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Abstract

In this work, a technical and economic analysis concerning the integration of pumped energy storage plants
in small island power systems and in particular in the Cyprus power system is carried out. For the simulation
of the current and future Cyprus generation system, the WASP IV software package is employed, which is
a specialized simulation software used widely for the selection of the optimum expansion planning of the
generation system. The electricity unit cost of the generation system for various investigated scenarios is then
calculated. The simulation results indicate that under certain parameters the use of pumped energy storage
systems can be beneficial for the large scale integration of renewable energy sources.
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1. Introduction

Electricity consumption and power demand have
significantly increased worldwide over recent years.
Also, in order to reduce greenhouse gases emis-
sions, developed countries and especially the Euro-
pean Union (EU) are investing heavily to increase the
share of renewable energy sources in power genera-
tion (RES-E). These developments will increase en-
ergy costs and will create problems in the security
of supply. Small isolated island power generation
systems will be affected most by the above problems
and especially with the introduction of wind energy
in the power system, which will cause high variabil-
ity and uncertainty in power generation and demand
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for system reserve, thus making the use of pumped
hydroelectric energy storage (PHES) systems in an-
cillary services essential [1]. Therefore, the use of
a PHES will provide [2] a number of key factors for
new developments and solutions to the security of the
electricity supply, reduction of the degree of vulner-
ability of supplies by diversifying the sources, pro-
motion of the rational use of energy, reduction of the
energy dependence on external sources by increasing
as much as possible the use of RES-E technologies,
guarantee of a stable and safe energy supply contri-
bution to the protection and conservation of the envi-
ronment [3].

In this work, a technical and economic analysis
concerning the integration of PHES plants in small
island power systems and in particular in the Cyprus
power system is carried out. For the simulation
of the current and future Cyprus generation sys-
tem, the WASP IV [4] software package [4] is em-
ployed, which is a specialized simulation software
used widely for the selection of the optimum expan-
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Figure 1: Principle of operation

sion planning of the generation system. The elec-
tricity unit cost of the generation system for various
investigated scenarios is then calculated.

In section 2, the principle of operation of PHES
systems is presented. In section 3, the operational
characteristics are discussed and in section 4 the sim-
ulation proccedure for calculation of the electricity
production and pumping cost of a PHES plant is pre-
sented. In section 5 the input data, the scenarios in-
vestigated and the results obtained are discussed in
detail. The conclusions are summarized in section 6.

2. Principle of operation of PHES plants

The fundamental principle of PHES technology is
the storage of electric energy in the form of hydraulic
potential energy by pumping water to a high eleva-
tion, where it can be stored indefinitely and then re-
leased to pass through hydraulic turbines and gener-
ate electrical energy [5].

A typical PHES plant is composed of two reser-
voirs of equal volume situated to maximize their
height difference, known as the head [6]. As a rule of
thumb the head must be in excess of 300 m in order
for the PHES plant to become economically viable,
however, this will depend on various factors. As il-
lustrated in Figure 1, these reservoirs are connected
by a system of waterways along which a pumping-
generating station is located. Under favorable ge-
ological conditions, the station will be located un-

Figure 2: Load demand and generation of PHES

derground otherwise it will be situated on the lower
reservoir. The principal equipment of the station is
the pumping-generating unit, which is generally re-
versible and used for both pumping and power gen-
eration, functioning as a motor and pump in one di-
rection of rotation and as a turbine and generator in
the opposite direction [7].

The electrical storage volume, therefore, depends
on the volume of the reservoirs and the altitude dif-
ference between these two reservoirs. To store elec-
tricity, water from the bottom reservoir is pumped
into the upper one. To generate electricity, the up-
per reservoir opens the gate and water pours down
the pipe, spinning the turbine and generating elec-
tricity [8]. Pumping typically takes place mainly
during off-peak periods, when electricity demand is
low and electricity prices are low. Generation takes
place during peak periods, when electricity demand
is high [9], as illustrated in Figure 2.

