in Russia due to the large reserves of
hydrocarbons, such hybrid complexes are relevant also for our country. First of all, their use is advisable to consider in areas where the power supply is traditionally
carried out by diesel power plants, working on imported fuel. For Russia, it is primarily the Arctic, the Far East and Siberia. The energy costs of these areas are huge
and need to be optimised.

Thus, the issues of determining the optimal composition of autonomous hybrid complexes, consisting of wind generators, solar panels, diesel generators and batteries
are an important task, which arises at the design stage of the system.

The article presents the results of a single-purpose optimisation of the composition of a hybrid complex consisting of wind-solar and diesel power plants, according to
the criterion of the minimum cost of electricity (COE) for a small settlement in the Arctic. An estimation of the impact of an additional criterion for the total investment
cost (TIC) limitation on a result of solving an optimisation problem is given. It is shown that the ratio of the proportions of the solar and wind power is not constant
when the TIC changes and it changes when one of the renewable energy sources is excluded from the complex.
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OMPEOENAHE HA ONTUMANHATA CTPYKTYPA HA EHEPITMEH KOMMNJEKC, CbCTOSLL CE OT BATLPHO-CNTbHYEBU U
QAWU3ENOBU FEHEPATOPU 3A YCNOBUATA HA APKTUMECKUTE PAWOHU B PYCUSA, YPE3 U3MON3BAHE HA
MHOIOKPUTEPUANHO TbPCEHE

Anekcandnbp Jlaepuk, FOpu Xykoecku, AnekcaHopa bynducko

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. YcTaHoBeHaTa TeHEHLMS KbM [eLeHTpanu3aLus v U3non3saHeTo Ha Bb30GHOBsIieMa eHeprusi ce oTpassiBa Mpu u3Bopa Ha ChCTaBa Ha eHepruitHuTe
KOMMNNeKcH B MHOTO pa3BuTy cTpaHu. TpsiGBa Aa ce OTGenexu, Ye XMBpUAHUTE LEHTpany, BKIKYBALLM ABa UMW NOBEYE Bb3OGHOBSIEMU U3TOYHUKA, KATO MPaBMUMO -
(hOTOBOMTANYHM U BATLPHN ENEKTPOLIEHTPAII, CE CPELLaT BCe NO-4eCTo B cBeTa. Bbnpeku crieumdukata Ha passutve Ha Bb306HOBsIeMa eHeprust B Pycus nopaau
rofiemuTe 3arnaci OT BbITIeBOJOPOAY, TakBa XUBPUEHYM KOMMIEKCH Ca OT 3HAYeHNe 1 3a CTpaHaTa HU. Ha Mbpeo MSICTO, TAXHOTO M3NOM3BaHe e NpenopbLYMTenHO Aa
ce 06MMCIV B paiioHH, B KOUTO eNeKTpoCcHaBASABAHETO TPaAMULMOHHO Ce 3BbPLUBA OT A3EIIOBM enekTpOLeHTpanm, paboTelly Ha BHOCHO ropueo. 3a Pycus ToBa ca
npeauMHo ApkTuka, [laneuHusT uatok u Cubup. EHepruitHuTe pa3xoiv B Teau paiioHn ca OrpoMHM W TpsiGBa Aa GbaaT onTUMU3MpaHH.

Mo T031 HaYMH, BLNPOCUTE 33 OMPELeNHE Ha ONTUMAITHUS CbCTaB Ha aBTOHOMHU XUGPUAHN KOMMTIEKCH, ChCTOSLUM CE OT BATLPHI FEHEPATOPH, CITbHYEBH NaHemy,
[AN3e50BY reHepaTopy 1 akymynaTopHin 6aTepum, ca akTyanHa 1 BaxHa 3afjada, kosiTo Bb3HMKBA OLLE Ha eTaria Ha MPOeKTUPaHe Ha cuctemara.

