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Abstract
It has been proven that energy storage can largely assist increased penetration of renewables into the
grids. This is more important in autonomous grids as the one in Cyprus. One of the most
technologically advanced and mature energy storage technologies is Pumped- Hydro (PH). PH is
also considered as the most suitable storage technology to achieve high Renewable Energy Sources
(RES) penetration levels in autonomous power systems, such as Cyprus’, avoiding unnecessary RES
energy curtailment. The existing water reservoirs in Cyprus provide an important potential for energy
storage application at relatively reduced cost providing many side benefits. Sizing and siting of
potential PH Storage (PHS) systems are evaluated within the present study. It is shown that existing
reservoirs can cope with the energy storage demands for high renewables’ penetration exceeding the
current Cyprus state goals. DISPA-SET model is used in order to quantify impact and implications
of the potential energy storage projects and in order to identify the optimal transmission grid behavior
(in terms of re-scheduling operation of conventional units). Conventional units will be assisted to
achieve more efficient operational modes with less idle loads, significantly enhancing the operational
safety of the grid. Simulations for the selected scenarios were performed both for the Cypriot
isolated-autonomous grid and for an interconnected grid between Cyprus, Greece and Israel.
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1. Introduction
Energy storage systems employed worldwide cope with the intermittent nature of distributed power
generation from Renewable Energy Sources (RES) (Ziyu Z. et al., 2021, McIlwaine N. et al., 2021,
Kang M. T. et al., 2021), mitigating its impact on operational practices of transmission system
operators (TSOs). Determining the size (power rating and energy storage capacity) of the storage
systems, as well as their location and connection to the grid is a fundamental problem. Multiple grid

services may be provided by storage systems of different technologies coupled together, thus
increasing the potential exploitation of their capacity and their feasibility (Kang M. T. et al., 2021,
Bahloul M. and Shafiuzzaman K. K., 2021, Günter N. and Marinopoulos A., 2016).
One of the most technologically advanced and mature energy storage technologies is Pumped- Hydro
(PH) (Shafiqur R. et al., 2015, Barbour E. et al., 2016, Mahmouda M. et al., 2020). PH is also
considered as the most suitable storage technology to achieve high RES penetration levels in
autonomous power systems, such as Cyprus’, avoiding unnecessary RES energy curtailment. The
existing water reservoirs in Cyprus provide an important potential for energy storage application at
relatively reduced cost providing many side benefits.
According to European Association for Storage of Energy (EASE) the typical characteristics (sizes)
for energy storage projects having a rated maturity level (TRL at least 1) are shown in the following
table (European Association for Storage of Energy):
Table 1: Technology readiness level ranking of various storage technologies and typical main
characteristics

The potential services provided by each storage technology, along with their inherent development
issues are presented in the following table:
Table 2: Storage technologies services to the grids and their main constraints

In order to select the appropriate size and the sitting of electrical energy storage systems, the previous
constraints have to be taken into account and the potential problem storage is addressing.
Based on the above information, the present study focuses on the following:

●

The sizing and the siting of storage and/or hybrid plants in Cyprus. A map based data base is
prepared including all the main technical parameters of the proposed plant.

●

The possible implications of the operation of storage/hybrid plants together with smart operation
algorithms for the whole Cyprus transmission grid.

●

To simulate the grid’s behavior and quantify the impact of various storage/RES scenarios.

2. Assessing the underlying potential of storage in Cyprus
Since the most technologically advanced and mature storage technology is Pumped- Hydro (PH), the
assessment of the underlying potential in Cyprus started with this storage technology. This is
considered as the most suitable storage technology to achieve high RES penetration levels in
autonomous power systems, such as Cyprus’, avoiding unnecessary RES energy curtailment.
For the sitting of the PH Storage (PHS) systems the major constraint is finding suitable landscape.
Furthermore, there has to be available land for the potential required project’s capacity and there
should be no significant environmental or grid connection issues. Potential sites considered, have to
have at least one storage reservoir that is not currently used for potable water, as well as height
difference for the sitting of the second water storage reservoir.
To this end, a preliminary investigation of the potential size and sitting of PHS projects in Cyprus
resulted in the following map bellow (Figure 1). In Figure 1 the sitting of the upper and lower
reservoirs for each potential PHS is shown, with some information on the required reservoir volume
to be created.
Further investigation provided data on long term water availability of the reservoirs and their filling
percentage, also in draught periods (Ministry of Agriculture Rural Development and the
Environment, Water Development Department). Then, the PHS systems were sized based on worst
case scenario of water availability and other design characteristics. The dimensioning method
followed is described in steps below:

1.

2.
3.
4.
5.
6.
7.

For each existing reservoir (taking as an assumption that it will be the lower water reservoir),
the required volume of the upper reservoir was calculated based on water availability (%
nominal) of the lower one.
For the calculated upper reservoir volume, the available height difference between reservoirs
and the length of the penstock required were also calculated.
A preliminary nominal power in MW was selected for the system and the specific water energy
content was further calculated (taking as assumption 15% system losses).
The nominal water flow and a suitable penstock diameter were then calculated.
Calculation of the nominal autonomy of the system (in hours) for 70% use of the upper reservoir
water content followed.
Estimation of the cost of the proposed system based on sizes (reservoir, penstock length) was
the next step.
Recalculation of the crucial parameters (upper reservoir volume and potential nominal power),
so that the nominal autonomy will be at least 10 hours was the final step.

Further to the above design procedure, the resulting PHS systems were ranked by employing the
following selection and ranking criteria (Table 3):

Table 3: Selection and ranking criteria for PHS systems
CRITERIA
CASE 1
RANK 1
CASE 2
LOWER SESERVOIR
≥ 40%
1.75
< 40%
WATER CONTENT
≥ 10 MW
PROJECT CAPACITY
1.00
< 10 MW
AUTONOMY
ENVIRONMENTAL ISSUES
GRID CONNECTION
ISSUES
SOUTHERN MAIN WATER
PIPELINE
PRIVATE LAND FOR THE
UPPER RESERVOIR

RANK 2
0
0

≥ 10 h
NO

1.00
1.50

< 10 h
YES

0
0

NO

1.00

YES

0

NO

1.25

YES

0

NO

1.50

YES

0

Based on the selection and ranking criteria, the potential PHS projects were ranked as first priority
and second priority. Design characteristics emerged for the investigated PHS projects are shown in
Table 4, whereas their ranking is presented in Table 5 bellow.
First rank projects (having a rank over 6.00 AND water content of lower reservoir >40%) of a total
of 275 MW nominal power have been identified. Other projects of ranks equal to or less than 6.00
account for another 229 MW nominal power.
It has to be stated here that the nominal power of the PHS systems may be increased by increasing
each project’s size (upper reservoir, penstock). Thus, in the next section, simulations were set up and
run to investigate the impact of the various scenarios on the grid and in the case of high RES
penetration conditions.

Figure 1: Map based representation of potential HPS projects in Cyprus. Sitting and sizing of
reservoir

Table 4: Design characteristics of investigated PHS projects throughout Cyprus

Table 5: Ranking of the potential PHS projects from Table 4

3. Impact and implications of potential storage projects – Isolated grid
The DISPA-SET model has been used In order to identify the optimal transmission grid behavior (in
terms of scheduling conventional generators) in the presence of high RES penetration and varying
storage projects nominal capacity. For the investigation it has been assumed that by 2030:
a)
b)

RES penetration will be maximized - 1680 MW PV will be installed
Cyprus grid will remain isolated

c)
d)

0 MW to 725MW of PHS systems may be installed, having nominal capacity for 8h
A total annual demand of 6120 GWh for 2030

The following capacity distribution for the clustered generators is envisaged:
Table 6: Capacity distribution for the clustered generators