Typically PHES systems come in two types
namely: pure PHES systems and pump-back PHES
systems. Pure PHES plants rely entirely on water
that has been pumped to an upper reservoir from a
lower reservoir, a river or the sea, as illustrated in
Figure 1. Pure PHES are also known as “closed-
loop” or “off-stream”. Pump-back PHES use a com-
bination of pumped water and natural inflow to pro-
duce power similar to a conventional hydroelectric
power plant. Pump-back PHES systems may be lo-
cated on rivers or valleys with glacial or hydro in-
flow [5].
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3. Operational characteristics

The PHES is economical as it flattens out the vari-
ations in the load on the power grid, permitting ther-
mal power stations, such as coal fired plants and nu-
clear power plants that provide base load electricity
to continue operating at their most efficient capac-
ity, while reducing the need to build special power
plants which run only at peak demand times using
more costly generation methods [10].

As well as energy management, PHES systems are
important components in controlling electrical net-
work frequency, producing reactive power, and pro-
viding spinning and standing reserve.

Thermal plants are much less able to respond to
sudden changes in electrical demand, which causes
frequency and voltage instability. PHES systems in
common with other hydroelectric plants can respond
to these changes within seconds, thus making it suit-
able for performing black starts [10]. A summary
review, [5], [10], of the operational characteristics of
PHES in comparison with conventional power plants
is tabulated in Table 1.

Other important advantages of the use of PHES
technologies are their high global cycle efficiency,
which is the highest efficiency of all energy storage
solutions at 77%, and their contribution to increased
profitability for plant owners in volatile electricity
spot markets, thus allowing optimization of global
operations of power plant fleets and electrical net-
work infrastructures [8]. An additional advantage
of a PHES plant is the possibility of using the wa-
ter stored in the reservoirs for the purposes of con-
sumption, irrigation and fire-fighting [1]. A major
advantage of combining PHES systems with other
sources such as RES-E is the positive environmen-
tal impact. Instead of having another plant provide
energy during the peak demand hours, the stored en-
ergy can be utilized to provide the power. No fos-
sil fuels are burned for this system, nor are there any
pollutants released into the atmosphere [10]. For iso-
lated island power systems PHES technology seems
to be the most promising way to exploit the available
RES-E potential, such as wind potential, to a high
degree of penetration. In larger islands such a power
plant could substitute one or more base thermal units,
making thus the investment even more profitable [1].

The drawbacks of PHES technology are the en-
vironmental damage caused by the reservoirs, their
high capital cost and the difficulty of finding topo-
graphically suitable sites with sufficient water capac-
ity to make the installation of such systems prof-
itable [2]. Apart from that, there are few remain-
ing undeveloped sites where PHES systems could be
located and those which would be suitable for new
plants could face licensing problems due to environ-
mental concerns. This means that even if a PHES
plant finally receives permission, it might take years
until all the environmental studies are performed [8].

4. Simulation procedure

The future generation system including PHES sys-
tems is simulated using the WASP IV software pack-
age [4], which is widely used for automatic gen-
eration planning. The WASP IV software package
finds the optimal expansion plan for a given power
generating system over a period of up to 30 years.
The foreseen seasonal load duration curves, the effi-
ciency, the maintenance period and the forced outage
rate of each generating plant are taken into account.

The objective function, which shows the overall
cost of the generation system (existing and candi-
date generating plants), is composed of several com-
ponents. The components related to the candidate
generating units are: the capital cost and the sal-
vage capital cost. The components which are re-
lated to both the existing and candidate generating
units are: the fuel cost, the fixed operation and main-
tenance (O&M) costs, such as staff cost, insurance
charges, rates and fixed maintenance, the variable
O&M costs, such as spare parts, chemicals, oils, con-
sumables, town water and sewage. The cost to the
national economy of the energy not served (ENS) be-
cause of a shortage of capacity or interruptions is also
taken into consideration.

