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5.

Electricity highways across the Mediterranean:
a green connection between
Northern and Southern Shore

5.1 From afossil-based to a “green” energy dialogue

The commercial dialogue between the shores of the Mediterranean Sea is characterized by an
important role in the basket of fraded goods played by energy commodities. Significant energy
flows have been converging on Europe from North African and Middle Eastern countries in the last
decades, particularly those related to oil (both crude oil and refined petroleum products) and naturall
gas, as discussed in Chapter 2.

Many Northern African countries qualifies as rentier states (as it is highlighted in detail in Chapter
6) gefting a considerable share of their GDP from the rents related to the trade of their energy
commodities; this aspect should be therefore carefully considered when discussing energy strategies
of the countries on the southern Mediterranean shore and on the possible long-term evolutionary
perspectives of their energy systems. In particular, for what concerns crude oil, the revenues deriving
from oil and gas (in terms of difference between the value of crude oil and natural gas production
at regional prices and the overall production costs) in 2021 were equal to 14.5% for Algeria, 56.4% for
Libya and 3.0% for Egypt, while with reference to natural gas they amounted to 8.0% for Algeria, 4.6%
for Libya and 2.1% for Egypt, allowing for classifying these countries as rentier (Algeria and Libya) or
semi-rentier (Egypt) states. [1]

As mentioned before, the share of fossil energy commodities coming from the Southern shore in the
supply mix of the countries belonging to the Northern shore of the Mediterranean region is particularly
significant. In 2021, 18% of the total crude oil imports, 9% of the total refined petroleum products
imports and 27% of natural gas imports of the Northern shore were from the Southern one. [2]

In particular, fossil commodities from Southern Mediterranean countries are particularly important for
some highly energy dependent countries located in the Northern part of the Mediterranean basin,
like Italy (whose import dependency in 2020 was equal to 74.7%) and Spain (showing an import
dependency of 68.5%). [3] Among them, for example, a key role is played by Algeria in the supply of
natural gas to Italy: in 2022, the gas supply through the Transmed Pipeline covered 34.3% of the Italian
gas import [4], allowing Algeria for replacing Russia as major Italian gas supplier, as a consequence
of the Russia-Ukraine conflict started in February 2022, thus further strengthening the fossil-based
dialogue across the Mediterranean Seaq, as discussed in Chapter 1, where the related geopolitical
implications are highlighted.

If the confingency determined by the ongoing conflict has imposed to consider energy security as a
priority in the political agenda of several countries, in the long run the need for an energy transition
towards decarbonization and a consequent paradigm shift fowards renewable energy sources (RES)
is undeferrable, since both the health of the Earth and people are seriously threatened by climate
change and pollution, respectively.

The role of electricity in this fransition is absolutely fundamental, and the so-called “Electricity Triangle”
acquires a strategic importance: 1) Increase in electricity production directly from RES; 2) Privileged
use of electricity as an energy carrier, 3) Massive electrification of end-uses of energy.

In this framework, the Mediterranean region is requested to face a double challenge: to decarbonize
a traditional energy system that is intensely fossil-based and to build a new “green” energy dialogue
across its shores.

The current situation shows significant differences in the starting point among these shores in terms
of penetration of renewables in their energy systems. In fact, while the countries located on the
Northern shore — in particular those belonging to the European Union — despite the high total energy
supply per capita (e.g. 105.9 GJ/person in Italy, 144.4 GJ/person in France and 102.2 GJ/person in
Spain [3]), are characterized by a slow but continuous decreasing frend in the share of fossil fuels
in the primary energy mix, the countries of the Southern shore, even if characterized by lower per
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capita energy needs (e.g. 60.7 GJ/person in Algeria, 37.3 GJ/person in EQypt and 25.7 GJ/person in
Morocco in 2021 [3]) are still almost completely reliant on fossil commodities. For example, in 2020
the share of fossil fuels in the total primary energy supply (TPES) was equal to 77.6% in Italy, 68.7% in
Spain and only 46.9% in France (due to the relevance of nuclear energy), while it was equal to 99.9%
in Algeria, 93.9% in Egypt, 95.6% in Libya, 90.2%in Morocco and 88.3% in Tunisia [3]. Moreover, while
the European counfries already have in place well established (and ambitious) decarbonization
strategies and plans, the other Mediterranean countries are quite far in defining effective policies
and legislation clearly oriented to an energy transition.

