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Abstract

This paper aims to analyse the current situation of the energy system of the remote island territory of Solovetsky
Archipelago. The Solovetsky historical and cultural complex was included in the list of UNESCO World Heritage
Sites. Diesel fuel, which is used on the archipelago is expensive and pollutes the environment. By using
Computational Fluid Dynamics (CFD) based numerical method, this study aims to determine the wind energy
potential of the territory, which will cover part of the energy consumption. For the best use of wind potential, several
variants of the location of the wind park were analyzed in this study. Thus, using wind energy, as an alternative
source, the amount of emissions of harmful substances will be reduced, which is a priority for the Arctic region.
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1. Introduction

The need to reduce emissions of pollutants into the atmosphere is increasingly focused on the current
situation in the global energy system. The transition from fossil fuels to renewable energy sources (RES)
is a key strategy aimed at protecting the environment and solving energy supply problems. Concern about
the fact that production of energy from renewable sources is not constant and does not satisfy energy
demand, has prevented many countries from integrating RES into the national energy systems. However,
remote islands often provide ideal conditions for a feasibility study and the creation of independent
energy systems based on the use of alternative energy sources, due to lower population density, less
energy consumption and extensive land or coastal areas not sufficiently involved in economic activities,
which enable the use of alternative energy sources [1]. There are more than 50,000 islands in the world,
which accounts for 17% of the total land area of the globe [2]. At present, there are a number of problems
related to the energy supply of the island territories. Islands, located far from the mainland, are often
dependent on the import of fossil fuels, which are usually costly due to transportation costs [3,4].
Therefore, remote islands often provide ideal feasibility study conditions for introducing independent
energy systems based on the use of alternative energy sources.

Published works on energy supply of the island territories mainly describe the power supply system of
the southern territories where the heating load is either absent or has small values. Maldives uses diesel
power plants for energy supply. Fuel for the power plants is delivered from the mainland. The solar, wind
and energy potential of the Maldives biomass is 9.51 = 10 MW [5], which is much more than their
annual energy consumption. In the work "Integration of optimal combinations of renewable energy
sources into the energy supply of Wang-An Island” [1], a comprehensive study was conducted for Van-Ai
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Island, located west of Taiwan Island, which includes calculating the energy that can be obtained by wind,
sun, waves and biomass, as well as a solution to the problem of the inconstancy of energy production.

Canaries are also highly dependent on the export of petroleum products, which account for up to 99%
of the energy consumed. In the work "Mutual adaptability of renewable energy and water-supply systems
in islands" [6], a model is proposed, through which the Canaries will completely switch to an energy
supply system based only on alternative energy sources by 2050. One example of the successful
implementation of wind turbines on remote islands is the Galapagos Islands, Ecuador. In January 2001,
an oil tanker struck a reef and spilled about 570 m* of diesel near San Cristobal — one of the inhabited
islands of Galapagos, threatening the irreplaceable plants, birds, and marine life. After this disaster, a
global renewable energy project on the Galapagos Islands was implemented in 2007 to reduce greenhouse
gas emissions and the risk of another oil spill at this UNESCO World Heritage Site. According to the
project, three 800 kKW capacity wind turbines were built. Between 2007 and 2015, wind turbines have
supplied, on average, 30 percent of the electricity consumed on San Cristobal, replacing 8700 m* of diesel
fuel and avoiding 21000 tons of carbon dioxide emissions. In addition, monitoring results confirmed that
turbines had not killed or injured any of the critically endangered Galapagos seabirds. On the territory of
Russia there are remote territories with similar problems. An example is the Solovetsky Islands, which are
located in the Arctic zone of the Russian Federation, where the heating load has great importance due to
the Arctic harsh climatic conditions. The Solovetsky historical and cultural complex was included in the
list of UNESCO World Heritage Sites. On one of the islands there is the Solovetsky settlement, whose
population is 898 people. The power supply system of the Solovetsky settlement is isolated.

