IS

//MT \\\\ JOURNAL OF ENERGY SYSTEMS

0 2021, 5(3) L
2602-2052 DOI: 10.30521/jes.838784 Research Article

Techno-economic analysis of a transmission line between an
island grid and a mainland grid

Baris Cagri1 Ding ®
Middle East Technical University, Northern Cyprus Campus, Kalkanli, Guzelyurt via Mersin 10, 99738,
Turkey, baris.dinc@metu.edu.tr
ASELSAN, Technology and Strategy Vice Presidency, Turkey, bcdinc@aselsan.com.tr

Murat Fahrioglu ®
Middle East Technical University, Northern Cyprus Campus, Kalkanli, Guzelyurt via Mersin 10, 99738,
Turkey, fmurat@metu.edu.tr

Canras Batunlu ®
Middle East Technical University, Northern Cyprus Campus, Kalkanli, Guzelyurt via Mersin 10, 99738,
Turkey, chatunlu@metu.edu.tr

Submitted:
Accepted:
Published:

10.02.2020
18.08.2021
30.09.2021

L))

Check for
updates

Abstract:  Islands are commonly isolated electricity systems that rely heavily on imported fossil fuels. Interconnection
with a mainland power system is a solution to offset the exposure to volatile fuel prices and increase the
stability of the island grid. This paper presents and discusses the main results of a case study aiming to see
the economic effects of a 200 MW HVDC connection between an island grid and a mainland grid. The
purpose was to see how much of the island’s oil price scenarios can be overcome with this new
interconnector. For this research, North Cyprus grid was modeled in MATPOWER software to do optimal
power flow analysis. The results are used to compare fuel-based generation costs to importing electricity
from the mainland. The analysis shows that this interconnector decreases the island’s generation costs by
28% to 78%, and with the possible renewable installations, this reduction can be increased further.
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Nomenclature
AC | Alternating Current
DC | Direct Current
HVAC | High Voltage Alternating Current
HVDC | High Voltage Direct Current
GW | Gigawatts
LCC | Line Commutated Converters
MW | Megawatts
MWh | Mega Watt-hour
OPF | Optimal Power Flow
PV | Photo Voltaic
V | Volts
VSC | Voltage Sourced Converter
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1. INTRODUCTION

Island power systems face many problems due to insecure sources and expensive fuels. Island grids
typically have high electricity rates and face stability problems. As they are small by nature, island
grids also limit renewables integration into the generation mix. Among different solutions,
interconnection systems are good options for islands with a feasible distance to the mainland.
Likewise, development in both cable technology and Alternating Current- Direct Current (AC-DC)
conversions created feasible transmission line solutions. However, projects employing these
solutions are high-cost.

Cyprus is one of the biggest islands in the Mediterranean. The island is split into two parts, North
Cyprus (population near 370 thousand) and the Republic of Cyprus. The focus of this study is the
North Cyprus power grid, where 90% of its energy needs depend on imported fossil fuel [1], causing
an energy insecurity issue.

In terms of energy, the most characteristic feature of North Cyprus is its solar energy potential-
measuring between 1900 to 2500 kWh per square meter [2] during the year- is Europe’s best. There
have been many applications employed and investments made on the island to use this potential.
Civil and governmental projects have played a significant role in establishing solar energy systems.
There has been a significant amount of installations made throughout the island. However, problems
occurred due to the stability problems in the grid caused by the excess in the solar installations [3].
In this situation, solar energy usage can be increased with projects and solutions that will not cause
any problems. Examples of these solutions can be listed as energy storage systems, concentrated
solar thermal power plants, and an interconnector to a much bigger grid. Among these solutions, the
most significant benefit, in the long run, can be achieved by establishing an interconnection to the
mainland. High Voltage Alternating Current (HVAC) or High Voltage Direct Current (HVDC)
connections are used for these kinds of connections.

Today, HVDC transmission lines are used on many occasions, like power delivery from wind
turbines or the connection of different grid systems. These connections also help usable renewable
potential because renewable energy generation on one network is limited and requires a robust
electrical grid due to the nature of renewable energy. For example, Denmark has achieved extreme
wind power thanks to its connection with Germany and other countries [4].