The goal was to estimate the RES penetration potential, the curtailed energy and the energy cost,
when accounting only for operation costs (and no installation costs), for the isolated grid and for an
Additional Measures Scenario (AMS, without interconnection). According to National Centers for
Environmental Prediction (NCEP) for the AMS (i.e. with all energy efficiency measures in place, as
compared to the Current Measures Scenario (CMS) of the plan), the RES penetration in the electricity
sector has been estimated in 30.3% of the total energy consumption by 2030 (National Centers for
Environmental Prediction).
The configuration above has been run in DISPA-SET and the following results have been obtained,
summarized in Table 7 and Figure 2 bellow.
Table 7: Cyprus’ system characteristics estimated for 2030 – Isolated grid

Indicative results for four weeks during the year are presented in graphical form in ANNEX.

Figure 2: Effect of HPS installed capacity by 2030 to the Cypriot electricity system
The conclusions that might be drawn from the above are that in case of maximizing RES penetration
by 2030:
●
●

●
●

In case of no PHS systems installed there exists an issue of unserved energy, even in the optimal
scheduling configuration.
RES penetration increases from 30% in the case of no storage facilities to 45%. For PHS
capacity of over 500 MW the RES penetration increases only for 0.5% for over 200MW
additional PHS.
System cost and unit energy cost is only marginally decreasing for PHS systems of over 500
MW installed capacity.
Curtailed power decreases by 60% only by the first 275MW of PHS capacity, when the RES
penetration potential increases by 10%.

To investigate further the impact of the storage systems to the grid, for the 275MW and 500 MW
installed nominal capacity, further scenarios of energy storage capacity from 4h to 15h of providing
nominal power have been investigated. The results have been summarized in the following table:
Table 8: Effect of changing the duration of nominal power of HPS

Again, from Table 8 the following conclusions might be drawn:

●
●
●

Storage capacity of 8h is considered to be optimal when compared to 4h or 12h and 15h in terms
of RES penetration increase.
System cost change to 12h from 8h is marginally decreased, while unit energy cost is decreased
by 0.2 Euro/MWh.
In the 275MW PHS case moving to 12h from 8h has no effect on curtailed energy, while for the
500MW system the case is worse.

Another implication investigated is the average daily usage/commitment span of the conventional
generators for the various periods of nominal storage capacity. The results for the 275 MW PHS
system are summarized in the following figure. The 0h case is for the case where no PHS system is
installed.

Figure 3: Overview of the effect of availability of nominal capacity to the usage of conventional
generators
From the figure above it may be stated that:
●
●

PHS has a significant effect in decreasing the span of the daily conventional generators usage.
PHS availability of over 8h does not provide any significant advantages.

4. Impact and implications of potential storage projects – Interconnected grid
In the case Cyprus will be interconnected with Greece and Israel by 2030 additional scenarios have
been investigated. The generator capacities for each country are the followings (Table 9):

Table 9: Generator capacities for each country

The annual demand by 2030 has been for Israel around 95 GWh and for Greece around 62 GWh.
The interconnector capacity has been taken as 2000MW to and from each country.
The results are summarized for two cases of transmission cost in the table 10 bellow:
Table 10: Cyprus’ system characteristics estimated for 2030 – Interconnected grid

The following conclusions might again be drawn:
●
●
●

5.

There is extremely limited RES penetration in case of no PHS installation to accommodate the
extra energy, not achieving the goals posed.
Cyprus will be energy exporter with larger RES share in the case of 275MW PHS installed
capacity.
Curtailed energy is practically zero by employing 700MW PHS, achieving marginally better
unit energy cost but also less RES penetration and energy exports.
Conclusions

The potential of electricity storage in Cyprus has been investigated. PHS can be coupled with
batteries to provide for required energy services to the grid. There is significant room for PHS to
assist in achieving maximum penetration of available RES, PVs in particular. Moreover, targeting

275MW PHS for 1680MW PV installed both in the case of isolated and interconnected Cypriot grid
may assist in achieving current and future goals for the electricity system.
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ANNEX

Indicative simulation results for 0MW, 275MW and 500MW PHS systems installed in the
isolated grid of Cyprus

