
Applied Energy 87 (2010) 3475–3485
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy
Combining hydro and variable wind power generation by means of
pumped-storage under economically viable terms

M. Kapsali, J.K. Kaldellis *

Lab of Soft Energy Applications & Environmental Protection, TEI of Piraeus, P.O. Box 41046, 12201 Athens, Greece

a r t i c l e i n f o a b s t r a c t
Article history:
Received 31 March 2010
Accepted 28 May 2010
Available online 25 June 2010

Keywords:
Wind power penetration
Wind power curtailments
Renewable energy storage
Guaranteed energy production
Wind power recovery
Optimum sizing
0306-2619/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.apenergy.2010.05.026

* Corresponding author. Tel.: +30 210 5381237; fax
E-mail address: jkald@teipir.gr (J.K. Kaldellis).
URL: http://www.sealab.gr (J.K. Kaldellis).
Pumped hydro storage (PHS) systems which are located at isolated regions and are able to exploit the
rejected wind energy amounts produced by local wind farms, seem to gain interest worldwide and to
become essential in regard to higher shares of renewable-generated electricity. Despite the high wind
potential encountered in many Greek island regions, the wind energy contribution to the electrification
of these areas is significantly restricted due to imposed electrical grid limitations. In this context, the cur-
rent work examines the economic viability of a wind-based PHS system (wind-hydro solution) which
provides the local electrical grid of an Aegean Sea island, Lesbos, with guaranteed energy amounts during
the peak load demand periods. Based on the maximization of the project’s net present value, the opti-
mum system configuration is proposed while many other feasible solutions are revealed. According to
the results obtained the implementation of this project demonstrates excellent technical and economic
performance, while at the same time renewable energy sources (RES) contribution is doubled reaching
almost 20% of the Lesbos island electrical energy consumption.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The Aegean Archipelago consists of many scattered islands
which present peak load demand from a few hundred kW up to
approximately 700 MW with most of them facing insufficient gen-
eration problems on the basis of several black-outs especially dur-
ing the summer when the tourism is increased [1]. The electricity
generation is currently based mostly on thermal power plants (die-
sel engines and gas turbines) which emit considerable amounts of
air pollutants [2] and operate at very high production costs (Fig. 1)
that may in many cases exceed – during peak hours – the 0.25 €/
kW h with the respective fuel cost sharing more than 50% [3,4].

One way to reduce the electricity production cost, is to increase
the contribution of renewable energy sources (RES) into the is-
lands’ energy balance with special focus given on the development
of wind power applications, a proven economically effective [5,6]
and environmentally friendly technology. Besides, the vast major-
ity of these regions possess high or medium high wind potential.
On the other hand, the intermittent nature of the wind and the
remarkable fluctuations of daily and seasonal electrical load de-
mand in these regions lead to strict wind energy penetration limits
[7,8] mainly due to existing technical barriers which protect the
autonomous electrical grids from possible instability problems.
ll rights reserved.

: +30 210 5381467.
Consequently, under the current legislative frame, it is difficult to
achieve higher than 15% wind energy contribution in autonomous
electrical networks [9] unless economically viable energy storage
techniques [10–12] that are able to exploit the excess wind energy
amounts produced by local wind farms [13–17] are implemented.
At this point, it should be mentioned that is possible to dispose this
stored energy amount in peak demand periods, under a prear-
ranged framework. Up to now, during these high electricity con-
sumption periods the load demand is usually covered by either
low efficiency outmoded diesel engines or high operational cost
gas turbines. Fig. 2 depicts the Specific Fuel Consumption (SFC)
indicatively for a base load engine which consumes heavy-oil (ma-
zut) and for a gas turbine which consumes diesel-oil and is mainly
used to cover the peak load demand periods both operating on the
island of Lesbos. The cost ratio between these two fuels is about
3:1 respectively.