However, the Southern Mediterranean shore shows not only considerable fossil energy resources, but
also a great potential of generation from renewables. This shore, in fact, can benefit from the highest
average global horizontal solar irradiance in the Mediterranean basin (5.67 kWh/m?, compared to
5.12 kWh/m? on the Eastern shore and only 4.02 kWh/m? on the Northern one). Similarly, the Southern
shore shows the highest potential of onshore wind electricity generation, with an average wind speed
equal to 8.76 m/s, compared to 7.67 m/s of the Northern shore and 7.11 m/s of the Eastern one [5]
[6]. Despite this potential, the exploitation of renewables in the Southern countries is still limited: the
overall installed PV generation capacity in 2021 amounted to just 2.4 GW, in stark contrast with a
capacity of 57.1 GW installed on the Northern shore, while the onshore wind installed capacity was
equal to 3.3 GW, a value considerably smaller than the 68.4 GW installed on the Northern shore. [7]
These figures highlight the possibility of deploying a large capacity of both photovoltaic plants and
onshore wind farms on the Southern shore, allowing, on the one hand, for extensively decarbonizing
the domestic energy consumption of these countries and, on the other hand, for effectively building
a new energy dialogue with the Northern shore based on the trade of the surplus of electricity from
renewables not used locally.

This path leads to the emergence of the need, or opportunity, to have “electricity highways” across
the Mediterranean, between the two opposite shores. Obviously, it is extremely important to pay
atftention to the economic model to be implemented, given that the countries involved in the process
on the Southern shore are, as previously highlighted, rentier states and, therefore, the new “green”
development should be such as not to create imbalances and rather bring about opportunities of
further development and production of local GDP.

Moreover, this is not the only critical aspect of the process, as it raises the need for major infrastructure
investments to be made in countries with high geopolitical risk, and the need for identifying and
implementing proper protection strategies against malicious attacks against the submarine
inferconnections crossing the Mediterranean Sea.

The exploitation of the RES (with particular reference to Photovoltaic as the preferred technology
at the latitudes of the Southern shore of the Mediterranean) and the consequent creation of new
energy intferconnectors across the Mediterranean region, could also constitute an opportunity to
establish sound geopolitical relationships, and to enable the creation of socio-political “added
value” (e.g. in terms of new job positions and economic development) for both the shores.
European and North African countries, can create a win-win condition where a sustainable energy
fransition meets economic development and climate targets on both sides of the Mediterranean.
In this perspective the “electricity highways” will play a crucial role in fostering the Mediterranean
energy transition.

5.2 HVDC as the key-enabler for the Mediterranean interconnections

As infroduced in the previous section, the electricity fransmission infrastructure plays a crucial role in
the decarbonization process and it’'s a key factor to enable the black-to-green dialogue fransition.
The Mediterranean electricity highways canrely on two technologies: HVAC (High Voltage — Alternate
Current) and HVDC (High Voltage — Direct Current). The AC infrastructure is highly developed, but
has important technical limitations related to the balance between the “consumed” reactive power
and transported active power, with respect to the DC one, which is nowadays the most diffused
choice for long distance interconnectors and undersea cables.

There are two primary HYDC technologies: Line-Commutated Converters (LCC) and Voltage-Source
Converters (VSC) that corresponds to different stages in the development of the HYDC converters
technology and present different performances and operation possibilities.
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Line-Commutated Converters (LCC): LCC HVDC systems use thyristor valves to control the
conversion from AC to DC and vice versa. LCC technology is well-established, reliable, and cost-
effective for long-distance point-to-point connections. However, it has limited controllability and
flexibility, making it less suitable for multi-terminal systems and grid integration of renewables.

Voltage-Source Converters (VSC): VSC HVDC systems use insulated-gate bipolar transistors
(IGBTs) to convert AC to DC and vice versa. VSC technology provides superior confrollability,
adaptability to grid conditions, and compatibility with renewable energy sources. It is well-suited
for multi-terminal connections and grid stabilization applications.

LCC has been the reference technology for decades, but it has gradually been replaced by VSC,
thanks to a better control of reactive power flows, a black start capability, a reduced harmonic
distortion and, more in general, a better flexibility in terms the capabilities of power and voltage
control. Thanks to these advantages, almost all the new hypothesized interconnectors will be realized
by using VSC technology.

DC transmission have several advantages over AC transmission:

Less number of cables required for fransmission of the same power amount: DC transmission
requires fewer cables than AC transmission for the same power to be fransported. This advantage
stems from the nafure of direct current, which allows for efficient power fransmission with a
reduced need for mulfiple cables, simplifying the overall system design and installation.

Cost: In many cases, the overall cost of DC fransmission systems can be lower than that of AC
systems. While DC converter stations are more expensive than AC transformation stations, the
potential cost savings come from factors such as a lower required insulation level (which, in turn,
also means shorter and cheaper line towers), fewer conductors, and a more straightforward
right-of-way, contributing to a favorable ratio between cost and benefits [8].

Power exchange between asynchronous networks: DC transmission excels in facilitating power
exchange between asynchronous AC networks, as demonstrated by the interconnections like the
onesin Japan. This capability is crucial for connecting power systems with differing frequencies or
phase angles, enhancing the flexibility and efficiency of grid interconnections [9].