There is considerable research on the technology and economic analysis of transmission lines
between the island networks and mainland grids. One study [5] focused on long-term submarine
transmission between the Greek islands and the mainland uses PLEXOS software. The results show
that generation costs are drastically reduced from 200-600 €/ MWh to 20-100 €/ MWh, and with an
increase in renewable energy generation, carbon emissions are reduced up to 60%. Similar research
focuses on the interconnection between Greek islands and the mainland and the effect of
interconnection on renewables. Study shows that Greece can achieve %56 renewable penetration on
islands with interconnection planning. [6] Another study focused on Crete [7], with bipolar voltage
source converter (VSC) based HVDC connection between the island and mainland grids. The study
estimated an increase in renewables by 22% to 71% for wind and 5.5% to 11.5% for PV systems,
which decreased annual costs for HVDC links, but no general generation costs were estimated. A
similar study [8] focuses on Aegean islands with a similar approach, where island and mainland
connection is assumed to be a submarine HVDC cable. The results show a 20% cost deduction and
twice as wind power usage through the islands. Another study focuses frequency improvement of
Sardinia Island grid under high penetration of renewable with HYDC transmission and achieved 0.47
Hz improvement.[9] Finally, another study was done on Cycladic Islands [10], where the authors
examined different submarine cable scenarios and estimated improved energy quality and fewer
environmental impacts than the diesel generation implementation.
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This study examines an HVDC interconnection cable from North Cyprus to Turkey. It explains the
current situation for the two countries and current HYDC technologies. Fundamental economic
analysis is done with the Optimal Power Flow method. MATPOWER [11] is used for optimal power
flow calculations, and the North Cyprus grid is modeled on the same software.

2. CURRENT ENERGY SITUATION OF TURKEY AND NORTH CYPRUS

With an increasing population, energy demand increases drastically. This population increase creates
demand problems for the countries. To satisfy this, governments make investments for new
generation methods, some transmission systems, and renewables. In Turkey's case, energy demand
growth has been 5.5% since 2002. As a result, Turkey reached 90.4 GW of installed capacity as of
July 2019, a three-fold increase in 15 years. This installed capacity makes Turkey's network second
most prominent in Europe after Germany. North Cyprus, an island country, has a small electricity
network compared to Turkey, which has 404 MW of installed capacity. Highly synchronized
generation capacity makes Turkey an excellent candidate for establishing an electrical connection
between the two countries. Also, Turkey has an active electricity market with many players, which
could be a start point to create an electricity market in North Cyprus.

North Cyprus uses mainly diesel generators and steam turbines to produce energy. Besides these,
connection with South Cyprus and renewables are used for more electricity. North Cyprus currently
has 16 Diesel generators. Each has 17.5 MW active power capacity, 120 MW of steam turbines, and
a 1.27 MW of solar energy system, making nearly 405 MW of installed capacity overall [12].

Because of low synchronous generation capacity, North Cyprus needs to deal with frequency
problems, blackouts, and low renewable installation limitations. North Cyprus connected its grid to
South Cyprus to compensate for these problems, so there is one united network. The current
transmission network of the island consists of 132 kV and 66 kV lines, and distribution is done on
11 kV and 22 kV levels. The island network provided by Kibris Tiirk Elektrik Kurumu (KIB-TEK)
[1] can be seen in Fig. 1.
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Figure 1. North Cyprus Island Grid Network
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3. HVDC TRANSMISSION TECHNOLOGIES

With the development of the AC system by Nikola Tesla and the transformer, the AC system became
more attractive for transporting energy. [13] These developments in the mid-1890s caused the power
system to be built in AC. DC did not play any significant role for the first 60 years of power
transmission until the early 1950s; mercury valves were developed, which allowed a high voltage
DC (HVDC) transmission system to be used [14, 15].

In the spring of 1970, the first thyristor-based HVDC transmission link went into operation,
connecting the island of Gotland with the mainland of Sweden [16]. This HVDC converter
technology is called line commutated converter (LCC).

With the further development of other semiconductor elements such as insulated gate bipolar
transistors (IGBTSs), ABB established in 1996 the first VSC-HVDC link on the island of Gotland and
started a new era for HVDC transmission. This technology is very suitable to connect renewable
energy sources and other reasons; therefore, much research has been committed.

The HVDC technologies can be classified into two categories based on their terminal voltage and
current waveforms at their DC side, the LCC and the VSC. The LCC keeps the DC current at the
same polarity, and therefore the direction of the power flow through the converter is determined by
the polarity of the DC voltage. The LCC generates voltage and current harmonics on the AC side
[17]. Today with LCC power ratings up to 10 000 MW with a DC voltage of +1 100 kV and a
transmission distance of more than 3 000 km are possible [18].

