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Abstract

The Republic of Cyprus, an isolated energy system, generated approximately 5TWh
of electricity in 2017, 91.6% of which was generated from oil-fired turbines, the large
majority of which utilising heavy fuel oil.

The National Energy Strategy (NES) of Cyprus, with which the country aims to meet
its EU-2020 targets, compares the increase of renewables to a forecasted demand that
is no longer binding; being recently invalidated with new forecasts showing an
increase by at least 10% from the Transmission System Operator. The updated
forecasts are corrected, and a scenario is developed and modelled using the renewable
capacity desired by the national strategy.

This study presents a holistic analysis of the energy systems, highlighting the concerns
of relying exclusively on oil-fired turbines, with negative implications on all three
elements of the energy trilemma. A business-as-usual model for 2020 shows the
country not on course for meeting the 13% required target of renewable electricity
generation.

The study suggests a corrected pathway to 2020 from the national energy strategy,
resulting to a more cost-effective system that meets the EU-2020 targets. Furthermore,
a pathway to 2025 is designed and analysed, to include the gasification of power
stations, the implementation of an interconnector that is currently under construction,
and to integrate IRENA’s forecasted prices for renewable technologies. The suggested
pathway converts Cyprus to a net exporter, bringing down the levelized cost of
electricity by 7% compared to the values modelled for 2017, but also outputs a

renewable annual share of 26.5%.
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1. Introduction

The Republic of Cyprus, denoted in this report as RoC, is the largest island country in
the Mediterranean Sea, and one of the smallest EU Member States. With a rising
population, the RoC recorded 864,236 usual residents in January 2018 (Eurostat,
2018), with more than 3.6 million tourists arriving per annum (Ministry of Finance,
Statistical Service, 2018). Located in between Europe, Asia and Africa, its unique
geographical position together with its very resourceful climate, carries a great
potential for researching and integrating different renewable energy technologies.
Today, the RoC only controls 59% of the island, with a state currently only recognised
by Turkey occupying 36% in the north, a UN buffer zone that is in between at 4%, and
the remaining ~1% is from the two British sovereign bases located on the island.

Its electricity generation is largely centralised and energy isolated, relying on oil-fired
thermal power stations for more than 90% of total annual generation; resulting in a
highly polluting, inefficient and expensive energy system; creating a hostile
environment for one of Europe’s hotspots of biodiversity. Currently, no energy storage
solutions connect to the electricity grid, and there are no published plans of such
developments, forcing a high running reserve always sourced from oil-fired thermal
power stations. Being the last remaining energy-isolated European Member State,
efforts are underway to break this isolation through the interconnector ‘EuroAsia’, and
the gas-pipeline ‘EastMed’, following recent discoveries of natural gas fields south of
the island.

In the face of European energy targets, namely the 2020 target for 13% renewable
electricity generation, and the ambitious 2050 target of cutting CO2 emissions by at
least 80% in reference to 1990 values, have raised questions around whether the RoC
is developing responsible and sustainable plans for matching the Commission’s

targets.
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This report aims to identify and quantify the current energy system that is in place, and
through an analytical and scenario-based approach, to develop suggested pathways
that the RoC could follow in diversifying and decentralising its energy generation. All
energy pathways are built around the energy trilemma of cost of electricity,
environmental sustainability, and security of supply — all of which will constitute a

high degree of renewable penetration.
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2. Literature Review

This literature review will be an academic overview of the three building blocks of this
thesis — the electrical energy systems currently in place, the hydrocarbon resources that
have been discovered and which are awaiting exploitation, and the soon-to-be ended
energy isolation of the island.

Each of these topics will be explored, and their implications will be analysed through
a holistic approach to understanding Cyprus’ energy systems. The literature review
will be the foundation to then propose various future energy scenarios that the island
could follow through the integration of more renewables, but also the potential

gasification of the now oil-fired thermal power stations.

Literature Review — Flowchart Analysis

Electrical Energy Hydrocarbons Energy Isolation

Electricity Grid Block 12 ‘Aphrodite’ EuroAsia

v

Demand Profile

v

Thermal Power Stations Vassilikos Master Plan EuroAfrica

v

2011 Catastrophe

v

Variable Renewable
Generation

Natural Gas Network EastMed

Figure 1 - Literature Review flowchart
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2.1. Electrical Energy in Cyprus

Electricity in Cyprus relies mostly on heavy fuel oil, with oil-fired thermal power
stations having generated 91.65% of total electricity in 2017. While this percentage
remains very high, it is important to note that from 2011 to 2017, generation from
renewable energy sources more than doubled from 164.2GWh to 415.3GWh
(Transmission System Operator - Cyprus, 2018). Having said that however, Cyprus
has one of the biggest solar radiation exposures in Europe, giving the island great
conditions for photovoltaics and biomass, as well as significant exploitable energy

levels in-directly through wind.

