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TEXHUYKU EJIABOPAT

IIpoGyieM KOju ce TEXHHYKHM pellemheM pemasa:

Introduction

High emissions of greenhouse gases linked to imminent climate change and depletion of fossil
fuels for power generation have necessitated the search for alternative solutions for the energy
supply. For the case of islands, this situation is exaggerated due to often autonomous electricity
grids and difficulty in balancing supply and demand. To tackle these issues, renewable energy
sources (RES) coupled with battery or other storage could offer a cost-effective and sustainable
energy supply for both large and small islandic energy systems. At the same time, many islands
also have economies based on touristic activities that are usually seasonal in nature. This short-
term influx of visitors often means that islands’ energy systems must be greatly over-
dimensioned from what would be needed if only considering permanent residents. This is
coupled with the other sustainability issues that local energy planners must also take into
consideration, such as the need for the decarbonization of energy systems, the impacts on local
communities and groups of these new systems as well as the economic feasibility of the
emerging energy projects.

Put succinctly, energy planning for the decarbonization of islands necessitates the following:

o RES coupled with energy storage (supply side)
e Modern smart grids (energy transport infrastructure)
e Optimized energy scenarios (energy planning)

e Demand side management strategies (user perspective, individual and collective
behavior).

Problem definition

It can be shown from the literature that many researchers of island energy planning have placed
a significant emphasis on techno-economic evaluations and/or focus on a single island, or a
small chain of nearby islands. This has sometimes left social and, to a lesser extent,
environmental questions relatively unanswered and only provided island planners parts of the
picture they need when making their decisions. In that way, planners could be unsure of
whether or not the developed solutions are applicable to their island’s geographic, social,
technical and economic circumstances. The development of an integrated energy planning
decarbonization platform and the results from its application to a number of diverse islands
could assist them in planning for the energy futures of their islands.

Crame peleHocTH Tor npoodjaemMa y cBeTy:

State of the art solutions

The unique and varying set of problems on geographic islands has led to a range of different
approaches, scopes and goals having been used in literature to account for the special



circumstances in island energy planning. Many researchers have employed methods focused
on techno-economic optimization to develop and plan energy systems for islands. The cost
optimal sizing of solar PV and battery systems on an isolated island in India is studied in [1] to
determine if such systems could potentially serve as economical and technically reliable
alternatives to fossil fuel-based power generation. An optimal energy mixed is determined
using techno-economic analysis on the Italian island of Lampedusa in [2] and finds that when
40% of the island’s current demand is replaced with renewable production the costs for
electricity production could be reduced. The potential for economic savings from a hybrid
solar-diesel power generation system in comparison to a diesel only system for an isolated
island in the Philippines is studied in [3]. In [4], the potential for developing a reliable and
least-cost RES-based electrification systems is assessed for a number of un-electrified islands
in the Philippines.

The techno-economic feasibility of integrating differing amounts of renewables into Russia’s
Popova Island’s energy system is considered in [5] and it is found that a penetration shares
above approximately 46% cause system costs to begin to increase and finds a 95% penetration
to be nearly three times as costly. In [6], the techno-economic impacts of the use of electric
vehicles on the Portuguese island of Porto Santo’s is investigated and finds decreased periods
of renewable curtailment and of thermal plant operation. Six geographically varied islands are
investigated in [7] for how their cost-optimal hybrid renewable energy system configurations’
change with increasing renewable energy production, to find the final optimal RES penetration
ranges for each of the islands. The system’s reliability and the cost savings of a number of
combinations of hybrid solar PV and wind power projects coupled with battery storage on an
island in China are presented in [8]. The technical, economic and environmentally optimal
configurations of the Italian island of Favignana’s energy system with high renewable
penetration are assessed in [9]. The benefits of sector coupling to such a system are also
considered in [10] where the optimal energy scenarios on the same island, including both
battery and hydrogen storage, are techno-economically determined and environmentally
analyzed. The seasonal variability in population, typical to many islands, is considered in [11],
where a range of hybrid RES and diesel projects are evaluated with the goal of finding a cost
optimized energy system configuration for a resort island in Malaysia. A methodology seeking
to explore the potential of RES integration is applied on the island of Cozumel in Mexico in
[12], where techno-economically optimized 50% and 100% renewable hybrid electrical
systems coupled with batteries are evaluated. A techno-economic optimization is done to
determine the sizing of renewable hybrid power systems both with and without storage for the
Nicaraguan island of Ometepe in [13]. The economic and technical feasibility of roof mounted
solar PV systems in the Maldives is analyzed in [14], while the environmental benefits gained
by the reduced usage of diesel generation are also assessed. A stepped decarbonization of
Jamaica using renewables and battery storage is examined using technical and cost perspectives
in [15] to find if such a system could eventually phase out fossil fuels from the island’s energy
production in an economical manner. In [16] the amount of wind and solar PV generation that
can be technically and economically integrated on the Japanese islands of Teuri and Yagishiri
energy grids without the usage batteries is investigated and found to be nearly 20%. Renewable
energy scenarios for the entirety of the Canary Island chain, including transport, heating, and
interconnections between the islands are techno-economically analyzed in [17] to determine if
the islands are able to achieve 100% renewable energy production by 2050 at a lower price
than the islands’ current fossil fuel dependent energy system. A study of different renewable
energy system scenarios on the Island of La Gomera in the Canary Islands in [18] seeks to
determine if 100% sustainable energy systems on islands are technically and economically
feasible by 2030. On the island of Gran Canaria, a cross-sectoral method is applied in [19] and