The WASP IV package was originally developed
in the United States for the needs of the International
Atomic Energy Agency (IAEA). It is the most fre-
quently used and best-proven program for electric
capacity expansion analysis. It is used for long-term
expansion planning for a period of up to 30 years
and compares the total costs for the whole genera-
tion system for a number of candidate units. In the
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Table 1: Typical operating characteristics of power generation plants

Operating
characteristic

Nuclear
power plants

Coal fired
Rankine cycle

Oil fired
Rankine cycle

Gas
turbine

PHES
systems

Normal duty cycle Baseload Baseload Baseload-
midmerit

Peak
load

Peak load-
midmerit

Unit start up-daily No No Yes Yes Yes
Load following No Yes Yes Yes Yes
Quick start (10 min) No No No Yes Yes
Frequency
regulation

No Yes Yes No Yes

Black start No No No Yes Yes
Response time to
sudden changes

High Medium Medium High High

production simulation of WASP, a one-year period
is divided into, at most, 12 sub-periods for each of
which probabilistic simulation is applied. Equivalent
load duration curves in the probabilistic simulation
are approximated using a Fourier series. Fourier ex-
pansion makes it computationally simple to convolve
and deconvolve generating units in the probabilistic
simulation. The decision of the optimum expansion
plan is made using forward dynamic programming.
The number of units for each candidate plant type
that may be selected each year is specified, in addi-
tion to other practical factors that may constrain the
solution. If the solution is limited by any such con-
straints, the input parameters can be adjusted and the
model re-run. The dynamic programming optimiza-
tion is repeated until the optimum solution is found.
Each possible sequence of power units added to the
system (expansion plan), meeting the constraints, is
evaluated by means of the cost function (the objec-
tive function),

B j =

T∑
t=1

(
I jt − S jt + F jt + M jt + Φ jt

)
(1)

where, B j is the objective function attached to the
expansion plan j, t is the time in years (1, 2, . . . ., T ),
T is the length of the study period (total number of
years), I is the capital investment cost, S is the sal-
vage value of investment cost, F is fuel cost, M is
the non-fuel operation and maintenance cost and Φ

is the cost of energy not served. All costs are dis-
counted to a reference date at a given discount rate.

The optimum expansion plan is the min B j among
all j. Details of the optimization algorithm imple-
menting the above mathematical formulation can be
found in [11].

In WASP IV, PHES units save fuel costs by serv-
ing the peak load demand, usually served by high
fuel cost units, with hydro energy that was pumped
to a higher level reservoir during periods of low
demand (evening, weekends) when more economic
units can be utilized. The PHES plants are limited
both in capacity and energy. Their economic evalua-
tion depends on the characteristics of the load dura-
tion curve (LDC), the composition of the generating
system, the reliability of each unit and the running
cost (i.e. fuel and variable O&M) of all types of units.

The main parameters of a PHES plant j are the
pumping capacity P in MW, the generating capacity
G in MW, the maximum feasible energy generation
(storage capacity) E in GWh, the pumping efficiency
ηp in %, the generating efficiency ηg in % and the
cycle efficiency η j in %. When more than one PHES
plant exists in the system, the plants are aggregated to
form an equivalent composite PHES plant as follows:

P =
∑

j

P j, (2)

G =
∑

j

G j, (3)

E =
∑

j

E j, (4)
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ηp =
∑

j

ηp j
P j

P
, (5)

ηg =
∑

j

ηg j
G j

G
, (6)

η = ηpηg (7)

where P is the composite PHES plant pumping ca-
pacity in MW, G is the composite PHES plant gen-
erating capacity in MW, E is the composite PHES
plant storage capacity in MW, ηp is the composite
PHES plant pumping efficiency in %, ηg is the com-
posite PHES plant generating efficiency in % and η
is the composite PHES plant cycle efficiency %.

The weighting of the individual efficiencies with
the individual capacities assumes that all projects
have the same capacity factor and hence is only an
approximation. The pumping (i.e., charging) and
generating operations can be considered indepen-
dently. The generation amount is given by the fol-
lowing equation:

Eg = η · Ep, (8)

where Eg is the generation in GWh and Ep is the
pumping in GWh.