Electricity Grid

Electricity in Cyprus is extremely centralised, with one thermal power station having
produced 64.5% of all generation in 2016 (Electricity Authority Cyprus, 2018).

The electricity grid, which is comprised of two public bodies, the Transmission System
Operator (TSO) and Distribution System Operator (DSO), operates at relatively low
voltage levels compared to other countries. At 66kV and 132kV, electricity is
transmitted from power stations to grid supply points, where the DSO transmits
electricity from 11kV to the distribution substations at 415V, 50Hz (Transmission
System Operator - Cyprus, 2018).

Currently, the electricity grid is operated by only one TSO and DSO, with Cyprus
being one of six EU member states where a DSO does not exercise control of high-

voltage lines (Eurelectric, 2013).
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Demand Profile

In 2016, the annual electricity production in Cyprus was 4.9TWh — in relation to the
3603.9TWh of the EU-28 bloc, standing at 0.13% (Eurostat, 2017). Even with the
country’s relatively small consumption, Cyprus still must meet EU, national and

international targets for reducing its carbon dioxide emissions and its sole dependency

on heavy oil.
EU-27 Vs Cyprus - Electricity
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Figure 2 - Energy generation EU-27 Vs Cyprus (Eurostat, 2017)

Peak demand always occurs in the summer, since Cyprus is a popular tourist
destination, giving a positive correlation between electricity generation and arrival of
tourists, which peak at half the island’s population in July and August (Ministry of

Finance, Statistical Service, 2018).

Electricity Generation Vs Tourism
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Figure 3 - Relationship between electricity generation and arrival of tourists (Ministry

of Finance, Statistical Service, 2018)

Cyprus’ peak demand as documented in the latest national annual energy report is

approximately 1GW, and the highest was recorded on the 2" August 2016 at 14:30,
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with a generation of 996MW (Cyprus Energy Regulatory Authority, 2017). As
expected, demand grew in 2017 and after analysing non-published generation data
from the TSO, a new peak demand was found on the 3 July 2017 at 15:00 with a
generation of 1023.78MW. Consequently, the days of 3" and 4" July 2017 were the

most energy-hungry of 2017, as shown in Figure 4.

Annual Peak 2017 Generation - 3" and 4t July
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Figure 4 - Annual peak generation, 3™ and 4" July 2017 (Transmission System

Operator - Cyprus, 2018)
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Figure 5 - Energy flow 2016 - Sankey diagram (Cyprus Energy Regulatory Authority,

2017)
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Generation varies greatly from hour to hour, with peak demand in the summer
occurring always around 14:00-15:00, and in the winter time around 19:00-20:00. The
global minimum appears to be around 04:00 for both winter and summer, with summer
typically being shifted up by 200MW compared to winter. Summer peaks occur mostly
from the contribution of air conditioning units cooling all sectors buildings, with the
increase of tourism adding extra pressure. In the winter time, peak demand occurs after
working hours, from the extra lighting demand and immersion heaters — even though
Cyprus has a high-penetration of solar thermal, hot water storage is often poor resulting

in high electricity demand of immersion heating in the winter time.

Energy generation - 9-15 January and 10-16 July 2017
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Figure 6 - Electricity generation comparison of winter and summer (Transmission

System Operator - Cyprus, 2018)
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Another important aspect of the generation profile is one regarding areas north of the
ceasefire, where the RoC does not exercise effective control. For reasons not disclosed
to the public, the electricity generated and distributed there is not and never have been
metered and billed, with speculations pointing to that the RoC did not want to bill a
body they did not recognise, in fear that it would legitimise the annexed state that is
currently only recognised by Turkey. Data acquired from the TSO, shows typical days
of summer, winter and mid-year, as in Figure 7, through a 66kV transmission line
(Transmission System Operator - Cyprus, 2017). Further analysis shows that an annual
4.38GWh is transmitted from the RoC, although this number fluctuates every year,
and is said to be decreasing — in their latest annual report, the DSO documented a

transmission of only 2.9GWh (Electricity Authority of Cyprus, 2017).
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Figure 7 - Electricity sent to areas north of the ceasefire (Transmission System
Operator - Cyprus, 2017)

23



Thermal Power Stations

Cyprus has three thermal power stations that are owned and operated by the Electricity
Authority of Cyprus (EAC), which acts as the distribution system owner, and the
distribution network operator, with a combined capacity of 1477.5MW.