Up to now, pumped hydro storage (PHS) is the main large scale
(>100 MW) energy storage technology with almost 95 GW capacity
installed worldwide which has been developed mainly to facilitate
the integration of large baseload generation [18]. The use of this
technology in a smaller scale such as wind-based pumped hydro
storage schemes (wind-hydro) may be an appropriate solution in
order to increase the up to now limited wind power penetration
in islands or other non-interconnected regions [19–21]. Further-
more the introduction of these systems may significantly contrib-
ute to the reduction of the considerable oil-fuel quantities
consumption as they may substitute one or more thermal power
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Fig. 2. Specific Fuel Consumption of two typical thermal power units.
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units at peak load demand hours. The implementation of the first
wind-hydro scheme in Greece is currently taking place on the is-
land of Ikaria by the Greek Public Power Corporation (PPC). The
plant is scheduled to operate within 2012 and is expected to cover
more than 50% of the island electricity needs, while nowadays in
other Greek isolated areas the portion of RES contribution is much
smaller (<15%).

The proposed analysis takes into consideration previous work of
the authors [22] concerning a wind-hydro energy model (Appendix
A) which has been applied indicatively for the island of Lesbos. The
outcome of the energy model was the detailed analysis of the oper-
ational performance of several PHS system configurations deriving
from the utilization of an integrated computational algorithm [23].
Particularly, the developed numerical code was applied for differ-
ent values of daily guaranteed energy delivered to the island’s local
electrical grid at peak hours for both existing and new wind farm
installations. Nevertheless, in order to determine the optimum size
of a wind powered PHS system, examination of the financial
behaviour on the basis of a complete cost-benefit analysis is also
required. In this context, the basic aim of this work is to evaluate
the techno-economic performance of a wind-based PHS system
using as a real case study the island of Lesbos. The evaluation is
based on well established economic indices such as the payback
period of the investment and the net present value with the use
of current market financial parameters.

2. Case study presentation

The island of Lesbos is located in the North-Eastern part of the
Aegean Sea (Fig. 3). The existing Autonomous Power Station (APS)
that supplies the island grid with electricity consumes significant
oil-fuel quantities (approx. 60,000 tn) emitting also remarkable
amounts of air pollutants and contributing to the local environ-
ment degradation. The continuously increasing power demand
(65 MW) and energy consumption (302 GW h) on the island in
combination with the problematic condition of the local electrical
grid have led to repeated black-outs, especially during the sum-
mer. On the other hand, the renewable energy potential on the is-
land is quite significant (Fig. 3) although its contribution to the
energy supply remains small. In fact, the total installed wind
power is 11.025 MW (in operation wind farms) but its contribu-
tion to the annual electricity consumption is 10% [9]. According
to the corresponding wind turbines’ power curves and real wind
speed measurements in the region the real power rejections
(Fig. 4) for the existing wind farms throughout 2007 are estimated
and represent the 10% of their total annual energy production
(Eprod � 37 GW h).

Based on the analysis of Appendix A, a curve is plotted (Fig. 5)
concerning the calculated rejected wind energy percentage from
the annual production of existing and new wind farm installations.
Note that the wind power upper participation limit ‘‘k” is taken
equal to 30% [7,9,24,25]. Comparing the local network load de-
mand and the corresponding wind farms annual energy yield, the
need of pumped storage becomes evident. That means that there
is an upper limit for new wind farm installations in order to oper-
ate under economically effective terms since remarkable energy
rejections are expected. Besides, the share of wind energy penetra-
tion to the electricity consumption of the island hardly approaches
the 20% (Fig. 5) even if very high values of installed wind power are
encountered (e.g. 50 MW).



Fig. 3. Wind and solar potential in the area of the Aegean Sea.
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3. Description of the PHS system

Aiming to reduce considerably the dependence of the island on
energy produced by fossil-fuels, a wind-powered pumped hydro
storage (wind-hydro) solution is examined (Fig. 6). The solution
[26] is based on:

� a number of wind turbines spread over the island under
investigation,
� an appropriate number of water pumps able to absorb the wind

power surplus of the system,
� a small hydroelectric power plant,
� two or more water reservoirs (situated at certain heights) work-

ing in closed circuit along with the corresponding water trans-
portation network.