The individual PHES plants are combined into one
equivalent PHES described by its pumping potential
(pumped storage energy), nominal capacity, cycle ef-
ficiency and O&M cost. The pumping process is per-
formed in every period of the year. In order to cal-
culate the potential pumping of the thermal units to
fill the reservoir, the procedure starts from the ther-
mal units, which are lower in the loading order and
can produce extra energy than that expected (actually
produced on the given LDC). For each thermal plant
j, the program computes the energy that can be re-
placed (Eg j) by the generation of the PHES plant and
the energy that is available for pumping (Ep j). In the
case where the PHES plant is able to offset genera-
tion from the thermal plant considered (i.e. Eg j > 0),
the load is reduced by the generating capacity of the
PHES plant. In a similar way, when energy is avail-
able for pumping purposes (i.e. Ep j > 0), the load
for the thermal plant considered is increased by the
pumping capacity of the PHES plant.

After the energy calculation it is possible to form a
complete loading order list of plants, containing en-
ergy produced in the system without the PHES plant
that could be replaced by the PHES plant and energy
available for pumping purposes at every plant. The
optimal allocation procedure is essentially a search
for two power levels which define the PHES plant
operation. The largest amount of energy available
for PHES plant operation can be determined by sum-
ming up generation on a plant by plant basis (pump-
ing from the bottom, generating from the top). In
order to reduce the unserved energy remaining after
thermal dispatch and at the same time improve the
system reliability, the aggregate PHES plant is dis-
patched in two modes.

First, the PHES plant is dispatched as though the
PHES plant loading order were continuations of ther-
mal loading order and P-S generating capacity is to
be used for peaking service. This PHES plant gener-
ation is considered compulsory operation and is un-
economical in that it requires additional thermal gen-
eration through assignment of pumping duty without
any reduction of thermal generation. The pumping
duty is assigned to the lowest cost thermal units.

After the PHES plant is dispatched for compulsory
operation it is next considered for economic opera-
tion. Economic operation is only possible when the
cost of pumping water into the reservoir is cheaper
than the cost of thermal generation replaced by the
PHES plant generation. Pumping operation is eco-
nomic only if

Cpi < ηCgi, (9)

where Cpi is the operating cost of thermal unit
i participating in pumping operation and Cg j is the
operating cost of thermal unit j which is being off-
loaded by the PHES plant. When this inequality is
not satisfied the pumping operation stops. The pro-
cedure can result in several different cases. First, the
available energy may not be sufficient to meet the
minimum pumping requirements (for the PHES plant
as the last plant in the loading order). In this case all
the available energy for pumping is used and the pro-
cedure stops. Second, pumping energy is available
but the operation of the PHES plant is not economic
because the cost of generation for the thermal plant to
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be replaced by PHES plant generation is lower than
that of the pumping plant adjusted for PHES plant ef-
ficiency. In this case the PHES plant operation stops.
The procedure also stops when all the PHES plant
generation capability (maximum feasible generation)
is exhausted (the energy not needed is not pumped).

In the procedure presented above, the available en-
ergy for pumping in a period considered has to be
used in the same period. The procedure does not take
into account the possibility of storing energy within
one period in order to use it in another subsequent pe-
riod so as to optimize the generation from the PHES
plant.

5. PHES plant integration in the Cyprus power
system analysis

In this section, a technical and economic analy-
sis concerning the integration of a PHES plant in the
Cyprus power system is carried out. Firstly, the input
data, the assumptions and the scenarios investigated
are presented and then the results obtained are ana-
lyzed.