Table 1 - Thermal Power Stations (Transmission System Operator - Cyprus, 2018),
(Electricity Authority of Cyprus, 2017)

Installed capacity of thermal power stations (MW)

Power Combined | Steam Gas Internal Total

Station Cycle Turbines | Turbines | Combustion | Generation
Engine Capacity

Moni - - 4x 37.5 - 150

Dhekelia - 6x 60 - 100 460

Vassilikos 2x 220 3x 130 1x 37.5 - 868

Thermal

Efficiency 45.67% 33.89% 24.33% 41.58% 36.3%

Fuel Used Diesel Heavy fuel Diesel Heavy fuel

Total

Generation 440 750 187.5 100 14775

Capacity

As seen from Table 1, turbines are undergoing an upgrade process, being prepared for
gas-fired operations. However, the five open cycle gas turbines in Moni and Vassilikos,
at a combined capacity of 187.5MW, currently operate with diesel oil fuel. The
100MW internal combustion engine at Dhekelia, and one of the steam turbines at
Vassilikos, are currently only utilised in emergencies (Transmission System Operator
- Cyprus, 2018).

At Vassilikos, the largest power station on the island, 440MW capacity of combined
cycle gas turbines that offer theoretical efficiencies up to double the ones of traditional
open cycle thermal stations, pave the way for what other power stations will naturally
follow. Unfortunately, with a gas terminal not yet implemented in any power stations,

they also operate with diesel oil fuel (Electricity Authority Cyprus, 2018).
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2011 Catastrophe

In the early hours of July 11" 2011, one of the largest non-nuclear, human-induced
explosions took place in the naval base ‘Evangelos Florakis’, 500m away from the
largest power station, Vassilikos, setting it non-operational. This catastrophe required
the fastest route to restoring energy generation levels, with generators rented from
neighbouring countries at a total capacity of 165MW and installed temporarily in all
three power stations (Electriciy Authority of Cyprus, 2012). The DSO, with
continuous cooperation from the TSO, were able to supply uninterrupted electricity 30
days after the explosion, after a very aggressive demand-side management process of
avoiding high-peaks and scheduling periodical electricity cuts (General Electric,
2017). Finally, the power station of Vassilikos was fully restored in 2013, reaching
today’s capacity levels of 868MW (Electricity Authority of Cyprus, 2014).
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Figure 8 - Thermal Power Stations' Installed Capacity

The unexpected event that took place in July 2011, is reflected in all statements and
graphs about the RoC, from electricity generation, to imports/exports, energy
forecasts, and important financial elements of the country; rendering void in extent

numerous national reports and strategies that the RoC had to then re-calibrate.
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Renewable Energy Sources (RES)

As previously mentioned, Cyprus’ renewable generation has more than doubled from
2011 to 2017, having generated 8.4% of total consumption in 2017, from a mere 3.3%
in 2011. Out of the 415.295GWh renewable energy generation in 2017, wind energy
supplied 51% at 211.007GWh, while photovoltaics stood at 40% with 167.792GWh,
and lastly biomass at 9% with 36.496GWh.

Table 2 - Renewable Energy Systems (Transmission System Operator - Cyprus, 2018)

Renewable Installed Generation Capacity
Sources 2017 Capacity (MW) | (GWh) Factor (%0)
Wind Turbines! 155.1 208.65 15.36
Wind Turbines 24 2.36 11.21
Photovoltaic Panels 112.1 167.79 17.09
Biomass 9.7 36.49 42.95
Total 279.3 415.29 16.97

Prior to 2010, there was no wind energy on the island. However, the ‘Orites’ wind
farm of 82MW installed capacity was introduced and directly connected to the
transmission network, marking the beginning of wind energy in the RoC. Today, there
are several wind farms directly connected to the transmission network, with an
installed capacity of 155.1MW, and a small number of 2.4MW that is connected to the

distribution network.