The basic concept is to exploit the rejected wind energy

amounts in order the hydro turbines of the system to produce
the desired guaranteed electricity during the peak hours when
the marginal production cost of the conventional power station
is very high. In cases of long calm-spells one may take advantage
of the existing reservoir by storing low cost ‘‘night” electricity. Par-
ticularly, during the long-lasting operation of the proposed system
the following situations may appear:

– The excess electricity production from the wind turbines is used
for pumping water to the upper reservoir storing it in the form
of hydrodynamic energy
� If the rejected wind energy amounts are higher than the
pumps’ capacity or the upper reservoir is full, the residual
wind energy (i.e. the energy that cannot be stored), is for-
warded to low priority loads.

� If the water stores in the upper reservoir are inadequate to
fulfil the condition of guaranteed energy delivered to the
local grid during the next day, the PHS system absorbs
‘‘cheap” energy by the local grid during low consumption
periods (e.g. at nights).

– The energy stored in the upper reservoir is forwarded to the
consumption via the existing hydro turbines during the prear-
ranged hours of the guaranteed energy production.

In order to define the dimensions of the proposed wind-hydro
solution the analysis of Appendix A is applied. According to the
application results for a given installed wind power amount one
may estimate the detailed energy balance (e.g. energy losses, re-
jected wind energy absorption, energy bought by the local grid,
etc.) of the installation for various water reservoirs sizes and se-
lected hydro turbines rated power.
4. Financial analysis

From the application of the energy model [22] to the island of
Lesbos it has been concluded that the increase of the wind energy
absorbance depends on the increase of the hydro turbines nominal



0

10

20

30

40

50

60

70

80

5 10 15 20 25 30 35 40 45 50 55

Installed Wind Power (MW)

Pe
rc

en
ta

ge
 (%

)

Rejections

Demand

Fig. 5. Wind energy rejection and electricity demand covered by the existing and new wind farms up to 50 MW rated power, k = 0.30.

Fig. 6. Proposed wind-hydro solution.
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power and on the reservoirs’ volume, while, the water pumps’
parameter is also considered. So, the determination of the opti-
mum size of all the above mentioned system components may
be based on financial criteria. The assessment of the investment
financial indices (e.g. payback period, net present value, etc.) which
are requisite in order to obtain optimum PHS system configura-
tions, presupposes the estimation of the initial cost, annual in-
comes and expenses of the proposed power production system.

Before analyzing the model, the following parameters should be
defined. More precisely:

1. The lifetime of the investment ‘‘n” (e.g. 20–50 years).
2. The main parameters of the local economy such as the mainte-

nance & operation cost inflation rate ‘‘gm”, capital cost ‘‘i”,
annual electricity price escalation rate ‘‘e” and annual wind
energy price escalation rate ‘‘w”.

3. The financial scheme according to which the total initial invest-
ment cost ‘‘ICo” of the investigated power production system is
going to be covered. In this context, one can express the initial
cost of the system as:

ICo ¼ a � ICo þ b � ICo þ c � ICo ð1Þ

where a, b and c represent the respective percentages of the private
capitals, loan and state subsidization.

The total initial cost includes the cost of the electromechani-
cal equipment, civil engineering works and the corresponding
installation cost [27] at the time period of the construction of
the project. More precisely, the initial investment cost of the
PHS system main components can also be expressed as a func-
tion of the following system parameters, while the correspond-
ing prices may be determined based on current market values
[12,28,29]:

ICo ¼ PrHT � NHT þ PrWP � NWP þ Prst � Vst þ ICP þ ICothers ð2Þ

where PrHT and NHT, respectively, are the specific cost of hydro tur-
bines and generators (€/MW) and the total hydro turbines nominal
power (MW). PrWP is the specific cost of the water pumps (€/MW)
and NWP their total nominal power (MW). Prst is the specific cost
of water reservoirs construction (€/m3) and Vst their total volume
(m3). Also, ICP is the pipes initial cost depending on the correspond-
ing material, surface protection and welding costs on top of the dis-
tance covered, the diameter and thickness. Finally, the investment
includes several other costs ‘‘ICothers” which may be estimated by
using the following equation:

ICothers ¼ Cs þ Prg � Lg þ Prr � Lr þ Prl
� Ast þ Prt � Nt þ s � ICo ð3Þ

where Cs includes the power house and the control unit construc-
tion cost as well as the auxiliary electromechanical equipment
and any other costs. Prg is the grid connection and internal cabling
specific cost (€/km) and Lg is their length (km). Prr is the specific cost
of roads construction (€/km) and Lr is their length (km). Prl

is the
land buying specific cost (€/m2) and Ast the total area required by
the water reservoirs (m2). Also, Prt is the transformer’s specific cost
(€/MW) and Nt is its total nominal power (MW). Finally, s � ICo is the
development cost (studies, project management, etc.) with s taking
values between 0.07 and 0.15.