On the contrary, the VSC keeps the DC voltage at the same polarity, and the polarity of the DC
current determines the direction of the power flow. These converters are built with fully controllable
switches such as IGBTSs. These switches can conduct and interrupt the current at any instant by a
gating command [17, 19]. Nowadays, VSC-HVDC links of up to 2 600 MW with a DC voltage of
up to £525 kV and a transmission distance of more than 1 500 km are possible [18].

HVDC applications are used in many places today, but five main areas can be listed as follows: [20]

1) Long Distance Bulk Power Transmission; Because of lower operating costs and efficiency, dc
transmission is more economical after some distances than ac transmission.

2) Cable Transmission; No limitations on dc cable length compared to ac, which creates different
opportunities for interconnected transmission. For distant cases, dc transmission is preferred.

3) Asynchronous Ties; In ac transmission, a standard frequency needs to be used so power flow
possible between networks. With DC connection, this requirement disappears, S0 connecting
asynchronous grids becomes possible.

4) Offshore Transmission; Because of sudden load changes in offshore platforms, frequency
problems can occur. With non-frequency dependence of dc transmission, controlling these situations
becomes easier. For example, big offshore wind farms use this technology to make transmission
efficient and provide reactive support.

5) Power Delivery to Large Urban Areas; With HVDC technology, energy transmission is possible
for the areas without the local generation. After specific distances, this method is more economical
than traditional transmissions.

Based on the connection method, there are multiple topologies. These include monopole, bipolar,
and back-to-back connections mainly. Fig. 2 shows the basic schematic topologies [20].
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Figure 2. HVYDC Connection Topologies

Possible Advantages and Disadvantages of HYDC Connection

The North Cyprus and Turkey HVDC transmission system offer many advantages, which can be
grouped as technological advantages of HVDC and the advantages regarding the North Cyprus and
Turkey case. First, the technological advantages of HVDC compared to HVAC will be discussed,
and a comparison between LCC and VSC HVDC technologies will be made. Then, the advantages
of North Cyprus and Turkey HVDC transmission will be examined.

While more detailed and parametric comparisons can be made, we can show the main technological
advantages of HVDC over HVAC as follows; [21]

a) More control over power

b) No limit on cable length (Less interference to telecommunication lines also)

¢) Asynchronous transmission is possible between networks.

d) Less loss on transmission lines (Less corona effect)

While these hold excellent ground, HVDC has some disadvantages compared to HVAC;
a) More complicated and expensive conversion stations

b) Design and operation on multi-terminal HVDC are sophisticated.

c) Design of circuit breakers for HVDC is complex.

When a comparison is made in economical aspect, HVDC shows promise compared to the HVAC
connection. A research-done on HVDC and HVAC costs shows that there is a break-even distance
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of when comparing these two technologies. [22] Fig. 3 shows the change in cost based on
transmission distance. Another research calculates this breakeven distance is 80 km for underwater
transmission. [23]. These research shows that while different conditions can have different costs
similar distances can be assumed as break even distance for HVDC.

Cost

Break-even
distance

|
DC converter |
stations |
800-1000 km
overhead line !
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Transmission distance

Figure 3. Cost vs Transmission Distance for DC and AC Transmission [22]

. 50 km submarine cable
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Besides technical comparisons, there are case-based advantages and disadvantages, like in this case
for North Cyprus and Turkey transmission. For North Cyprus and Turkey connection, advantages
are as follows;

a) North Cyprus is in a very strategic position in the Mediterranean Sea, so maintaining reliable
energy on the island is vital for North Cyprus and Turkey.

b) To complete the Mediterranean grid circle under discussion is more feasible than a possible
connection between South Cyprus and Greece, as shown in Fig. 4.

c) This transmission line will make the North Cyprus network grid very reliable, which will increase
renewable generation drastically for both North Cyprus and South Cyprus. This increase in
renewable generation would reduce carbon emissions. [1]
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4. THEORY, METHODOLOGY AND AVAILABLE DATA
Optimal Power Flow

Optimal Power Flow (OPF) is an optimization method that combines economic dispatch equations
with power flow equations. It can be done for multiple purposes like minimizing the cost, reducing
load shedding, or decreasing losses. To complete the optimization problem, OPF considers equality
and inequality constraints. These include real and reactive power balances, generator voltages, MW
interchanges, and multiple limits like generation limits and line limits. There are multiple research
conducted for power flow calculations which consists HVDC technologies. [24-26] For an economic
analysis of HVDC between Turkey and North Cyprus, we used MATPOWER's own Optimal Power
Flow algorithm with North Cyprus Grid Model and generator cost function results obtained
accordingly.