CratusaTa NpefcTaBs pesynTaTuTe OT edHoLenesa ONTMMA3aLMs Ha XMBPUAEH KOMMNEK, ChCTOSILL Ce OTBATLPHO-CITbHYEBM 1 AM3ENOBU ENEKTPOLIEHTPanM, cnopes
KpMTEpUS 33 MUHAMATTHU Pa3XO[IW 3@ eNeEKTPOEHEPTUS 3a MarKko HaceneHo MscTo B ApkTuka. [lafieHa e oLeHKa Ha Bb3AeiCTBUETO Ha JOMbIHUTENEH KpUTEPUit 3a
OrpaHuMYeHNeTo Ha OBLMTE MHBECTULMOHHU PA3XOAM BbPXY pesyrntata OT peluaBaHeTo Ha npobreM ¢ onTumusauusTa. MokasaHo e, Ye ChOTHOLIEHMETO Ha
MPONOPLMUTE Ha CITbHYEBATA U BATbPHATA EHEPIIAA HE € MOCTOSIHHO, KOraTo KPUTEPUTEPSIT 38 OrpaHNYeHe Ha OBLUMTE MHBECTULMOHHN Pa3XOan Ce MPOMEHS, a Toit
Ce NpoMeHs! MU W3KIYBAHE HA e4UH OT Bb30GHOBSIEMUTE EHEPIUIHI M3TOYHULIY OT KOMMNEKCA.

KniouoBu AyMU: Bb30OHOBsIEMA €Hepru4, BATbp, enekTpoueHTpana, ontumaneH CbCtaB

Introduction The relevance of the development of renewable energy in
the Russian Arctic is due both to the enough potential for solar
The sustainable development of the Arctic, rich in natural, and wind energy and to the significant material costs and
biological and recreational resources, is impossible without environmental losses when using traditional fuels. And, if it is
creating the appropriate infrastructure, including a reliable and inappropriate to equip drilling platforms with an installed
cost-effective power supply system for oil and gas extraction electrical power up to tens of MW with expensive wind (W) or
Comp|exeS, equipment of main oil and gas pipe”neS, p0|ar phOtOVOltaiC (PV) power plants, then in the Arctic zone there
stations, rotation camps, localities. For the Russian Arctic, a are quite a few low-power facilities that are currently powered
relatively new area is the use of renewable energy sources by diesel power plants (DP): particularly, these are small
(RES), such as solar and wind energy. localities, research stations, and rotation camps.
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Delivery of essential supplies to the Arctic territories
(primarily, food, medicines and petroleum products) is currently
carried out through the Northern Supply Haul. Cargo delivery is
implemented by rail, air, sea, river and road transport. This,
coupled with travel distances and the lack of developed
infrastructure, greatly multiplies the cost of goods, placing
pressure on the federal budget.

In some cases, such as in the rural locality Lamutskoye in
Anadyrsky District of the Chukotka Autonomous Region, the
economically feasible cost of 1 kWh is 200 RUB. In 2016, the
government allocated about 7 billion dollars at the rate in mid-
2016 for the Northern Supply Haul, which amounted to around
2.8% of the expenditure budget for that year.

One of the solutions to reduce economic costs is the use of
RES in the Arctic and other energy autonomous regions. At the
same time, hybrid wind-solar power plants are becoming
increasingly common. Many studies are devoted to study of the
optimal composition of autonomous hybrid complexes (Bernal-
Agustin at al., 2006; Abdel-Karim at al., 2011; Ayodele and
Ogunjuyigbe, 2015), some are carried out by Russian
scientists (Marchenko and Solomin, 2016; Popel, 2017;
Turovin et al., 2017; Suslov et al., 2018). In the paper (Popel,
2017) the author came to the conclusion that there is a large
potential for different kinds of RES in the Arctic.

However, in these and other works, the authors used
composition optimisation for plants located in the southern
regions of the Earth. At the same time, the use of renewable
energy in northern latitudes has its own characteristics that
were not noted in the works.