1 Wind turbines connected to the transmission network
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Renewable energy share saw an accelerated penetration after 2011, although it was
later adversely affected from the Cypriot financial crisis in 2013 (European
Commission, 2013). In order to achieve the electricity target of 13% by 2020, the RoC
will have to replicate similar penetration rates, as further observed through Figure 9.
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Figure 9 — Annual RES Share, 2020 Target and Generation (Transmission System

Operator - Cyprus, 2018)

Moreover, wind energy is underperforming on the island, with a total capacity of
157.5MW and annual generation of 211GWh in 2017, giving an average capacity
factor of 15.29%, a value well-below the global average (World Energy Council,
2016). Photovoltaics have demonstrated a slightly higher capacity factor, at 17.9%,
although this also falls in the lower region of average values. Photovoltaics have a
generally low capacity factor, since the majority of photovoltaic panels are placed on
household roofs and thus not optimally commissioned, with technologies such as solar

tracking being very rarely utilised.
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Biomass-generated electricity was introduced to the energy mix in 2007 with an
installed capacity of 250kW, increasing by a factor of 13 in the year after, reaching
3310kW. In 2008, there was no wind energy connected, and photovoltaics stood at
1586kW, 32.39% of the total RES installed by the end of 2008. Despite of biomass
leading the renewable generation, it did not follow the rapid uptake of wind turbines
and solar photovoltaics. The 82MW wind farm changed drastically the national
renewable mix, and photovoltaics have been increasing in greater numbers, with a
continuous small-scale uptake after 2012. Furthermore, 2014 was the most accelerated

year with 26.1MW of capacity commissioned, which constitutes to 23% of today’s
photovoltaic capacity.
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National Energy Strategy

A National Energy Strategy, published by the RoC in 2016 (Ministry of Energy,

Commerce, Industry and Tourism, 2016), analyses energy levels both from renewable

sources and thermal power stations, and structures the future pathways based on EU-

2020 targets. It includes two scenarios with which the targets will be overachieved.

Table 3 - 'Basic Scenario’ - National Energy Strategy by the RoC

Installed Capacity Total
Forecasted Total RES
_ RES
Year Demand ) Generation
Biomass | PV | WTG | CSP Share
(Gwh) (GWh)
(%)
2015 4,475 10 90 1575 |0 397 9
2016 4,530 15 123.7 | 1575 | 0 473 10
2017 4,670 15 137.2 | 1675 |0 508 11
2018 4,810 15 170.2 | 1675 |0 562 12
2019 4,950 New capacities 743 15
2020 5,100 determined by power >50 | 816 16
purchase agreements
Table 4 - 'Scenario without PPAs' - National Energy Strategy by the RoC
Installed Capacity Total
Forecasted Total RES
) RES
Year | Demand ] Generation
Biomass PV | WTG | CSP Share
(GWh) (GWh)
(%)
2015 | 4,475 10 90 1575 |0 397 9
2016 | 4,530 15 123.7 11575 | 0 473 10
2017 | 4,670 15 137.2 | 1675 | 0 508 11
2018 | 4,810 15 170.2 | 1675 | 0 562 12
2019 | 4,950 15 204.2 | 175 50 723 15
2020 | 5,100 15 288.2 | 175 50 791 16
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The two scenarios published by the RoC seem to be outdated, despite of the most
recent version coming into effect on February 16" 2016. The detailed renewable
energy penetration report published by the transmission system operator, states the
installed capacity of each technology for each month. In December 2015, solar
photovoltaic stood at 76.5MW, biomass at 9.7MW and wind turbines at 157.5MW —
contradicting the values present in both scenarios of the national energy strategy seen
in Table 3 and Table 4. Furthermore, this study assumes that in the national strategy
report, all following years after 2015 were estimates or targets of the installed capacity
for each technology. As of the end of 2017, solar photovoltaic stood at 112.1MW,
biomass at 9.7MW and wind turbines at 157.5MW,; the only introduction being the
added installed capacity of photovoltaics. According to both scenarios however, the
total renewable installed capacity for 2017 should have been 319.7MW, instead of the
279.3MW recorded by the TSO at the end of 2017.

The report also underestimates the increase in demand, forecasting 5.1TWh of energy
for 2020, whereas the recently published report by the TSO on future generation places
the annual energy levels of 2020 between 5.625 and 5.840 TWh, an increase of at least
10% (Transmission System Operator - Cyprus, 2018).