The purpose of this paper is to review energy demands of Solovetsky Archipelago and to evaluate the
potential of wind energy as an alternative source to meet these energy demands. In this study, the current
energy system is reviewed, the measurements of the wind speed are analyzed, annual energy production is
calculated using modeling. It is hoped that this study will contribute to the development of wind power in
the region and will help both scientists and investors in future projects.

2. Current Problems in the Energy System of Islands

The production of heat and electric energy is provided by Thermal Power Plant (TPP) and Diesel
Power Plant (DPP) equipped with diesel-generator sets and hot-water boilers, the main fuel of which is
diesel fuel. Diesel fuel is delivered to the settlement only by sea during the summer sea navigation. The
difficulty of delivering fuel by the Northern way increases its cost several times. At the TPP, two diesel-
generator sets with each unit capacity of 823 kW are installed, and at the DPP — two diesel-generator sets
with each unit capacity of 1,000 kW are available. Calculation of electrical and thermal loads was carried
out on the basis of data from the logbooks of the energy supply organization, in which the consumption of
diesel fuel is recorded. The average daily capacity in winter was 1440 kW, in summer — 721 kW. The
maximum load was 1600 kW.

During the calculation of emissions of harmful substances from diesel-generator sets, operating data on
the consumption of diesel fuel were used. Gross emissions of carbon monoxide, nitrogen oxides in
recalculation for nitrogen dioxide and sulfur oxides in recalculation for sulfur dioxide are shown in Fig. 1.
It is necessary to cover part of the electric load by introducing alternative energy sources in consideration
of the amount of pollutant emissions from diesel-generator sets, as well as the cost of transporting diesel
fuel to the archipelago. This will reduce the load on the diesel generators, the consumption of diesel fuel
and emissions of pollutants. Solovetsky Islands belong to the regions of the Far North, and their climate is
significantly influenced by wind. Therefore, it is necessary to analyse the possibility of introducing wind
power plants.
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Fig. 1. Monthly emissions of pollutants at Solovetsky Archipelago (2016)

3. Measurement Data

It is necessary to calculate the mean wind speed to assess the wind potential of the Solovetsky
Archipelago. Mean wind speed is the main characteristic determining wind intensity. In this paper, wind
measurements from National Centers for Environmental Information (NCEI) were used [7]. NCEI is the
world’s largest provider of weather and climate data. The data from an on-site weather station located at
the airport of the Solovetsky settlement, which NCEI received from the U.S. Air Force Climatology
Center, were analyzed. The data was gathered from April 2012 to February 2018. Unfortunately, the
Solovetsky Islands are not equipped with sufficient meteorological equipment. On the islands, there is
only one meteorological station, measurements on which only occur at an altitude of 10 m.

4. Numerical Simulations and Local Wind Climate for Solovetsky Islands

The average wind condition at the Solovetsky Islands is used in the calibration of the wind resources
and in the Annual Energy Production (AEP) estimation. A wind climatology file is generated by using
WindRose Pro 3 software, giving the average wind speed distribution divided in velocity intervals (bins)
and wind directions (sectors). The original wind speed data are divided in one meter per second bins.
Incoming wind directions are divided in 12 sectors, where the first sector is centered around north. The
frequency distribution has been fitted to a Weibull distribution.
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Fig. 2. Local wind rose (left) and terrain elevation (m) (right) for Solovetsky Islands

A numerical wind database is established by CFD simulations using WindSim for Solovetsky Islands.
The numerical wind database is used to transfer the wind conditions from the measurement point to the
wind turbine hub positions. The source of wind data collection is elaborated in details in the measurement
data section. In this study, we are using 5 wind turbines type Vestas V90, hub height: 80 m, capacity of
each is: 2 MW. The number of wind turbines of this capacity was chosen based on the current energy
consumption. However, the increase in energy consumption due to population growth and tourism
development for the operational period of wind turbines was also taken into account. A digital terrain
model containing elevation and roughness data has been established for the area given in Fig. 2 right part.
The coordinate system is UTM, Zone: 36, Datum: WGS84, which is the coordinate system referred to
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whenever coordinates are used in this report. Note that the underlying datasets for elevation and
roughness might have different resolution. The following online sources have been used for elevation:
ASTER GDEM v2 Worldwide Elevation Data (1 arc-second Resolution) and for roughness: VCF Tree
Cover Worldwide 2005 (500 m Resolution). The simulation solver setting is given below in tablel. The
digital model represents the computational domain where the Reynolds averaged Navier — Stokes
equations have been numerically solved. In total 12 simulations have been performed in order to have a
3D wind field for every 30 degree sector.