different transition strategies are used to conclude that a nearly 76% renewable energy system
could be achieved.

Onuc TeXHMYKOT pelliehba ca KapaKkTepucTuKama, ykbyuyjyhu nparehe
WIyCcTpalmje U TeXHUYKe IpTeKe:

Proposed Algorithm

The first step of the proposed REACT-DECARB platform is concerned with the gathering of
the data that is then used in the creation of energy scenarios. This process requires a significant
amount of information on both the location where potential energy projects are to be deployed
and about the projects themselves. That is specifically important for geographic islands given
the often-high seasonality in electricity demand and the increased costs of transporting
technological components and personnel to them. At the same time, a number of other
parameters must be evaluated. These are both technical in nature (is there existing
infrastructure), as well as legal or social (is the area protected in some way). Once energy
potential and limitations have been assessed the technologies feasible for deployment can be
determined.

The next step entails the creation of technologically feasible scenarios for the island being
reviewed. To be most effective, this step requires a technical configuration of systems which
are optimized to the specifics of the island and its energy needs. There are a number of
modelling and planning tools that can be used to assist in determining energy project techno-
economic feasibility and there is no perfect model for all cases. These tools have differing
purposes, approaches, methodologies, scales and time steps that provide different
functionalities suited for differing applications.

Subsequently, the REACT-DECARB platform comprises an analysis part that includes an
economic, sensitivity and risk analysis as well as an environmental and social dimension
analysis. In this system, the LCOE is used for the economic analyses. The LCOE tool is
commonly used for economic analysis to compare electricity generation technologies and
systems. The calculation of LCOE for a project is based on the energy produced by it over its
operational lifetime and the life-cycle costs. LCOE determines the minimum a project must
receive for a unit of electricity produced to cover its generation lifetime costs. A project’s
investment cost is the total cost of the construction of its components while the total annual
cost can include items such as fuel and operations & maintenance costs. The total annual costs
and annual electricity generation, generally including degradation of production, are
discounted each year to the present value as to make them comparable. There are many
different methods for calculating LCOE and two of the most common are critically assessed in
[20].

Finally, this approach, illustrated in Figure 1, uses Monte Carlo analysis (MCA) to consider
the uncertainties involved when calculating an economic indicator, such as LCOE. MCA uses
random sampling from a set of inputs to perform repeated iterations of a process or calculation
to provide a distribution of the potential results and the likelihood a range of results will occur.
By providing a distribution rather than a single value, the user is better able to assess the
uncertainties around indicators. These indicators can be costs, electricity prices, energy
production and weather variations. MCA has been used in techno-economic analyses for many
years to fill this role.
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Figure 1 - The REACT-DECARB platform for islands: structure and flow of analysis

Use case demonstration

Eight EU islands were considered in total for showcasing the operation of the proposed
algorithm. All of these islands have differing sizes and have varying local climates. All were
evaluated for their tangible renewable energy potentials based on their specific environmental
and regulatory conditions and Table 1 shows the key characteristics of each island. Of these,
the Spanish island of La Graciosa and Greek island Lesvos were selected specifically to
demonstrate the workflow of the presented methodology.

Located in the Atlantic Ocean off the west coast of Africa in the Canary Island chain, La
Graciosa has a permanent population of about 800 individuals and is separated from the larger
island of Lanzarote by only, at its closest point, one kilometer. The island is connected to
Lanzarote with a 1 MW underwater cable which provides most of the island’s electricity. The
island’s economy is based primarily on fishing and tourism. La Graciosa has favorable
conditions for both wind and solar power but the expansion of both is limited by most of the
island’s designation as a UNESCO protected site. Some solar PV technology is in place on the
island but these installations are limited to rooftops. By minimizing operational costs for
various site configurations using mixed-integer linear programming, a list of suitable scenarios
was obtained. Specifically, “Scenario I”, defined by a total installation capacity of 500 kW, of
photovoltaic generation coupled with an electric battery sized at 400 kWh of maximum state
of charge, will be demonstrated.