A correction of the forecasted demand towards 2020 and an analysis of a simulated
model of the second scenario projected within the national energy strategy is
investigated later in chapter ‘Future Energy Scenarios of Cyprus’.
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2.2. Hydrocarbon Resources in Cyprus

Hydrocarbon explorations began in 2006 when the RoC started toying with the idea of
researching and expanding operations in its Exclusive Economic Zone (EEZ). In doing
so, 13 blocks were designed, partitioned and designated for future commercial
licences, as shown in Figure 11. In October 2008, the first out of three licencing rounds
took place for 11 blocks, excluding blocks 3 and 13.

Block 12 — ‘Aphrodite’

Noble Energy, the American petroleum and gas exploration company, was appointed
‘Operator’ of block 12 after acquiring initially 70% (Cyprus Ministry of Energy,
Commerce, Industry and Tourism, 2018). After numerous seismic surveys, significant
discoveries were published from the first drilling that took place 20" September 2011,
in the namely gas field of ‘Aphrodite’ in block 12. The original estimates from Noble
ranged between 102 and 170 billion cubic metres (bcm), however estimates from
partner company Delek Drilling followed a different method and narrowed down its

potential to a lower mean value of 129bcm (Delek Drilling, 2018).
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Figure 12 - Activities in the Cypriot EEZ (Cyprus Hydrocarbon Company, 2018)
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Vassilikos Master Plan

In 2003, the RoC announced its intentions to construct the Vassilikos Energy Centre
(VEC), which would oversee the gasification of its power generation from oil, increase
its energy efficiency, and carefully monitor and reduce greenhouse gases. The VEC
was originally designed to import natural gas, with in-house storage tanks able to
satisfy fuel emergency contingency plans as per the recent directive issued by the
European commission, the EU directive 2009/119/EC, which requires fuel emergency
stocks of up to ‘90 days of average daily net imports or 61 days of average daily inland
consumption, whichever of the two quantities is greater’ (European Union, 2009). The
plans for VEC changed however with the discovery of ‘Aphrodite’, and it was put on
hold until a final ‘master plan’ could accommodate the new financial dimensions that
were unfolding with local natural gas reserves.

Released in 2015, the final ‘master plan’ is now an in-depth report that aims to satisfy
the gasification objectives of the initial plan, now including the complex structure of
being a natural gas net exporter, instead of importer, to make the extraction of the
reserves financially sustainable. The ‘master plan’ aims to integrate natural gas
reserves with the only industrial coastal area in Cyprus, Vassilikos, with not only the
power station but also its nearby industries, such as ‘Vassilikos Cement Works’ (Poten
& Partners, Inc & ALA Planning Partnership Consultancy L.L.C., 2018).
Unfortunately, the plan of constructing an onshore liquefied natural gas (LNG)
terminal at the Vassilikos area has been put on hold once again, due to fluctuations in
the estimates of the natural gas reserves.

This has compromised the clarity of the financial elements, prolonging once again the
development of VEC, the gasification of the thermal power generation plants, and
ultimately risking the profitability of extracting natural gas altogether (Cyprus
Ministry of Energy, Commerce, Industry and Tourism, 2018).
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Natural Gas Network

The idea of importing natural gas and diverting power generation from oil to gas,
ultimately converting all conventional generators to combined cycle gas turbine
(CCGT) plants, hence achieving higher energy efficiency whilst lowering
environmental impacts of oil-fired stations, is now more present than before. With the
Cyprus Energy Regulatory Authority (CERA) re-iterating the importance of a natural
gas pipeline network in its annual report 2016 (Cyprus Energy Regulatory Authority,
2017), led to initiating a significant project of constructing the first natural gas pipeline
network in Cyprus, that will stretch a total of 80km and connect all three conventional
power stations owned and operated by EAC.