In addition, multi-criteria search seems to be the final
decision among the best options for people. It is important to
understand how the solution to the optimisation problem
changes when additional criteria are taken into account. Thus,
the article considers how the optimal composition of a hybrid
plant changes when in addition to the cost of generated
electricity, an additional limiting criterion is taken into account:
initial capital costs.

Characteristics of the Use of PV and W Power
Plants in the Arctic

Use of Photovoltaic Plants in the Arctic

Contrary to common belief, the level of solar radiation
allows to consider the region as an appropriate place for PV-
plants. The map of allocation of average daily values of the
direct solar radiation above the Russian Arctic Circle shows,
that on average, the regions of the Arctic zone are
characterised by a value of direct solar radiation within the
range of 2.5-4.5 kWh/m?/day. In this case, the common
criterion for the applicability of PV is the value of annual
insolation of 1000 kWh/m2 (Lukutin et al., 2015),
corresponding to 2.7 kWh/m2/day.

It is well known that the duration of light periods throughout
the year is identical and it equals the total duration of nights
(Popel et al., 2015). In the Arctic, the allocation of these
periods has certain peculiarities - if in the equatorial zone the
day and night intervals are approximately equal, in the Arctic
region most of the light periods occur in the summer when
there is full sunlight all day long above the Arctic Circle. It's
necessary to consider this natural phenomenon with the
geographical location and intended purpose of the complex: for
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example, the SPS can be very effective when using the
complex during the operational season (at meteorological and
exploration stations, etc.), even above the Arctic Circle, when
the sun does not set below the horizon.

The low temperature, that's typical for the Arctic region,
has a positive impact on the efficiency factor of the modules.
And the efficiency turns out higher than nominal. The results
from the experiment of Serbian researchers show that, in
general, the modules work with a higher efficiency in
December than in other months (Pantic, 2016).

Essential increase of manufacture of PV-modules is
promoted also by radiation reflected by the snow. But it is
important to take into account the reduction in production from
PV due to snow on the surface of the panels. If necessary,
organisational (mechanical snow removal) or technical (for
example, the use of special frameless modules' shown in Fig.
1,) measures may be applied.

Fig. 1. Experimental PV-panels of the Regional Test Centre in
Williston (Vermont, USA) with frameless (foreground) and
traditional (in the background) modules for studying the effect of
snow on electricity generation and the bearing structure of PV-
panels

From a technical point of view, the use of PV-plants in the
Arctic is the simplest solution. The key here is the opportunity
to construct a plant without moving parts, which greatly
simplifies the low-temperature service. The integration of a
solar tracking system significantly increases the efficiency of
the PV-plant, however, due to large capital costs, such
technical solution is not always used in a milder climate, not to
mention the Arctic - where this system requires the
development of special design solutions, making the
construction even more expensive.

In addition, the PV-plant can be located close enough to
consumers, because the magnitude of solar insolation does
not change abruptly on the ground, in contrast to the wind
speed in the case of W-plant.

Use of Wind Plants in the Arctic

In the conditions of the Arctic, the potential of W-plants is
noticeably bigger compared to the potential of PV-plants. In
most of the Russian Arctic, the average annual wind speed
exceeds 5 m/s2, which is considered to be favourable for the
use of wind generation (Lukutin et al., 2015).

The use of W-plants in the Arctic is characterised by the
following factors.

1 How solar panels can thrive in winter weather. [Electronic resource].
Available at: URL: http://poweroverenergy.org/renewables/solar-
panels-can-thrive-winter-weather/

2 Natsionalnyiy atlas Rossii: vetrovoy rejim. [Electronic resource].
URL: HaumoHanbHblaTnac.pd/cd2/172/172.html
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Firstly, maximum localisation of W-plant elements is
required. A serious problem that has led to the suspending of
several promising wind farm projects is the difficult delivery of
parts to Russia and their onward transport to the Arctic and the
Far East. To some extent, the problem of transport
infrastructure is related to this problem. Distance barriers,
underdeveloped infrastructure, the absence of specialised
equipment in far-flat regions create difficulties in delivery and
installation of WPS equipment.