5.1. Input data and assumptions

For the period 2012–2020 the actual projections
of the Cyprus Transmission System Operator (TSO)
are taken into account. For the years 2021–2031 a
steady annual increase for both electricity demand
and peak load demand of 3% and 3.5%, respectively
is assumed. The fuel costs for heavy fuel oil (HFO),
gasoil and natural gas in nominal prices, including
the cost of regasification, for the period under investi-
gation, were based on the forecast scenario provided
in [11]. Also, due to the recent discovery and con-
firmation of natural gas reserves within the Cyprus
exclusive economic zone, three further cases of 20%
increase and 20% and 40% reduction on the natural
gas projected price of the forecast scenario in nomi-
nal prices are used. In order to account for the EU
ETS system trading, the projected CO2 ETS price
projections for the years under study provided in [11]
are used, with an average nominal price of €30/t.

For the purposes of this analysis the technical and
economic parameters for each of the existing and
committed conventional power generation units of
the Cyprus power system are taken into account. All

data is based on actual costs derived from manpower,
spares requirements, maintenance costs, unit avail-
abilities and operation efficiencies. The commission-
ing and retirement years of the existing units are also
taken into account and follow the long-term strate-
gic planning that has been developed for the Cyprus
generation system [11]. The technical and economic
parameters for each of the existing and committed
RES-E units already in operation are taken into ac-
count. Currently in Cyprus, the share of RES-E is
very low. It currently features 133.5 MWe wind
parks, a number of small-rooftop PV systems and
PV parks up to 150 kW, with a total combined grid
connected capacity of approximately 7 MWe, and
biomass gasification units (the majority of which use
animal or domestic waste) with a total grid connected
capacity of 7.2 MWe. A summary of the existing and
committed RES-E units taken into account in this
study is provided in [11]. Moreover, by the end of
2012, additional wind parks with total capacity of
31.5 MWe are expected to be fully operational and
total wind power capacity is expected to increase to
165 MWe by 2013. According to [11], the RES-E
contribution to the power generation system capac-
ity reserve margin is (a) wind 0% contribution, (b)
PVs 50% contribution, (c) biomass 100% contribu-
tion and (d) CSP with 6 h thermal storage 100% con-
tribution.

For the purposes of this analysis three candidate
PHES plants are used with the technical and eco-
nomic parameters tabulated in Table 2, as provided
in [12]. The three PHES plants could be commis-
sioned in the Cyprus power generation system af-
ter 2021 in three candidate locations namely Kour-
ris (130 MWe), Kannaviou (200 MWe) and Arminou
(200 MWe), respectively. Each PHES plant has with
overall efficiency of 77% and continuous full load
turbine operation of 8 h.

For the optimization software package simulations
all costs are updated to 2012 values. In particular,
the horizon of this study covers a period of 30 years
from 2012 up to 2041 with a discount rate of 8%, an
average annual inflation rate of 2.3% and an average
loan interest of 7.1% as provided in [11].
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Table 2: Technical and economic parameters of candidate PHES plants [12]

PHES Technology 130 MW 200 MW 200 MW

Year of operation 2021 2021 2021
Nominal capacity, MWe 130 200 200
Generation capacity, MWe 132.2 203.2 203.2
Pumping capacity, MWe 127.2 186.4 189.6
Overall efficiency, % 77 77 77
Full load operation for electricity production, h 8 8 8
Capital cost, €/kWe (real prices) 1185 760 754
O&M cost, €/kW-month 0.915 0.646 0.613

Figure 3: Increased RES-E installed capacity

5.2. Scenarios investigated

In order to investigate whether the integration of
a PHES system in the Cyprus power system is tech-
nically and economically viable, two groups of sce-
narios were investigated. The business as usual sce-
narios (BAU) and the increased RES-E scenarios as
follows:

• Scenario BAU: RES-E energy share to reach
16% of total expected electricity demand in
2020, as given in [11] and then the RES-E ca-
pacity to remain constant up to the end of the
assessment period,

• Scenario BAU, PHES 130 MW: integration
with the BAU scenario with a PHES plant
of 130 MWe (at Kourris) after 2021 and the
remaining capacity to be satisfied by natural
gas combined cycle (NGCC) technologies of
220 MWe capacity each,