Efficiency in terms of lower long-distance power losses: DC fransmission exhibits higher efficiency
over long distances compared to AC transmission. The critical distance, beyond which DC
fransmission losses become lower than AC losses makes it particularly advantageous for power
fransmission covering long distances, while minimizing losses along the lines from their sending-
end fo the receiving-end.

Environmental impact mitigation: more compact and shorter overhead line towers, reduced
visual impact: the DC transmission infrastructure often requires more compact overhead line
towers, leading to improve the visual impact on the landscape. This advantage contributes to
a more environmentally friendly and aesthetically pleasing power fransmission infrastructure,
especially in areas where a pleasant view is essential.

Lack of impact on the short circuit levels: unlike AC transmission, DC fransmission does not
significantly influence the short-circuit levels in power systems. This characteristic simplifies the
design and operation of interconnected grids, providing stability and reliability without the need
for an extended intervention on the short-circuit protection devices and schemes.

Fast and precise load flows control: DC fransmission systems enable fast and precise control of
load flows. The ability to regulate power flow allows for an efficient management of the grid,
ensuring optimal utilization of resources and responsiveness to dynamic changes in demand and
supply, enhancing the overall grid stability [10].

No propagation of electromagnetic disturbances: DC transmission systems do not propagate
disturbances in the same way AC systems do. This characteristic minimizes the impact of local
disturbances, ensuring a more stable and reliable power transmission network, especially in
interconnected grids where disturbances can have widespread consequences [11].

Black start capability (VSC): Voltage-Sourced Converter (VSC) HVDC systems provide black start
capability, allowing for the restoration of power in the event of a system-wide blackout. This
feature is crucial for grid resilience and reliability, ensuring the ability to restart and re-energize the
grid independently, contributing to overall grid stability and recovery capabilities [12].

The first HYDC connection in the Mediterranean area, the SACOI 1, based on mercury vapor valves
technology, became operational in 1968, connecting Italian peninsula with the island of Sardinia
[13]. In 1988 an intermediate converter station was added, realizing for the first time a multi-terminall
connection.
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Inthe 1970s, thanks fo the development of power electronics, especially in the field of semiconductors,
power conversion bridges built with thyristor valves began to be used for commercial applications.
These made HVDC transmission systems a competitive technology for both long-distance power
fransmission and the interconnection of different electrical systems. The first application of thyristor
bridges as a replacement for mercury valves was in 1972, in the Canadian interconnection between
the provinces of Quebec and New Brunswick, with a power transport capacity of 3100 MW [14].

To date, the highest voltage level reached for an HVDC line has been achieved in the Chinese
ChangjiGuquan UHVDC link, which is a 12,000 MW, 3,000 km bipolar interconnector with a direct
voltage of £ 1,100 kV [15], [16].

HVDC solutions are typically used for point-to-point connections: although multi-point architecture is
technologically possible, in 2023 there are only two active interconnectors of this type (SACOI, from
continental Italy to Sardinia, with an infermediate spilling station in Corse, and from Quebec to New
England Transmission in North America) [17]. HYDC meshed grids have been proposed in scientific
literature, but currently only the Zhangbei VSC-HVDC infrastructure has four terminals connected
together to form a single mesh [18],[19].

The “state of the art” for meshed grids is represented by overhead HVAC lines with voltage levels
between 300 kV and 1 MV.

5.3 Interconnectors across the Mediterranean Sea

5.3.1 Operational interconnectors

The Mediterranean Sea has been widely exploited to create many interconnections between the
bordering countries. Subsequently, tables and mayps representing, respectively, interconnections “in
operation” (OP), “planned” (PL or PE, under permitting) and “under consideration” (UC) among the
aforementioned countries are reported.

The main goal is to decarbonize as many areas as possible, linking them together by creating
an infrasfructure in the Mediterranean to exchange the maximum possible power produced by
renewable sources. This goal is set both to comply with what was established by the Paris Agreement,
signed in 2015, and to find new energy sources for the counfries on the northern shore, especially
after the recent dramatic events in Ukraine, which was invaded by Russia in February 2022. The war,
in fact, has resulted in an unprecedented energy crisis that has forced the European counftries to
deal with the scarcity of alternatives, but it has pushed in the direction of a more rapid change of
course tfoward an energy fransition that involves as many countries as possible, seeking to reach
acceptable compromises to all the involved actors.

Nowadays, the overall capacity of the intferconnections through the Mediterranean Sea amounts
fo 6.6 GW, i.e. 60% higher than it was in 2020 and sfill following an increasing frend. The HVDC
technology is widely spread right now in most of the interconnections in operation (Table 1), but
HVAC technology is sfill also present and preferred to cover shorter distances.