Of course, there are special requirements for W-plants in
the Arctic. Lubricants and bearing structures of WPS should be
made of low-temperature materials. A reliable and effective
system of protection against the action of hurricane winds is
necessary in the Arctic and the coastal regions of the Far East.
Construction in earthquake-prone areas which have more than
8 points on the MSK-64 scale (the bulk of the coastal areas of
the Far East) requires strengthening of bearing structures of
WPS, their foundations and power lines. Construction of W-
plants of medium and high power (more than 300 kW) is
possible only on a pile foundation.

Another problem is the lack of qualified personnel to repair
W-plants in far-flat regions.

In addition, in some cases, a refined analysis of the wind
potential of a locality may indicate that the W-plants should be
located in a place removed from the autonomous consumer,
that makes construction irrational due to increasing capital
(transmission lines to the consumer, transport infrastructure to
the plant) and operational (voltage loss in power lines) costs.

Methods for Optimising the Composition of
Hybrid Wind-Solar Power Plants

Existing optimisation methods

Currently, there is a large number of methods for
determining the optimal composition of hybrid complexes (Al-
Falahi Monaaf at al., 2017): classic (iterative, analytical,
graphic, linear), modern (artificial, hybrid), computer (genetic
algorithms), etc. Some of them use averaged statistics on the
level of insolation, wind speed, daily load, etc.

Some methods, for example, computers, allow to increase
the detail of calculations. They involve the use of retrospective
data on insolation and wind speed at short intervals (up to
every hour of the year), and a set of averaged daily load
schedules (Sosnina et al., 2018). Technical and economic
parameters are calculated for each period of time throughout
the entire period of operation of the hybrid power plant [A1].
The disadvantages of this approach include the need for a
large, detailed database of meteorological data for previous
years, and the advantages include the possibility of modelling
the operation of the complex at any stage of operation, which
makes it possible to optimise its modes of operation. Refusal to
use a large number of averages can be assessed differently:
on one hand, there is a deviation from a statistically verified
typical description of weather conditions, on the other, climate
change can be taken into account and the probability of using
outdated and irrelevant statistical information is generally
reduced.

Most of the classical methods use single-purpose
optimisation, while more modern methods allow us to
determine the optimal composition of the complex based on
several criteria.
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Method of research

In (Ayodele and Ogunjuyigbe, 2015), the genetic algorithm
was used to determine the optimal structure of an autonomous
hybrid complex of a PV-W system with DP backup and
batteries, and optimisation was carried out according to the
criteria of COE, reliability and carbon emissions. On the basis
of the mathematical description presented in (Ayodele and
Ogunjuyigbe, 2015), the optimal composition of the hybrid
system was determined for the selected locality.

The initial data were taken from 12 typical graphs of the
electrical load, as well as the hourly values of insolation and
wind speed over the last year. In order to simplify the
calculations, the values of the array of meteorological data
were extended to the entire estimated life of the station
according to, the passport of the PV plant - 25 years. The
calculation programme was implemented in the MO Excel
program and its VBA application. The search for a solution was
initially carried out according to the criterion of the lowest COE,
which made it possible to use the selection method instead of
the more complicated genetic algorithm.

Determination of the Optimal Composition of
Wind-Solar Power Plant

Characteristics of the object of study

In the case-study we considered the settlement
Nizhneyans in the Yakutia region with a population of about
250 people. The optimal composition of the PV-W power plant
with DP was calculated for the urban-type locality of
Nizhneyansk.