The MATPOWER AC OPF algorithm aims to optimize generator cost functions based on real and
reactive power injections for each generator. The standard version of Optimal Power Flow can be
summarized as;

min, f(x) 1)
Subject to
gix)=0 )
h(x) <0 3)
Xmin <x< Xmax (4)

Where objection function Eq. (1) is the summation of cost functions of real and reactive power
injections, optimization variable x is defined as a matrix where voltage angle, magnitude, real power,
and reactive power for each node (node) and generator follows. Equality constraints Eq. (2) consists
of nodal power balance equations where voltage angle and magnitude are used with real and reactive
power. Inequality constraints Eq. (3) consists of branch flow limits based on voltage angle and
magnitude. The variable limits Eq. (4) include reference node angle and voltage upper and lower
limits for all node voltage magnitude and real and reactive generator injections. Detailed explanations
for optimal power flow used in this study can be found in [11].

This analysis method is used to determine the utilization of transmission lines between the island and
the mainland. Based on utilization, cost analysis is done, and price differences are estimated.

Available Data
North Cyprus Electricity Grid MATPOWER Model and Characteristics

North Cyprus's high voltage electric grid model is used for this analysis. Detailed North Cyprus's
grid was modeled based on the data provided by island National Electricity Company, KIB-TEK,
using DigSilent Power Factory software. This model is separated based on regions on the island and
consists of 33 nodes, which includes one extra node for the HVDC connection point. The island's
general load is 289.5 MW, and the non-renewable generation capacity besides the HVDC connection
is 404 MW. The prepared model is illustrated in Fig. 5.
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Figure 5. TRNC Grid Model

North Cyprus Monthly Electricity Generation

Like many Mediterranean islands, North Cyprus has seasonal characteristics. Rising temperatures in
the summer months lead to high air conditioning use. This usage can be seen in electricity generation
numbers as they increase. Synchronous generation methods in North Cyprus all use Fuel Oil No. 6.
The national electric company, KIB-TEK, does not share the specific type of fuel oil information, so
the average price for Heavy Fuel Qil is used in the analysis. Table 1 shows the generation capacity
and characteristics of North Cyprus provided by KIB-TEK [27].

Table 1. Generation Capacities of North Cyprus [28]

Technology  Nominal Internal Fuel Rate  Fossil Avg Lowest Highest
of Capacity  Consumption  [kg/M]Wh]  Fuel Marginal ~ Marginal Marginal
Generation [MW] [MW] Type Cost Cost Cost
Teknecik 120 5 270 HFO 118,125 67,5 168,75
Teknecik 120 5 270 HFO 118,125 67,5 168,75
Teknecik 140 5 180 HFO 78,3 4474 111,86
Kalecik 140 5 180 HFO 78,3 4474 111,86
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Fuel data obtained from a case study for Malta. Malta and North Cyprus island networks have similar
configurations, so the data used should result in this HVDC research. Fuel data taken from [29] can
be found in Table 2.

Table 2. Used Qil Prices [30]

Fuel Price [€/kg] [€/MWh]
Base (Avq) Oil Price 0.42 35
Low Qil Price 0.24 20
High Qil Price 0.6 50

Table 3 has monthly electricity generation given in [27] based on generators owned by KIB-TEK.

Table 3. Monthly Electricity Generation in 2019 [MWh]
Month Teknecik Steam 1 Teknecik Steam 2 Teknecik Diesel Kalecik Diesel

1 27255 27930 59065 42597
2 20796 18150 59005 28755
3 0 21053 59425 47040
4 0 4124 59459 47407
5 0 3668 59676 57024
6 8735 26830 59929 47520
7 29180 29798 60135 52180
8 21493 29602 64259 60526
9 24538 24058 59950 42247
10 21940 0 59666 45334
11 0 15020 59886 35506
12 13929 27235 39386 58710
TOTAL 153937 200233 660455 506136

Turkey-North Cyprus Connection Characteristics

While no interconnector exists between the two countries, it is assumed to be built eventually. The
plan for this connector is to start with a 200 MW connection and increase its capacity with time.
Table 4 shows the cost calculations when the undersea cable is assumed to be 95 km with 10 km of
an overhead line. The calculation is based on Edwaren Liun’s research. [29].