Table 1. Solver setting for simulation.

Height of boundary layer (m) 500.0
Speed above boundary layer (m/s) 10.0
Boundary condition at the top fix pres.
Potential temperature No
Turbulence model Standard
Solver GCV

5. Results and Discussion

In this study, 6 years of data from National Centers for Environmental Information (NCEI) has been
used. The gross energy production, which is the energy production of the wind farm, is calculated by
predicted free stream wind speed distribution at the hub height of each turbine location and the turbine’s
power curve provided by manufacturers. The free stream wind speed distribution is obtained by the
WindSim flow model and the long term on-site wind conditions. Wind turbines extract energy from the
wind. The wind speed downstream from the wind turbine is therefore reduced. As the flow proceeds
further, the wake is spreading and recovers towards free stream conditions. The wake effect is calculated
by the Jensen wake model. Then the potential energy production is obtained by taking into account the
wake losses. Two locations were selected to simulate the operation of wind turbines (fig. 3). One of the
reasons for this choice is the distance from historical objects aswind turbines should not disturb the view
nor create noise. Another reason is the open area, as deforestation on the UNESCO site is prohibited.
Furthermore, roads are nearby, which facilitates the transportation and installation of wind turbines.

LOCATION 1

0-6d Cerlfivie Jydst ) LOCATION 2

Fig. 3. Locations of wind turbines

The wind resource assessment details are shown in Table 2. CFD simulations have been carried out to
get estimations for best fit site area in Solovetsky Islands for the development of wind turbines.
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Table 2. Modeling results.

Turbine .
Average AEP with Full .
. Type, No. of  Capacity Gross wind Wake wake load Capacity
Location Hub turbines (MW) AEP speed losses l0SSes hours factor
i 0, 0,
Hg‘ﬁ)ht GWhY) sy ) Gwhy)  (hours) (P
Vestas
Loc.1 V90, 80.0 5 10.0 20.5 5.3 13.1 17.8 1781.0 20.3
Vestas
Loc.2 V90, 80.0 5 10.0 224 5.6 7.9 20.6 2063.0 23.6

Wind resource assessment at location 1 gave the following results: gross AEP is 20.5 GWh/y and AEP
with wake losses is 17.8 GWh/y. From the results, it is clear that wake losses at location 1 are high and
amount to 13.1 %. For the second location, an acceptable result for the losses (<10 %) was obtained. Thus,
for the development of wind turbine park at Solovetsky Islands, coordinates of location 2 give the best

site area for wind turbines. The graphical comparison between locations can be seen in Fig. 4.
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Fig. 4. Energy (GWh/y) comparison with wake losses (%)

As mentioned above in the measurement data section, the data in the Solovetsky Islands are limited,
because there is only one meteorological station and technical equipment is not enough. For a much better
AEP estimation, data for a longer time and for different heights are needed, and it can give better
accuracy about the selection of potential construction site for wind park installation.

6. Conclusions

The main findings of this study are listed as follows:

o  During the analysis of the current energy system of the Solovetsky Archipelago, it was clarified
that diesel fuel has a considerable harmful impact on the environment.

o Wind speed and wind direction data were analyzed from April 2012 to February 2018. Two
variants of the location of the wind park were selected taking local conditions into account.

o The annual energy production of wind farm and wake losses were calculated for the two selected
locations. The results of location 2 gave a large AEP and smaller wake losses.
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