During the calculation, data about the hourly, monthly
averaged, load values in Nizhneyansk in 2016 were used.
Thus, 12 typical electrical load curves were taken as a basis.
The diagrams of averaged daily loading are characterised by
the absence of salient peaks and valleys in electric energy
consumption and, in general, correspond to a small settlement
with a poorly developed industrial sector. The lowest average
value of load per hour is 176 kW (July), the highest is 376 kW
(December), the average value of the load per hour during the
year was 288 kW. Fig. 2 shows a typical daily load curve for
January and July.
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Fig. 2. Typical daily load curve for January and July
Mathematical description of system elements
Solar power plant

Data on hourly wind speeds and solar insolation are taken
from the database3. For a more detailed analysis, the

3 Data base Renewables.ninja. [Electronic resource]. Free access:
https://lwww.renewables.ninja, (Date of access 3 June 2019)
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meteorological data for all available years should be used,
however, in this study, the calculation was made for the life
cycle of the HC of PV-W system within 25 years based on data
for 2017. The PV modules Quantum KSM 200 were selected
as photovoltaic cells for the PV-W system.

The power from the PV module was calculated as

P —

pv_output — va_r X Ht 'npv’ (1)

where Ppy r - is the nominal rated power of the module, H; - is
the total solar radiation on a fixed inclined surface, nev — is the
efficiency of the module.

The economic calculation also considers the cost of DC/AC
converters required for operation in the PV-W system.

In the course of the calculation, some assumptions were
made — for example, the effect of temperature on the power
generation of the PV module wasn't taken into account.
However, the air temperature averaged over the hourly zone
exceeded 20°C only once, reaching 20.4°C. Thus, the
decrease in electrical generation by the module due to
temperature is negligibly small, since technical parameters of
the module are specified by manufacturers of PV modules for
air temperature of 20°C.

Fig. 3 shows a diagram of the output power of the PV
module for 10 days in the period from 1stto 10t August.
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Fig. 3. The output power of the PV module for a 10-days period in
August, Kw

Wind power plant

Wind turbine Condor Air WES 380 / 50-50 was chosen as
a wind power plant. Fig. 4 shows a diagram of the output
power of a wind turbine for 10 days in the period from 1st to

10t August.
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Fig. 4. The output power of the wind turbine for a 10-days interval
in August
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The power of the wind turbine was calculated using the
equation

0 V <V,
VARRYA
P — Pr(vs_vanw Vci <V <Vr 2)
I:)r T Vr <V <Vco
0 VsV,

where V - is the actual wind speed at the height of the tower,
Vei — is the initial wind speed (wind turbine switching on), Veo —
is the limit wind speed (wind turbine switching off), V: — is the
nominal wind speed, Pr — is the nominal wind turbine power;
new — the electrical efficiency of the wind turbine.

Diesel power plant

In order to ensure reliable power supply to consumers, the
total power of a diesel power station was chosen equal to 450
kW, which is almost 20% more than the maximum averaged
over the hourly zone power during the year. This margin is
required for stable operation of the system.

Usage of several diesel generator sets instead of the big
one allows to provide the required level of reliability, and an
optimal choice of the nominal rated capacities of the
generators - to obtain effective operational factors, as
demonstrated in the work [Ogunjuyigbe et al., 2016].

The fuel consumption of DP for a given hour t was
calculated by the formula:

P

F(t) = (0.246 x E, (t)) + (0.08415 x 1hj 3)

where Pr - is the nominal power of diesel set, kW; 0.246 and
0.08415 - empirical values, taking from (Ayodele and
Ogunjuyigbe, 2015), IIkWh; Eq(t) — energy deficit calculated as
Eq(t) = Eres(t) — EL(t), where Eres(t) — electric power from RES
at a given hour, EL(t) — electric power required by consumers
and numerically equal load power at a given hour.

Results

The main factors that were used for optimisation during the
implementation of the algorithm were certain economic criteria:
the cost of electricity (COE) and the related parameter — the
life cycle cost (LCC). However, in the process of calculations,
other parameters of the complex were also determined - the
total investment cost (TIC), carbon dioxide emissions (ECO),
annual system cost (ASC), dump energy (D).