SACOI was realized in 1966 to connect the Italian Peninsula to Sardinia passing through Corsica to
exchange 300 MW. In 1992 it was modernized (SACOI2) to increase the withdrawal of power at the
Lucciana terminal, by adding a third ferminal fo the two already existing ones, still keeping a 200 kV
voltage. In this way, it became the first multi-terminal HYDC in the world.

REMO1 (Refuerzo Eléctrico Mediterraneo Occidental — Western Mediterranean Electricity
Reinforcement) is the electricity interconnection between Spain and Morocco, commissioned in
1997 to guarantee an optimal exchange of excess of power by keeping a high level of security and
frequency control. It provided a 700 MW exchange of power at 400 kV through an AC submarine
link. Subsequently, in 2006, a reinforcement of the interconnection was commissioned to double the
power capacity and to increase the total length of the link (REMO2).

GRITA is a submarine link in LCC-HVDC technology connecting Italy to Greece at a maximum
power of 500 MW and a voltage of 400 kV. It started operating in 2002 and it was the first electrical
interconnection realized between Italy and abroad at high depth, representing the first step for Italy
to be defined as the “Mediterranean Energy Hub".

The SARCO link between Sardinia and Corsica is essentially used to help cover Corsica’s own cargo
according to a transmitted power profile that varies little throughout the year and almost exclusively
imported to Corsica. It has a 100 MW power at 150 kV and exploits the HVAC technology.

64 1T 2023



The electricity inferconnection between the lberian Peninsula and the Balearic Islands (Romulo) is
crucial to ensure both quality and reliability of electricity supply in the Balearic Islands’ system and
to promote competitiveness in electricity generation. It was commissioned in 2011, being the first
submarine HYDC fransmission link in Spain at 250 kV with a power of 400 MW.

The SAPEI submarine link is the deepest in the world (1,640 meters under the sea level). It is 435 km
long and allows to transfer 1,000 MW. Since it started operating, it has brought several benefits in
terms of a higher security of the Sardinian electrical system. Moreover, it reduced the CO, released
into the atmosphere as a result of increased use of renewable energy sources.

The ITMT1 power line is a submarine interconnection cable, commissioned in 2015, that connects the
[talion and Maltese power grids through the Malta Channel. This submarine cable has a maximum
power fransmission of 200 MW at 220 kV. The project to build the cable was partly funded by the
European Union and it costs 182 M£. This link is fundamental to ensuring a stable and reliable supply
of energy between the two countries, contributing to the diversification of energy sources and
environmental sustainability.

The 400 kV Sorgente-Rizziconi powerline is animportant electrical connection between the two Italian
regions of Sicily and Calabria, with a power of 1,100 MW. This connection contributes to reducing
CO, emissions into the atmosphere by about 670,000 tons per year, since its commissioning in 2016.
In addition, thanks to the rationalization of the power grid in the provinces of Messina and Reggio
Calabria, about 170 km of obsolete power lines (87 in Sicily and 85 in Calabria) will be removed,
significantly reducing the environmental impact on the territories crossed by these lines.

The MONL.ITA electrical inferconnection connects Italy o Montenegro via a submarine cable and a
section of underground cable at 500 kV with a power of 1200 MW.

The electrical inferconnection between Crete and mainland Greece (GRCR) is a major project
connecting the island of Crete, the largest and most populated island in the Greek archipelago, to
the mainland. The project consists of a HYDC submarine cable connecting Crete to the Atticaregion
on the mainland. The maximum transmission capacity of the cable is 1,000 MW, enabling efficient
power exchange between the island and the mainland. The interconnection helps improve the
reliability of electricity supply and will facilitate the integration of renewable energy sources.

5.3.2 In construction, permitting and planned interconnectors

Considering the 2030 time-horizon over the long term, there will be a total tfransferable power of
21 GW over the interconnectors. To be more precise, the focus on the energy sector is aimed
at developing technologies for RES and improving safety and reliability of the Mediterranean
infrastructure. In order to achieve these goals, much work has been going on for years now to
implement new interconnections and modernize the existing ones. Several power connections are
already under construction, others have been properly designed and theirimplementation permitted
by the governments of the involved countries, and others are still at the planning stage. The above-
mentioned infrastructures are listed below.

SPCE is a significant project that will bridge the gap between the lberian Peninsula and Ceuta,
intfegrating the autonomous city into the peninsular electricity system, aligning with the 2021-2026
Electricity Planning, recently approved by the Spanish Government. An exchange of power of 50
MW is provided at 132 kV, covering a distance of 60 km, exploiting HVAC technology.

ITMT2 was planned and commissioned to double the power capacity of the existing and
aforementioned interconnection between Italy and Malta by using HVAC technology.