• Scenario BAU, PHES 200 MW: integration
with the BAU scenario with a PHES plant of
200 MWe (at Kannaviou) after 2021 and the re-
maining capacity to be satisfied by NGCC tech-
nologies of 220 MWe capacity each,

• Scenario BAU, PHES 330 MW: integration with
the BAU scenario with two PHES plants, one
of 130 MWe (at Kourris) and one of 200 MWe
(at Kannaviou) after 2021 and the remaining ca-
pacity to be satisfied by NGCC technologies of
220 MWe capacity each,

• Scenario BAU, PHES 530 MW: integration with
the BAU scenario with three PHES plants, one
of 130 MWe (at Kourris), one of 200 MWe (at
Kannaviou) and one of 200 MWe (at Arminou)
after 2021 and the remaining capacity to be sat-
isfied by NGCC technologies of 220 MWe ca-
pacity each,

• Scenario increased RES-E: RES-E energy share
to increase from 16% in 2020 to 50% in 2031 of
total expected electricity demand. Expansion of
the power generation system with RES-E tech-
nologies as illustrated in Figure 3 and the re-
maining capacity to be satisfied by NGCC tech-
nologies of 220 MWe capacity each,

• Scenario increased RES-E, PHES 130 MW: in-
tegration with the increased RES-E scenario
with a PHES plant of 130 MWe (at Kourris) af-
ter 2021 and the remaining capacity to be satis-
fied by NGCC technologies of 220 MWe capac-
ity each,
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• Scenario increased RES-E, PHES 200 MW: in-
tegration with the increased RES-E scenario
with a PHES plant of 200 MWe (at Kannaviou)
after 2021 and the remaining capacity to be sat-
isfied by NGCC technologies of 220 MWe ca-
pacity each,

• Scenario increased RES-E, PHES 330 MW: in-
tegration with the increased RES-E scenario
with two PHES plants, one of 130 MWe (at
Kourris) and one of 200 MWe (at Kannaviou)
after 2021 and the remaining capacity to be sat-
isfied by NGCC technologies of 220 MWe ca-
pacity each,

• Scenario increased RES-E, PHES 530 MW: in-
tegration with the increased RES-E scenario
with three PHES plants, one of 130 MWe (at
Kourris), one of 200 MWe (at Kannaviou) and
one of 200 MWe (at Arminou) after 2021 and
the remaining capacity to be satisfied by NGCC
technologies of 220 MWe capacity each.

Due to the recent discovery and confirmation of nat-
ural gas reserves within the Cyprus exclusive eco-
nomic zone and in order to investigate the effect of
the natural gas price in the above ten scenarios, four
cases concerning natural gas projected price were
investigated: natural gas price base case (average
price €12.52/MMBTU), natural gas 20% price de-
crease case (average price €10.02/MMBTU), nat-
ural gas 40% price decrease case (average price
€7.51/MMBTU) and natural gas 20% price increase
case (average price €15.03/MMBTU).

5.3. Results
The effect of PHES technologies on natural gas

consumption for the different scenarios examined for
the natural gas price base case is illustrated in Fig-
ure 4. The effect of PHES technologies on the nat-
ural gas consumption for the different scenarios ex-
amined for the natural gas 20% price decrease case
is the same as that of the natural gas base case. The
same is true for the natural gas 40% price decrease
case. In contrast, the effect of PHES technologies on
the natural gas consumption for the different scenar-
ios examined for the natural gas 20% price increase
case is presented in Figure 5.