Table 4. Interconnector Estimated Cost [30]
Assumptions Calculations
Loy 10km Coy 13.12 Million $
Lsc  95km Csc  156.55 Million $
P 200MW (C, 187.77 Million $
Total 357.44 Million $

Turkish Electricity Market Spot Prices

Because of the established electricity market in Turkey, data for spot market prices can be found
easily. In this research, we used monthly average prices in the year 2019. We assumed North Cyprus
would be a customer on the spot market, and its role will not affect prices in Turkey. For research
purposes, the HVDC connection and the generators are always assumed to be available. Because
KIB-TEK shared 11 months of generation data, only 11-month spot prices were obtained. Monthly
spot prices can be found in Fig. 6.
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Figure 6. Monthly Spot Prices on Turkish Electricity Market [30]

5. RESULTS AND DISCUSSION

OPF Analysis Results

OPF is done based on generation prices and spot prices given in the previous sections. HVDC
interconnector to the North Cyprus grid is added based on the method explained in MATPOWER
manual, which is described as adding another generator. Since the analysis is done on a static basis,
the two methods only differ in price at first. The connection point for interconnection to the grid is
selected with normal power flow calculations done on multiple possible nodes. These nodes include
Alsancak, Girne HV, Teknecik. The best result with fewer losses came with the Girne HV node
connection, so the OPF calculations were done assuming that the interconnection was made via Girne

HV node. System summaries with and without the HVDC interconnector cases can be found in Table
5.

Table 5. System Summary of North Cyprus Grid
Without HVDC interconnector With HVDC interconnector

Total Gen. Capacity (MW) 404 604

Total Load (MW) 289 289
Losses (MW) 5,86 3,26
Nodes 32 33
Generators 5 6
Lambda P $/MWh 95,98 88,40
HVDC Utilization (MW) - 200 MW (100%)

It can be clearly seen that Lambda P decreases nearly 10% for the maximum value of a node. Also,
system loss decreases with interconnector nearly by half compared to the without HVDC
interconnector case. This decrease can be interpreted as an improvement in the system performance,
and general electricity costs get lower with HVDC, so establishing a transmission line is a logical
selection compared to another diesel generator.

Monthly Cost Calculation

After the basic analysis was conducted on available data given in the previous sections, monthly

generation costs were calculated. Results for both cases with and without HYDC can be found in
Fig. 7.
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Figure 7. Estimated Monthly Generation Costs of Electricity

Based on the values found with a simple calculation, a 28% to 72% decrease can be observed based
on oil price on a specific period. This dependency makes the North Cyprus grid very volatile against
oil prices. While this calculation is fundamental and requires further research for more accurate
results, we can say that a very considerable generation cost reduction can be achieved.

Also, this analysis is done based on static spot prices for North Cyprus. If established, North Cyprus
can be a clear player in the Turkish Electricity Market and get cheaper energy. Further research can
be done to calculate the payback period of HYDC connection and carbon dioxide emission reduction
by increasing renewable energy generation.

CONCLUSION

This paper focuses on the current energy situation in Turkey and North Cyprus, the technology of an
HVDC interconnection and economic analysis of a transmission line between Turkey and North
Cyprus.

Turkey now has the second-biggest electrical grid and has a connection to Europe. North Cyprus has
a sensitive and small electrical grid and wants to increase its electricity generation capacity. A
capacity increase will allow more renewables and cheaper energy for the island. Having a
transmission line between two countries and using HVDC VSC technology for this transmission is
suggested. In addition, this kind of project can pave the way for an electricity market for North
Cyprus.
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The paper aims to help projects regarding HVDC transmission and possible transmission lines
between island networks and mainland grids. Engineers, investors, or other stakeholders can use this
research in evaluating similar projects.

For the case considered in this research, facts show that the two countries require this connection,
and benefits like increased renewable energy indirectly help for a better future. When we look at
essential cost estimation, optimal power flow, and fundamental generation cost analysis, this project
looks feasible compared to other similar HVDC transmission line projects.
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