On the other hand, the island of Lesvos is located in the northeast Aegean Sea and is the third
largest of the Greek islands. The island has a permanent population of 110,000 inhabitants and
its economy is based on agriculture, farming, handcraft and tourism. The island has no
connection to a larger grid and this lack of access requires the island to produce its own
electricity using a 75 MW oil-fired thermal facility. Lesvos has favorable conditions for solar,
wind, geothermal and some hydro power and has nearly 9 MW of solar PV capacity installed,
14 MW of wind power installed and some geothermal usage which provides limited heating to
greenhouses. The island currently has a cap on new renewable generation due to grid stability



issues. Again, by using mixed-integer linear programing, a theoretical scenario (“Scenario I1””)
has been devised that includes a mixture of 30 MWp of photovoltaic generation, 30 MWp of
wind generation and a significant storage capacity of 80 MWh.

Table 1 - Use case island summary information

La Graciosa San Pietro Aran Gotland Lesvos lsle of Majorea La Reunion
Islands Wight

Island population (approx.) 800 6200 1300 60,000 110,000 140,000 850,000 560,000
Interconnected Yes Yes Yes Yes No Yes Yes No
Existing grid stability issues No No No Yes Yes Yes Yes No
Koppen-Geiger climate Sub-tropical Hot summer Temp. Warm summer Hot summer Temp. Hot summer Tropical

classification [50] desert Medl. oceanic continental Med. oceanic Med. monsoon
Favourable RES technologies Wind, Solar Wind, Solar, Wind Wind, Solar Wind, Salar, Wind, Wind, Solar Wingd, Solar,

Geothermal Geothermal Solar Geothermal

Area (ki) 29 51 46 3183 1633 380 3640 2511
Scenario targeted 100% RES No No Yes Yes Neo Yes No No

electricity autonomy

Results

For the economic analysis three methods of LCOE were applied: one on an annuity basis!, one
on a non-annuity basis?, and one based on equity cost with fixed un-degraded annual
production?. Table 2 summarizes the basic economic assumptions used in all scenarios.

Table 2 - Key assumptions used for the economic analysis of all scenarios.

Assumption type Amount Unit
Inflation rate 2 %
Nominal discount rate 10.7 %
Project lifetime 20 Yrs
Solar PV system lifetime 20 Yrs
Solar PV module production degradation 0.5 %,/yr
Wind turbine lifetime 20 Yrs
Wind turbine production degradation 1.5 %/yr
Battery system lifetime 15 Yrs
Electricity price increase 2 %,/ yr
Equity share 3 %

A sensitivity analysis is conducted to evaluate the impact that the changes in estimated energy
production and initial investment cost have on the scenarios’ LCOE. Additionally, a risk
analysis is used to determine the distribution of LCOE at a given risk level. The main inputs
needed to perform the economic evaluation of these scenarios include the procurement cost,
the cost of installation of energy generation and storage systems, the operations and
maintenance costs, replacement costs and decommissioning costs.

i.  Analysis for La Graciosa

The obtained LCOE values (0.21, 0.19 and 0.19 EUR/kWh) vary slightly between the
three different calculation methods for the same input data but are within a range of
+10% of each other. For La Graciosa Scenario I, the sensitivity of the LCOE to changes

! As used by U.S. National Renewable Energy Laboratory (NREL); https://www.nrel.gov/
2 As used by International Renewable Energy Agency (IRENA); https://www. irena.org/
3 As used in RETScreen, Natural Resources Canada; www.retscreen.net




in the initial cost of the new system as well as the amount of electricity produced was
tested and the results are presented in Table 3.

The sensitivity analysis above is complemented by a Monte Carlo risk analysis for
Scenario I with a 10% level of risk and 5000 possible variations of the given inputs
used in calculating LCOE within a range of £25% to provide a frequency distribution.
The distribution is shown in Error! Reference source not found. where the height of
each column indicates the frequency which the LCOE values occur within a given range
around the shown value on the x-axis. The distribution shows that LCOE values are
relatively near, but still above, an electricity price of 150 €/ MWh in only about 2% of
the 5000 different input combinations for the scenario.