The EuroAsia interconnector is a 2000 MW capacity HYDC multiterminal inferconnector between
Israel, Cyprus and Crete (Greece) at 500 kV, whose investment cost reached 2,500 M€, It aims to
be the longest of ifs type in the world, with a length of 1,208 km, and to put an end to the energy
isolation of Cyprus, which is connected with Greece only (Attica, GRCR). Currently, Greece is strongly
inferconnected with Italy, TUrkiye and its Balkan neighboring countries. This ambitious project will lead
to the integration of high percentage of RES in the island of Cyprus and, eventually, to a reduction
of CO, emissions. Moreover, from an economical viewpoint, it will provide mutual benefits to the
involved countries in terms of energy prices . It is already in early phase of construction and it is
expected to be considered operational in the Mediterranean grid by 2030.

Serving as a “electricity highway”, the EuroAfrica Interconnector is an impressive project that aims to
connect the national electricity grids of Egypt, Cyprus, and Greece through a 1,396 km submarine
HVDC cable, providing initially 1 GW of power capacity, that will be later increased at 2 GW in
subsequent stages, at 500 kV. Egypt is already planning to expand its grid not only in Europe, but also
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in Asia, by connecting its network to those of the neighboring countries and, in particular, it will be
heavily interconnected to Saudi Arabia by 2030.

The SACOI2 interconnector is already planned to be modernized and renewed, since it has almost
come to the end of its life, it , making it become SACOI3. Taking advantage of the work on the entire
line, maintaining a voltage of 200 kV, and allowing to achieve a withdrawal power of 100 MW (it is
currently 50 MW in Corsical), the power capacity will be increased to 400 MW. The project will make
the whole electrical system more efficient and reliable and it will encourage the development of RES
as a consequence.

The governmental TSOs of both Tunisia (Steg) and Italy (Terna) have already authorized TUNITA,
approved as Project of Common Interest (PCI) by the European Commission. It will be an electricity
bridge 233 km long between Europe and Africa, connecting the Partanna electrical station (Trapani,
[taly) with a corresponding station of Menzel Tenim (Tunisia) at 500 kV (HVDC) with a power capacity
of 600 MW. It will allow a bidirectional energy exchange, leading to an efficient use of the excess of
energy in both countries.

Terna (Italian’s public TSO) has presented Hypergrid in its Development plan this year. It consists of
planning several new projects commissioned for the next decade, aiming at making Italy as the
Mediterranean Energetic Hub. Through Hypergrid, it will be possible to double the trading capacity
between different market zones from the current 16 GW to more than 30 GW.

The Adriatic link will connect Abruzzo (ltaly) to Marche (ltaly), exploiting VSC-DC technology, making
available, hypothetically, two new “points” on the shores of the Adriatic Sea (Villanova and Fano,
respectively). There will be a capacity power of 1000 MW at 500 kV. It is expected to be commissioned
within 2028.

The Tyrrhenian Link project is a major initiative to connect the power grids of the Italian peninsula,
Sicily and Sardinia through a double high-voltage undersea cable, 950 km long, with a 1,000 MW
power capacity at 500 kV (VSC-DC). Four conversion stations will be built at the connection poinfts
of the two sections of the link: eastern section, connecting Campania to Sicily, and western section,
connecting Sicily to Sardinia. Dorsale Sarda will connect Sardinia to both the Iltalian Peninsula and
Sardinia itself from the north to the south, reaching an overall length of about 550 km, and a power of
2,000 MW. The first connection will be done by SAPEI2, a new power line that will work in synergy with
the existing SAPEI at 500 kV (VSC-DC) providing a power of 1,000 MW. The second connection will be
an AC type, between Codrongianos and Sulcis (both in Sardinia), providing a power of 1,000 MW at
220 kV. Finally, Dorsale lonico-Tirrenica will connect Sicily to Lazio (Italy) through a double undersea
cable at HYDC (500 kV). It will consist of two main routes: an HVDC lonian Link, between Priolo
(Sicily, Italy) and Rossano (Calabria, Italy), and an HVYDC link between Rossano and Montecorvino
(Campania, Italy) and Latina (Lazio, Italy).

ITGR2 is a reinforcement of the existing interconnection between Italy and Greece, whose realization
will lead to double the power capacity among the two involved countries.

The ESMA project consists of the construction of the third interconnection HVAC 400 kV cable
between the two countries (Spain and Morocco, already connected through REMO1 and REMO?2).
It is included in the Spanish National development plan for the year 2026 (planned in Spain only). The
interconnection capacity between the two countries will be increased from the current 200 MW Net
Transfer Capacity (NTC) to 1,550 MW in the direction from Spain to Morocco and from 600 MW to
1,200 MW in the direction from Morocco to Spain.

The Egypt-Greece (EGGR) interconnection is infended to be the first vertical interconnector in the
Eastern Mediterranean Seaq, consisting of a bipolar HVDC interconnector with a NTC of 2,000 MW. The
submarine cable connecting the two countries is 843 km long. The project is promoted by the TSOs
of both countries and it is expected to be realized within 2028.