As a baseline, an optimal configuration without PV-W
system was found. Three diesel generator sets have a rated
power of 250 kW, 150 kW and 50 kW. Two more types of
optimal configurations were determined: DP+W plant and
DP+PV plant. Finally, another configuration corresponds to a
fully optimal composition and includes DP and PV-W plant.
Figure 5 shows the installed capacity in the four options.
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Fig. 5. The installed capacity of four considered configurations
Table 1 shows the cost of electricity (COE).

Table 1. COE of considered configurations

Configurations
DP D+PV D+W D+W+P
plant plant V plant
COE, 16.58 14.36 7.70 7.51
rub.

The main technical and economic parameters of the power
plant operation under various configurations are presented in
the radar diagram in Fig. 6
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Fig. 6. The main technical and economic parameters of the
system operation under considered configurations

The amount of generated electricity in the option #1 is
2533 kWh and it is equal to the demand for electricity. In
variants 2-4, energy of dump appears — waste unused energy.
In option #4, dump D is large and it is about 55%. However,
despite this, the LCC is the smallest in the presence of such a
dump value.

On the other hand, a large amount of dump energy can be
used for water supplies. According to approximate estimates,
the dump energy of about 3.1 million kWh/year is enough to
heat 39,400 tons of water from a temperature of 5°C to 70°C.
Based on empirical data on the average person’s consumption
of about 85 litres of hot water per day, this would be enough for
hot water supply of more than 1300 people. The population of
Nizhneyansk is about 250 people, therefore, dump energy can
be used to heat the locality.

1M

Fig. 7 shows the PV-W system behaviour with DPS for 24
hours in May.
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Fig. 7. Demonstration of the work of elements of the HC for 24
hours in May

Curves of generated/consumed power: blue - PV plant, green -
W plant, Yellow - load, red — diesel plant

The study also found that the construction of a SPS for a
given area is not justified up to a certain level of investment.
Fig. 8 shows the dependence of the rate of change of LCC on
the level of investment. As indicated in Figure 7, every 1 million
rubles invested in W-plant reduce the LCC by approximately
19 million rubles.

—— PV plant
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Fig. 8. The dependence of the rate of change of LCC on the level
of investment TIC

With the increase in investment, the effect decreases,
however, the construction of wind turbines is still preferable to
the PV-panels up to a level of investment of about 50 million
rubles, which corresponds to 25 wind turbines of the selected
capacity. If the investment in the project is 50 million rubles or
more, then in order to reduce LCC and COE, it is advisable to
include PV-generation in the system. However, beyond the
optimal investment point with the optimal configuration found
above, LCC and COE begin to grow.

Conclusion

The widespread distribution of wind and solar energy in the
Arctic, despite its great potential, is currently constrained by a
number of factors. The main problem of using W plants in
harsh climatic conditions is reliability — the equipment must be
protected from the action of hurricane winds, sudden changes
in temperature should be withstood and work should be carried
out in conditions of extremely low temperatures. The use of PV
plants is limited mainly to the geographical features of the
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region — with a sufficient level of insolation, on average, there
are significant periods of the polar night during the year (up to
half a year at the North Pole); However, it is worth noting that
the potential of solar energy is still noticeably inferior to the
wind one.

At the same time, most of the power supply facilities are
located in areas with a milder climate. However, the
development of technologies cannot be ignored and as a result
of this an increasing number of facilities based on RES appear
in the Arctic region.

The construction of the PV-W systems should be carried
out based on the latest global trends in the design of such
objects. The need for deep reconstruction of many power
supply systems of remote low-power consumers in the Russian
Arctic due to their low efficiency establishes excellent
conditions for creating “from scratch” high-tech and efficient
systems with intellectualisation elements.

In the work, the optimal structure and parameters of the D-
PV-W plant for the settlement Nizhneyansk of the Yakutia
region are determined. An estimation of the impact of an
additional criterion for the total investment cost (TIC) limitation
on a result of solving an optimisation problem is given. It is
shown that the ratio of the proportions of the solar and wind
power is not constant when the TIC changes and it changes
when one of the renewable energy sources is excluded from
the complex.
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