The rationale is that regardless of how the RoC decides to process local natural gas
reserves and, most importantly, the timeframe of that process, a gas network will
irrespectively have to be in place. The Cypriot natural gas company, abbreviated
DEFA from its Greek name, is the appointed transmission and distribution operator.
Their primary responsibilities therefore, include buying, storing and distributing
natural gas across Cyprus. The construction of this gas network, overseen by DEFA,
has already secured €10m from the European Union, with the project costing roughly
€60m. The priorities of DEFA are to connect the three conventional power stations
with natural gas, and after to extend their operations inwards to support other sectors,
such as domestic uses, businesses, greenhouses, etc. (Natural Gas Public Company
(DEFA), 2018).
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2.3. Energy Isolation of Cyprus

Cyprus is the last remaining EU member state that is energy isolated; including both
electricity and gas. This results to a high dependency on the three thermal power
stations, operating on either heavy fuel oil or diesel, forcing amongst other things the
running reserve to be constantly sourced from oil-fired turbines. The TSO and DSO
have both increased energy efficiencies over the years and have drafted various plans
aimed to end this dependency on oil and diversify the energy mix through renewables.
Despite these efforts, the island still operates in a highly polluting, isolated and
economically volatile energy system.

In 2017, electricity in Cyprus cost €0.1863/kWh, ranking 11" amongst other EU
Member States. When comparing it to the purchasing power standard (PPS), an
artificial currency that incorporates all prerequisites to allow national comparisons

more effectively, Cyprus is placed slightly higher than the European average.
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Three projects are currently on-course for breaking the energy isolation of the island,
EuroAsia, EuroAfrica and EastMed,; the first of which has been confirmed and is now

under construction.

EuroAsia

A multi-terminal high voltage direct-current (HVDC) subsea cable at +400kV has been
confirmed, and is set out to travel a total 1,518km and carry a capacity of 2GW starting
from Israel to Cyprus, from Cyprus to the Greek island of Crete, from Crete to
mainland Greece and onto the Pan-European electricity grid. The project is said to be
the longest interconnector cable in the world, with its lowest point reaching 3km below
sea level.

It will have four converter stations for transforming HVDC to local transmission levels
of high voltage alternate-current (HVAC) and vice-versa, in Israel, Cyprus, Crete and

mainland Greece (EuroAsia Interconnector, 2018).
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The project, which is co-funded by the European Union, is meant to be completed by

2021, with one line commencing earlier in 2020 (EuroAsia Interconnector, 2018).
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EuroAfrica

EuroAfrica has the same parent company as EuroAsia, Quantum Energy, and even
though the project has not been confirmed, it has received official support from the
governments involved. Its characteristics are identical to EuroAsia, being a 2GW
multi-terminal VSC-HVDC subsea interconnection, but it begins in Egypt instead of

Israel, continuing inwards to Cyprus, Crete and mainland Greece.
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Figure 16 - EuroAfrica route (EuroAfrica Interconnector, 2018)

The two eponymous projects aim to connect Asia and Africa with the European
electricity grid mainly for exporting renewable energy to mainland Europe from
resourceful environments in its South-Eastern corner, but for also breaking the energy
isolation of two islands (Cyprus and Crete). An additional reason for the
interconnectors, is said to be the export of the natural gas fields discovered in Cyprus
and Israel, but through the form of electricity (EuroAfrica Interconnector, 2018).
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EastMed

The Eastern Mediterranean (EastMed) gas pipeline, aims to exploit natural gas
resources found in Cyprus and Israel, and incorporate them to the Pan-European gas
network. According to the company behind EastMed, IGI Poseidon, the project will
start with transporting 10 billion cubic metres of natural gas per year (bcm/y) from
Cyprus to Greece, and by utilising the existing connections of IGI Poseidon that
connect Greece with Italy, the gas will continue to Italy and from there to the Pan-
European gas network. The project is supported by the involved governments of Israel,
Cyprus, Greece and Italy, and has already received EU funding under the ‘Connecting
Europe Facility’ Programme (IGI Poseidon, 2018). Currently, EastMed is awaiting
deeper seismic surveys along the route, in order to construct the best-case scenario for
the pathway. During the pre-front end engineering design (Pre-FEED) phase, the
project was deemed technically feasible and economically viable (European
Commission, 2016). If EastMed is commissioned, it could enable Cyprus to finance
its natural gas industry and allow it to faster replace oil-fired power stations with gas-

fired ones.
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3. Potential of Renewable Energy Systems

Cyprus is perhaps received with the highest solar radiation in Europe, creating vast
opportunities for renewable energy generation directly through photovoltaics,
renewable heat through solar thermal, as well as significant energy levels in-directly
through biomass and wind energy.

In this section, a breakdown of the resource potential is given, with data obtained from
the Photovoltaic Geographical Information System (PVGIS), a programme funded and
hosted by the European Commission that outputs a 10-year meteorological average,
hourly data on solar radiation, wind speed and direction, bulb temperature values and
relative humidity levels (European Commission, 2018).