Finally, the MAPT project involves the realization of the first DC interconnection cable between
Morocco and Portugal (500 kV), namely between Bni Harchen (Morocco) and Tavira (Portugal),
with an NTC of £1000 MW. The project is sfill at a planning stage and there is no commissioning date
defined.
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Table 1 - Electricity highways (Interconnectors) in the Mediterranean area
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Figure 1 - Interconnectors in the Mediterranean area: OP (a), CO+PE+PL (b), UC (c) ©
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Source: Elaboration by EST@energycenter — Politecnico di Torino (2023).
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¢ Numbers in the Figure correspond to the interconnector unique identifiers of Table 1 (first column).
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5.4 Role ofthe electricity interconnectorsin the Mediterranean scenarios

The effective implementation of the energy fransition in the Mediterranean region, as mentioned
in the previous sections, will imply a pivotal role played by electricity produced from RES. Reaching
the decarbonization goals, will, in practice, require significant investments in the electrification of
the final energy uses, in the installation of a considerable amount of additional generation capacity
from renewables to exploit the huge available potential, and in the construction of a robust system
of frans-Mediterranean power inferconnectors (the so-called Mediterranean “electricity Highways”)
that can represent the new key energy interconnectors and the backbone of the “green” energy
dialogue across the Mediterranean shores.

Of course, several possible frajectories could be hypothesized, based on how sfrongly the different
national/communitarian policies are expected to be oriented towards environmental sustainability.

With reference to this, in particular, in Chapter 3 we proposed three possible alternative evolutionary
frajectories by 2030related to the penetration of PV and wind power plants on the three Mediterranean
shores:

e Trajectory “T1 - historical evolution™:

we considered the historical data series of renewable installed capacity in the Mediterranean
region at a country level. Starting from the historical values, we estimated the evolution of the
renewable energy mix in 2030 by means of a proper interpolating function fitting them. This
frajectory, therefore, given a quantitative assessment of the penetration of solar and wind energy
in a business as usual perspective, assuming that current frends will continue in the future.

* Trajectory “T2 - bridging the gap with the targets™:
we considered the renewable targets set by 2030 in the national energy action plans of the

different Mediterranean countries, also assessing the effort (in terms of annual capacity to be
installed) that the Mediterranean countries should undertake to comply with them.

* Trajectory “T3 - 100% renewables”:

we computed the PV and wind capacity needed for fulfilling the electricity demand completely
in 2030, in furn evaluated on the basis of the projections proposed by the 2022 edition of the
Mediterranean Masterplan of Mediterranean interconnections (MMP), issued by Med-TSO.

With respect to these trajectories, we infroduce an additional one based on the assessment of the
large renewables potential of the countries belonging to Southern Mediterranean shore, thanks to
their geo-morphologic and climate conditions. As discussed in the 2020 issue of the ENEMED Report,
considering the scenarios of medium RES penetration [21] in these countries, a surplus of electricity
from of PV and wind generation is available for tfrade with the Northern shore, after fulfilling the
domestic demand, and it can be foreseen. Starting from these considerations, we infroduce therefore
the fourth trajectory:

* Trajectory "“T4 — Renewables surplus™:
We hypothesize to have by 2030 an additional (with respect to trajectory T3) installed capacity of
PV and wind power production, coherent with the capacity increase between the two scenarios
developed in the 2020 ENEMED Report, i.e. the “*“Medium RES” (fulfilment of the domestic demand

of the Southern shore and surplus available for frade) and the “Low RES” (only fulfillment of the
domestic demand of the Southern shore).

The results in ferms of solar PV and wind capacity and electricity production for the different countries
of the Southern Mediterranean shore are summarized in Table 2.
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Table 2 - PV and wind installed capacity and electricity generation in the Southern shore in 2022 and 2030 by
country and considered trajectory

Capacity [GW]

Electricity [TWh/y]

Installed capacity and electricity generation by couniry
2022 2030

Country/Shore T T2 T3 T4

PV Wind PV Wind PV Wind PV Wind PV Wind
Southern Shore 2.66 3.46 6.82 6.35 46.10 33.44 268.72 49.12 384.57 69.13
Algeria 0.44 0.01 0.75 0.01 13.58 5.01 55.58 1.23 8029 1.77
Egypt 1.7 1.64 4.57 3.51 22.9 20.6 183.38  33.79 246.61 45.45
Libya 0.01 0 0.01 0.01 3.35 0.85 24.84 0  49.67 0
Morocco 0.31 1.56 0.86 2.51 4.76 522 1.52 7.44 2.13  10.42
Tunisia 0.2 0.25 0.65 0.31 1.51 1.76 3.4 6.66 587 115
Southern Shore 24 10.9 6.1 19.6 46.3 85.9 204.1 133.0 308.9 18538
Algeria 0.6 0.0 1.0 0.0 17.5 5.0 71.6 1.2 103.4 1.8
Egypt 0.8 4.3 2.1 9.3 10.6 54.6 85.2 89.6 114.5 120.5
Libya 0.0 0.0 0.0 0.0 5.1 2.6 37.9 0.0 75.7 0.0
Morocco 0.7 6.0 1.9 9.7 10.4 20.1 3.3 28.6 4.6 40.1
Tunisia 0.4 0.5 1.2 0.6 2.7 3.6 6.1 13.6 10.6  23.5