Table 3 - La Graciosa Scenario | LCOE (€/MWh) sensitivity analysis

ve analyss Initial costs i € =)

Electricity exported to grid -] 849 142 1031101 1213060 1395019 1576978
MWh | -30,0% -15.0% 0.0% 15.0% 30,0%

615,89 -30,0% 209,93 24128 272,63 30399 33534
703,87 -20,0% 183,69 ma2 23855 26599 29342
791,86 -10,0% 163,28 18766 212,05 23643 260,82
87984 0,0% 146,95 168,90 190,84 21279 23474
967.83 10.0% 13359 | 153.54 17349 19345 21340
105581 20,0% 12246 140,75 159,04 17733 195,61
114379 300% | 113,04 12992 146,80 16368 180,57
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Figure 2 - La Graciosa Scenario | LCOE (€/MWh) energy production cost distribution

ii.  Analysis for Lesvos

The sensitivity of Lesvos Scenario II’s LCOE to changes in the initial cost of the
installed system as well as the amount of electricity produced was also tested. Table 4
shows that, at the initial cost and production assumptions, Lesvos Scenario II’'s LCOE
is unattractive at the given local electricity price of 100 €/ MWh. The sensitivity analysis
shows that, unlike the La Graciosa scenario above, no combination of adjustments to
these key inputs within a range of £30% results in a viable LCOE. The price of the
initial investment would need to be reduced by more than half or the production



increased by more than 90% before the scenario’s LCOE nears the estimated electricity
prices on the island.

The sensitivity analysis above is complemented by an LCOE distribution for Lesvos
Scenario II with the same level of risk and number of variations and uncertainty range
for the variables as described for the La Graciosa case. The distribution is shown in
Figure 3 and finds that none of the LCOE values in any of the 5000 different input
combinations for the scenario approach the local electricity price of 100 €/ MWh.

Table 4 - Lesvos Scenario Il LCOE (€/MWh) sensitivity analysis

I- Remove anal)sis:

Electricity exported to grid

MWh
87 690,31

100 217,50
112 744,69
125 271,87
137 799,06
150 326,25
162 853,44

-30,0%
-20,0%
-10.0%

0.0%
10,0%
20,0%
30.0%

Initial costs | ¢ [B]5)]
- 123594713 150 079 295 176 563 876 203048 458 229533039
-30,0% 15,0% 00% 15.0% 30,0%
219,96 252,01 284,06 31611 34816
192,46 220,51 248,55 276,60 304,64
171,08 196,01 22094 245,86 270719
153,97 17641 198,84 a2 2431
139,97 16037 180,77 201,16 22156
128,31 147,00 165,70 184,40 203,09
11844 13570 152,96 170,21 18747
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Figure 3 - Lesvos Scenario Il LCOE (€/MWh) energy production cost distribution
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In general, it can be concluded that, unsurprisingly, local climate had a leading role in
determining which renewable sources were appropriate for potential development but the
specifics of the islands, including topography, population and legal requirements were also
strong determinants. These findings point to the implication that any methodology developed
for the specifics of a single island is likely to need revision before it can be applied to another.
The REACT-DECARB platform was developed with this need for flexibility in mind and can
provide guidance to planners on any island as they fit the framework’s steps to their needs and

abilities.
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To whom it may concern,

This document serves to verify that a software solution described in an elaborate titled “A System for
Planning the Electricity Supply in Geographical Islands” (original: “Cucmem 3a nnaaHupare
cHabOesara eneKMpu4Hom eHepaujom eeoepaghckux ocmpea”) has successfully been tested and
applied in a real-world environment in the context of evaluating the feasibility of multiple RES-based
configurations, specifically for the Lesbos island in Greece.

The developed methodology forms an energy planning decarbonisation platform aimed at assessment
of systems employing renewable energy sources coupled with storage for islands. The primary output
of this platform is the economic assessment of multiple potential combinations of renewable
generators and storages via a levelized cost of energy (LCOE) calculation alongside a sensitivity and
uncertainty analysis of the economic performance results. The technical I/O specification of this
software solution is roughly as follows:

e Inputs: A selection of technical energy scenarios (asset configuration),
production/consumption dataset and economic parameters (costs, inflation rate, discount
rate, project and asset lifetime, etc.)

e Qutputs: Overall LCOE (in EUR/MWh) for the analysed scenarios (e.g., from 162 to 243
EUR/MWHh for Lesbos in the analysed scenarios)

This software solution was applied in the context of the REACT project (active from 2019 to 2023)
funded by the European Union’s H2020 programme.
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to monitoring of innovation activities by the Ministry of Education, Science and Technological
Development of the Republic of Serbia.
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