Figure 4: Power generation system natural gas consumption
results for natural gas price base case, natural gas 20% price
decrease case and natural gas 40% price decrease case

Figure 5: Power generation system natural gas consumption
results for the natural gas 20% price increase case

Considering Figure 4, for the year 2028 in the
case of the BAU scenario natural gas consumption
is estimated at approximately 1340030 t whereas for
PHES 530 MW scenario this increases to approxi-
mately 1379270 t. As for the increased RES-E sce-
nario for the same year natural gas consumption is
estimated at approximately 1014150 t whereas for
the increased RES-E, PHES 530 MW scenario this
increases to approximately 1071300 t. Consider-
ing Figure 5, for the year 2028 in the case of the
BAU scenario natural gas consumption is estimated
at approximately 1334420 t whereas for the PHES
530 MW scenario this increases to approximately
1344710 t. As for the increased RES-E scenario for
the same year natural gas consumption is estimated
at approximately 993170 t whereas for the increased
RES-E, PHES 530 MW scenario this increases to ap-
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Figure 6: Annual CO2 emissions results for natural gas price
base case, natural gas 20% price decrease case and natural gas
40% price decrease case

Figure 7: Annual CO2 emissions results for the natural gas 20%
price increase case

proximately 1002150 t.
The optimum results concerning the power gener-

ation system CO2 emissions for the period from 2020
up to 2031 for all scenarios investigated for the natu-
ral gas price base case are shown in Figure 6.

The optimum results concerning the power gener-
ation system CO2 emissions for the period from 2020
to 2031 for all scenarios investigated for the natural
gas 20% price decrease case are the same as those
of the natural gas base case. The same is true for
the natural gas 40% price decrease case. In contrast,
the optimum results concerning the power genera-
tion system CO2 emissions for the period from 2020
to 2031 for all scenarios investigated for the natu-
ral gas 20% price increase case are presented in Fig-
ure 7. The annual CO2 emission quantities for all
cases increase slightly with the increase of PHES ca-

Figure 8: Differential electricity unit cost increase from the
BAU scenario for the base case natural gas price projections

Figure 9: Differential electricity unit cost increase from the
BAU scenario for the natural gas 20% price decrease case

pacity, due to the increased consumption of natural
gas. However, by increasing the penetration of RES-
E technologies the annual CO2 emission quantities
are significantly reduced compared to the BAU sce-
nario.

The optimum results concerning the power gener-
ation system electricity unit cost difference for each
individual scenario compared to the BAU scenario
for each case of natural gas projected price are illus-
trated in Figure 8–Figure 11, respectively.

It is clear that for the BAU scenarios with or with-
out PHES for all cases of the natural gas projected
price, the difference in electricity unit cost compared
to the BAU scenario increases (a) as the PHES in-
stalled capacity increases and (b) as the natural gas
projected price increases.

Specifically, for the natural gas price base case for
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Figure 10: Differential electricity unit cost increase from the
BAU scenario for the natural gas 40% price decrease case

Figure 11: Differential electricity unit cost increase from the
BAU scenario for the natural gas 20% price increase case

the PHES 530 MW scenario, the electricity unit cost
is €c0.26/kWh higher than the BAU scenario, which
corresponds to €c14.77/kWh.

For the natural gas 20% price decrease case for the
PHES 530 MW scenario, the electricity unit cost is
€c0.23/kWh higher than the BAU scenario, which
corresponds to €c13.39/kWh. For the natural gas
40% price decrease case for the PHES 530 MW
scenario, the electricity unit cost is €c0.20/kWh
higher than the BAU scenario, which corresponds
to €c12.01/kWh. Whereas, for the natural gas
20% price increase case for the PHES 530 MW
scenario, the electricity unit cost is €c0.33/kWh
higher than the BAU scenario, which corresponds to
€c16.19/kWh.

Regarding the increased RES-E scenarios with or
without PHES, the difference in electricity unit cost

Figure 12: Electricity unit cost overall results for all four differ-
ent cases of natural gas projected price

compared to the BAU scenario again increases as the
PHES installed capacity increases. However, as the
natural gas projected price is reduced, the difference
in the electricity unit cost compared to the BAU sce-
nario increases. The above observation is clearer in
Figure 12.