The implementation of frajectory T4 allows for a surplus with respect to the capacity needed for
satisfying the domestic electricity demand evaluated by trajectory T3. In particular, the overall RES
capacity surplus can be quantified in 155.4 TWh/y, of which 33.0 TWh/y for Algeria, 58.3 TWh/y for
Egypt. 37.0 TWh/y for Libya, 12.8 TWh/y for Morocco and 14.3 TWh/y for Tunisia.

For bench-marking purposes, we consider three additional scenarios by 2030, proposed by the
Association of the Mediterranean Transmission System Operators for electricity (MED-TSO) [22],
namely:

Inertial Scenario:

It hypothesizes a moderate growth of GDP and electricity consumption, a moderately but steadily
progressive RES development, a slow progress of electrification of final uses and enhancement of
energy efficiency in the end-uses sector (with the exception of very few countries implementing
strong incentive policies). It represents an evolution of the system based on current policies.

Proactive Scenario:

It hypothesizes a marked increase of GDP and electricity consumption, an intensified RES
development (coherent with the goal of climate neutrality in Europe by 2050), an acceleration
in the electrification and implementation of energy efficiency measures with respect to the
“Inertial Scenario”, and a prevalence, as far as electricity generation is concerned, of distributed
generation. Despite these aspects, this scenario still foresees significant differences and a limited
cooperation among the various Mediterranean countries.

Mediterranean Ambition Scenario:

Similarly to the “Proactive Scenario”, it hypothesizes a marked increase of GDP and electricity
consumption, an intensified RES development (coherent with the goal of climate neutrality
in Europe by 2050) and an acceleration in the electrification and implementation of energy
efficiency measures. Moreover, it also foresees an increasing cooperation among countries. As
far as electricity generation is concerned, it assumes a prevalence of large-scale generation.

Focusing on the obtained results for the Southern shore (summarized in Table 3), it can be noticed that
the forecasted trends of installed capacity for the “Mediterranean Ambition” scenario are aligned
with the T2 trajectory projections, resulting coherent with the achievement of the different national
energy plans by 2030.
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Table 3 - Installed PV and wind capacity in the Southern shore by 2030 in the three MED-TSO scenarios

Inertial Proactive Med. Ambition
2030 Capacity [GW] 2030 Capacity [GW] 2030 Capacity [GW]
Country/Shore PV Wind PV Wind PV Wind
Southern shore 20,88 16,21 32,61 21,12 34,72 26,10
Algeria 4,27 0,00 9,27 0 9,27 0.0
Egypt 10,14 10,00 13,14 14 15,14 17.0
Libya 2,00 0.20 3.5 0.5 3.5 0.5
Morocco 3,04 4,85 4,79 5,33 4,99 7.25
Tunisia 1,43 1,16 1,91 1,29 1,82 1,35

Under a perspective of developing a “green” energy dialogue, it is interesting to assess the capability
of Operational (OP), Construction & Permitting & Planned (CO+PE+PL) and Under Consideration
(UC) infrastructures to transfer the surplus of energy from renewable sources that can be produced
in excess with respect to the domestic consumption of the Southern shore (assumed to be both
increased and electrified, as discussed in Chapter 3).

This evaluation does not take into consideration power flow models, neither for the Southern shore,
nor for the interconnections between the Southern and the Northern shores of the Mediterranean,
since it is simply based on an overall energy balance.

The analysis is performed by considering the previously described trajectory T4 and by assuming a
tfransmission energy factor of the interconnections related to the availably of electricity production
from renewables that can be fransferred through the interconnectors themselves and that varies
during the day. For the calculation of the fransmission energy factor it has been assumed that for 8
h/d the infrastructures carry the 100% of the maximum amount of energy that they can transfer, for
8 h/d the 60% of it and for 8 h/d the 40% only. This assumption leads to a value of the fransmission
energy factor equal to 0.667. By multiplying the maximum amount of energy that the infrastructures
can transfer by the transmission energy factor, we obtain the annual energy transferred.