This section analyses the methodology with which solar radiation is processed on an
hourly time-step, and how values will be used in order to construct modelling of solar
photovoltaics. Furthermore, wind velocities are analysed on an anemometer height
level of 10m, from where values will be interpolated to the corresponding hub height
of the wind turbine in interest. In order to capture fully the intensity and direction of

wind velocities, wind roses are constructed through MATLAB.
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3.1. Solar Radiation

To give a general idea of how solar radiation is distributed throughout the year, the
location chosen is the centre of the city of Limassol. The coordinates of the location
are: latitude 34.679001, longitude 33.037998 and the elevation is 15m.

Solar Radiation in Limassol
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Figure 18 - Solar radiation in Limassol

Solar radiation in the summer peaks over the 1000W/m? photovoltaic standard test
condition (STC) radiation, with direct irradiance being as high as 88.55% over diffused
radiation. The temperature plays a significant part in the performance of solar
photovoltaics, with a typical temperature coefficient in the scale of -0.4%/°C. Typical

values of dry-bulb temperature were recorded between 10 and 30 °C.
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Global horizontal radiation exceeding 1000W/m? is common in summer days, with
diffused radiation peaking at around 120W/m?. Peak values halve during the winter,

as seen in Figure 20, with significant exploitable levels present throughout the year.

Solar Radiation in Limassol, 11 June 2012
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Figure 19 - Solar radiation in Limassol, 11th June 2012

Solar radiation across the year
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Figure 20 - Solar radiation in Limassol across the year, first day of each month
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3.2. Wind Speeds

With wind speeds recorded at the anemometer height, a default height of 10 metres
from ground level, wind speeds will need to be interpolated to the hub height of
specific turbines. The selected method is simple and widely accepted as it enables

calculations to take place for a variation of hub heights.

Equation 1 - Wind speeds interpolation with power law exponent

a

Vhub < Rhub )
vanem - hanem
, With vp,,,, and vg,.m denoting velocities at the hub’s height and anemometer’s height
respectively, the hy,;, and hg,.., denoting heights of the hub and anemometer
respectively, and finally a denoting the power law exponent.

According to HOMER Energy’s manual, the power law exponent has been optimised
at % approximating at 0.14 (HOMER Energy, 2018), which is defined as a
dimensionless function that incorporates fluid dynamics of surface roughness,

stability, and height ranges over which they are determined (The Meteorological
Resource Center, 2002).

Wind speeds interpolation
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Wind resources exist at relatively high levels, enabling the RoC to invest in both
largely available renewable energy systems of wind and solar. At the location chosen
previously, the wind speeds averaged over one year, exist at around 5.76m/s — with
fluctuations high and low, reaching speeds of up to 20.11m/s.

Wind speeds in Limassol
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Figure 22 - Wind speeds in Limassol

Wind speeds across the year
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Figure 23 - Wind speeds across the year, first day of each month
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MATLAB was utilised in this stage, to process and analyse the wind data to construct
a ‘wind rose’. Perhaps one of the most powerful charts for wind analysis as it can
project not only the typical direction, but also the intensity in each direction. A wind
rose therefore is a highly influential graph that is fundamental to determining the
success of a site analysis.

At the given location previously mentioned, the wind rose is modelled as shown in
Figure 23. The wind resources appear to be mostly directed East, with values between
5 and 10 m/s being the most dominant.

Wind Speeds in m/s

Y > 25 Wind Rose
I 20 < W <25 N (0°

15 <Wg <20
[ 10 < Wg <15

I 5 < WV < 10
B 0 <V, <5

W (270°)

Figure 24 - Wind rose for Limassol (using MATLAB)
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4. Energy Systems Analysis

The main software used for energy analysis, is HOMER Energy — a software that
models hourly electricity and thermal generation, with integrated economic analysis
in-house. Microsoft Excel was always utilised for breaking down the results obtained
from HOMER, and developing analysis for extracting the required data.

Renewable generation in 2017 was dominated by wind and solar, and simulations in
HOMER Energy allowed an insight in how they relieve and add pressure on the energy
system, during their peak and trough times. Curtailment of renewables is a grey zone
in terms of data availability, but since the RoC operates in island-mode, with no battery
storage solutions, no vehicle-to-grid operations and no smart demand response systems
in place, curtailment must be unavoidable with respect to the grid’s infrastructure.