As the natural gas projected price decreases, the
electricity unit cost of the increased RES-E with or
without PHES scenarios increases to levels which
are higher than those of the BAU scenarios with or
without PHES. This occurs due to the fact that the
number of new NGCC plants that will be commis-
sioned will be reduced significantly in the increased
RES-E scenarios with or without PHES compared
to the BAU scenario, which causes a larger differ-
ence in the electricity unit cost for lower natural gas
projected price than higher and vice versa. For the
natural gas 20% price increase case, the increased
RES-E scenario without PHES is observed to have
an electricity unit cost lower than that of the BAU
scenario. This is because the increase in the electric-
ity unit cost due to CO2 ETS is lower than that of the
BAU scenario, as more RES-E will be installed in
the increased RES-E scenario which corresponds to
reduced CO2 emissions as well as to lower fuel con-
sumption. This negative difference is higher than the
positive increase in the electricity unit cost excluding
CO2 ETS and, thus, the overall difference is negative
corresponding to lower electricity unit cost.

Specifically, for the natural gas price base case, the
electricity unit cost increases from €c14.51/kWh in
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the BAU scenario to €c15.10/kWh in the increased
RES-E, PHES 530 MW scenario. For the natural
gas 20% price decrease case, the electricity unit cost
increases from 13.16 €c/kWh in the BAU scenario
to €c13.97/kWh in the increased RES-E, PHES
530 MW scenario. For the natural gas 40% price
decrease case, the electricity unit cost increases from
€c11.81/kWh in the BAU scenario to €c12.83/kWh
in the increased RES-E, PHES 530 MW scenario.
For the natural gas 20% price increase case, the
electricity unit cost increases from €c15.86/kWh in
the BAU scenario to €c16.29/kWh in the increased
RES-E, PHES 530 MW scenario.

The WASP analysis performed for the purpose of
this study does not take into consideration features
of the PHES systems which are beneficial to system
operation and/or flexibility, reduced start-ups and/or
shutdowns of conventional units and capability to
provide ancillary services. The above features may
actually reduce to a certain extent the CO2 emissions
and, thus, the electricity unit cost. More importantly,
they facilitate the integration of RES-E in the Cyprus
power system and may indeed be essential for the
large scale integration of RES-E, especially wind en-
ergy. The small increase in CO2 emissions and elec-
tricity unit cost shown in this study may well be jus-
tified if consideration of these non-salient features of
PHES plants are taken into account.

6. Conclusions

In this work, a technical and economic analysis
concerning the integration of a PHES plant in the
Cyprus power system was carried out. For the sim-
ulation of the current and future Cyprus generation
system, the WASP IV software package was used
and the electricity unit cost of the generation sys-
tem for various investigated scenarios was then cal-
culated. The optimum results concerning the power
generation system electricity unit cost difference for
each individual scenario compared to the BAU sce-
nario indicated that for the BAU scenarios with or
without PHES for all cases of the natural gas pro-
jected price, the electricity unit cost difference in-
creased (a) as the PHES installed capacity increased
and (b) as the natural gas projected price increased.
Regarding the increased RES-E scenarios with or

without PHES the difference in electricity unit cost
compared to the BAU scenario as in the case of BAU
scenarios, increased as the PHES capacity increased.
However, as the natural gas projected price was re-
duced, the difference in the electricity unit cost com-
pared to the BAU scenario increased. This occurs
due to the fact that the number of the new NGCC
plants that will be commissioned will be reduced sig-
nificantly in the increased RES-E scenarios with or
without PHES compared to the BAU scenario, which
causes a larger difference in the electricity unit cost
for the lower natural gas projected price than the
higher one and vice versa. For the natural gas 20%
price increase case, the increased RES-E scenario
without PHES was observed to have an electricity
unit cost lower than that of the BAU scenario. This is
because the increase in the electricity unit cost due to
CO2 ETS was lower than that in the BAU scenario as
more RES-E will be installed in the increased RES-
E scenario which corresponds to reduced CO2 emis-
sions as well as to lower fuel consumption. This neg-
ative difference was higher than the positive increase
in the electricity unit cost excluding CO2 ETS and
thus the overall difference was negative, correspond-
ing to lower electricity unit cost.
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