For this analysis we considered: interconnectors number 2 and 4 (see Figure 1) for the OP infrastructures;
interconnectorsnumber12,14,15,17,18,23,24and 27 forthe CO+PE+PLinfrastructures;interconnectors
number 28, 29 and 33 for the UC infrastructures.

According fo trajectory T4, the total energy surplus of the Southern shore, theoretically available for
being fransferred to the Northern shore, is equal to 155 TWh/y. If we consider the OP infrastructures
only, the annual energy fransferred corresponds to 8.18 TWh/y, i.e. 5.3% of the total energy surplus.
If we considered, instead, both the OP and the CO+PE+PL infrastructures, the amount of annual
energy fransferred is 60.15 TWh/y, i.e. 38.7% of the total energy surplus. Finally, if we considered all the
possible infrastructures (OP, CO+PE+PL and UC), we would obtain an annual energy transfer of 89.35
TWh/y, i.e. 57.5% of the total energy surplus.

These results highlight that the current development framework for the trans-Mediterranean
electricity interconnections (which could be further enhanced in the future), already allows for a
significant energy exchange among the North African countries of the Southern European countries,
corresponding to 3.6% of the overall final consumption of electricity in the Europe in 2021, and t0 8.1%
of the final consumption of electricity on the Northern shore in 2021. This clearly highlights the key role
that electricity can play in the “green” dialogue across the Mediterranean region.
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Figure 2 - Share of RES among the countries of each shore in “T1” scenarios (pu of total electricity generation)
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Source: Elaboration EST@energycenter — Politecnico di Torino (2023)

Figure 3 - Share of RES among the countries of each shore in “T2” scenarios (pu of total electricity generation)
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Source: Elaboration EST@energycenter — Politecnico di Torino (2023)
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Figure 4 - Share of RES among the countries of each shore in “T3” scenarios (pu of total electricity generation)
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Source: Elaboration EST@energycenter — Politecnico di Torino (2023)

Figure 5 - Share of RES among the countries of each shore in “T4” scenarios (pu of total electricity generation)
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5.5 Cost evaluation and comparison

The cost estimation of the electrical inferconnection infrastructure through the Mediterranean Sea
needs to consider three costs: @ Infrastructure construction costs (CAPEX, CAPital EXpenditure); @
O&M costs of the infrastructure (OPEX, OPerational EXpenditure).

As for the CAPEX, we consider the interconnections corresponding fo projects in construction (CO),
permitting (PE) and planned (PL) stages only (12-27 in Table 1).

All the building costs are considered as overnight costs, referred to 2023.

As for the OPEX, the cost of the complete AC electrical stations was not considered in this analysis,
because it is common to the two technologies families and is highly variable and dependent from
local constraints.

With reference to HVDC technology, O&M costs are mainly related to the converter stations. As a
preliminary approximation, these may be considered constant regardless of the used conversion
technology; moreover, the dependence on voltage level can be neglected, since all proposed
inferconnectors are characterized by the same voltage magnitude.

With reference to AC connections, the maintenance costs of transformers operating at the very high
voltage levels have been considered in addition to the ones of cables.

As far as the interconnectors lifetime is concerned, a minimum lifetime of 25 years (after which the
conversion equipment of the HVYDC facilities requires extraordinary maintenance and technologicall
upgrading), has been considered as the useful life of the assets, coherently with scientific literature,
TSOs experience and regulatory entities evaluations [23], [24].

Table 4 - Total and specific (per GW) costs of the transmission lines

Tech CAPEX OPEX Cost
c’ L8 #CS* #TR® YU ccm OMST®  OMC™ OMy' r¢ OMd” (cC*® OM" TC =
HVAC 3.9 488 - 10 252" 1,336.20 20 15 7.52 73.9 7021 388 740.9
HVDC 14.1 6,574 31 - 25 18717.30 2,000 25 226.35 i 2,223.3 201.9 240 225.9

Source: Elaboration by EST@energycenter — Politecnico di Torino (2023)

7 C: total interconnectors capacity, in [GW]

8 L: total interconnectors length, in [km]

? #CS: total number of converter stations

10 #TR: fotal number of tfransformers

Y. lifetime of the infrastructure

12 CC: total construction cost, in [M€]

13 OMST: operation and maintenance station yearly costs, in [k€/y/converter] for HVDC and [k€/y/transformer]
for HVAC

1 OMC: operation and maintenance cable yearly costs per unit of length, in [k€/y/km]

15 OMy: total annual O&M cost, considering converters, transformers and cables, in [M€/y]
16 1. discount rate for OPEX, in [%] [25]

17 OMd: discounted O&M costs in the expected lifetime, in [M€]

18 CC: average construction cost respect to power and length, in [k€/GW/km]

19 OM: average O&M cost respect to power and length, in [k€/GW/km]

2 TC: average total cost respect to power and length, in [k€/GW/km]

2! Limited by the lifetime of undersea cables [26]
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