In the sections to follow, a detailed methodology of how results are obtained is
documented, simulated and compared to the reference numbers that have been already
published. The electrical architecture of the systems in place is identified and
quantified, followed by the construction of the demand distribution profile.
Afterwards, the thermal power stations are separated by technology, to capture each
unit’s thermal efficiency and fuel usage more accurately.

The days of maximum demand, and maximum renewable penetration, are analysed on
an hourly time-step distinctly, so as to understand the boundary conditions of the
energy system.

Furthermore, three case-studies at the end of the chapter help understand further how
different renewable technologies operate on the island.
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Electrical Architecture

As of the end of 2017, the RoC recorded a total capacity of 1757.3MW, 84.2% of
which is from the three centralised oil-fired thermal power stations. The final electrical

architecture is shown in Table 3, together with energy generation as published for
2017.

Table 5 - Electrical capacity in Cyprus

Technology Capacity (MW) Generation 2017 (GWh)
Biomass 9.7 36.496

Photovoltaics 112.1 167.792

Wind Energy? 157.5 211.06

Thermal Power Stations | 1477.5 4559.098

Wind energy leads the renewable generation, even though it underperforms relative to
photovoltaics. This is expected to change, with the historical trend analysis showing
photovoltaics catching up, since they are installed continuously on a small-scale,

versus the rather slow and large-scale wind farm installation frequency.

RES Capacity 2011 - 2017
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Figure 25 - RES Capacity 2011 - 2017

2 Including both distribution and transmission network generation
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Demand Profile

The electrical demand, as previously analysed and discussed in section ‘Demand
Profile’, has an annual demand of around 5TWh, with its tourism-driven generation
peaking in July. As shown in Figure 25, the global minimum in demand occurs not in
January, nor in a typical winter week. A data analysis has shown that April’s signature
has the lowest values in demand, with the ten lowest values annually recorded in the

early hours of the month, at around 300MW.

Electric Demand in 2017
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Figure 26 - Electric demand on an hourly basis in 2017

Analysing the maximum and minimum days is fundamental to establishing the
boundary conditions of the energy system. As shown in Figure 26, peak values
exceeded 1000MW on July 3", where minimum values in the range of 300MW were
recorded on April 16"
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Figure 27 - Maximum Vs Minimum demand in 2017
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Thermal Power Plants Generation

The three centralised, oil-fired thermal power stations that constitute 84.2% of
installed capacity, also dominate the generation mix, having never fallen below 90%
of the annual share. The running reserve is also forced to be sourced from one of the
oil-fired turbines, and the inefficient and highly polluting stations depend solely on the

volatile prices of oil.

Thermal Power Stations Generation 2017
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Figure 28 - Energy Analysis 2017 - Thermal stations' generation

All three stations combined, generated a total 4343.51GWh over the year in 2017, with
a minimum generation of 171.11MW recorded in April, and a maximum of 965.8MW
in July. The stations were thereby utilised at a capacity factor of 33.55%, with recorded
greenhouse gas emissions of 6.48Mt of COz equivalent (Eurostat, 2018), placing the
RoC 2" lowest in the EU-28 bloc, but one of the poorest in emission rates per capita,

placing the RoC 6™ at 4.074 million grams of CO> equivalent.
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Thermal Power Plants Generation — Modelling

In order to model all thermal stations in HOMER, each technology was designed
separately, to capture more accurately the fuel consumption, and most importantly to
output a more holistic result of the financial aspects and thermal efficiencies of the
overall energy system. With the three technologies of steam, gas and combined cycle
gas turbines modelled, heavy fuel oil-fired steam turbines can be seen in Figure 29 to
be dominating generation, with diesel-fired gas turbines operating as little as possible
due to their inefficiencies and expense of fuel, whereas diesel-fired combined cycle
turbines operate at a much higher thermal efficiency; hence prioritised over gas

turbines.

Table 6 - Generation units, fuel and thermal efficiencies

Technology Combined Cycle | Gas Turbines | Steam Turbines | ICEs
Capacity (MW) | 440 187.5 750 100

Fuel Type Diesel Diesel HFO HFO
Nenermar (%0) 45.67 24.33 33.89 41.58

The three thermal power stations in the RoC, modelled separately here by the three
different technologies, have an annual generation of 4,357,475.351MWh, generating

thus 91.45% of annual consumption.

Thermal Power Stations Generation 2017 (HOMER)
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