The total investment incomes ‘‘eRn” (in present values), over n-
years, due to the annual energy production ‘‘EHTj

” by the PHS sys-
tem sold to the local network can be estimated by using Eq. (4).
Note that ‘‘j” represents annual values while ‘‘o” represents con-
stant values at the investment starting point.

eRn ¼
Xj¼n

j¼1

eRðjÞ ¼Xj¼n

j¼1

EHTj
�

cHTj

ð1þ iÞj
¼ EHTo � cHTo � ð1þ eÞ �

1þe
1þi

� �n
� 1

e� i

ð4Þ
where cHTo is the price of the guaranteed electricity sold to the local
utility network at the investment starting point.

The total investment expenses ‘‘eCn” (in present values), over n-
years, comprise the energy input cost ‘‘eECn ”, the fixed ‘‘eF Cn ” and
variable ‘‘eV Cn ” maintenance & operation cost, public rates ‘‘ePRn ”,
loan payment ‘‘eLn” and finally taxes paid by the PHS system owner
enterprise ‘‘eT n”. Thus one may write:eCn ¼ eECn þ eF Cn þ eV Cn þ ePRn þ eLn þ eT n ð5Þ

The energy input cost (in present values), over n-years, may be
defined as:

eECn ¼
Xj¼n

j¼1

eECðjÞ ¼
Xj¼n

j¼1

EPPCj
�

cPPCj

ð1þ iÞj
þ
Xj¼n

j¼1

EWj
�

cWj

ð1þ iÞj

¼ EPPCo � cPPCo � ð1þ e1Þ �
1� 1þe1

1þi

� �n

i� e1

þ EWo � cWo � ð1þwÞ �
1� 1þw

1þi

� �n

i�w
ð6Þ

where EPPCo is the energy bought by the island electrical network’s
operator (i.e. PPC) on an annual basis (MW h), at specific price
‘‘cPPCo ” (€/MW h), considering also an annual electricity price escala-
tion rate ‘‘e1”. Accordingly, EWo , expresses the annual wind energy
bought by the wind farms’ owners (MW h) at a specific price
‘‘cWo ” (€/MW h).

The maintenance and operation ‘‘M&O” cost can be split into the
fixed maintenance cost and the variable one. Expressing the fixed
M&O cost as a fraction m1 of the electromechanical equipment cost
‘‘ICEM” plus a fraction m2 of the civil engineering work cost ‘‘ICCE”
[27,28] the present value over n-years of eF Cn may be expressed as:

eF Cn ¼
Xj¼n

j¼1

eF CðjÞ ¼ ðm1 � ICEM þm2 � ICCEÞ � ð1þ gmÞ �
1� 1þgm

1þi

� �n

i� gm
ð7Þ

The variable M&O cost mainly depends on the replacement of ko

major parts of the installation, which may have a shorter lifetime
nk than the entire investment. Using the symbol rk for the replace-
ment cost coefficient of each ko major part (e.g. electrical generator,
water pumps, etc.), the present value of eV Cn term can be expressed
by using the following relation [28]:

eV Cn ¼ ICo �
Xk¼ko

k¼1

rk �
Xl¼lk

l¼1

ð1þ gkÞ � ð1� qkÞ
1þ i

� �l�nk
( )

ð8Þ

where lk is the integer part of the following equation, i.e.:

lk ¼
n� 1

nk

� �
ð9Þ

where gk and qk represent the annual change of price and the cor-
responding technological improvement level for the kth major part
of the system respectively.

Finally, according to the current legislation frame (Law 2773/
99), a supplementary amount (n1 � 3%) from the gross annual
investment incomes is directly transferred to the local municipal-
ity as public rates [28] and it should also be considered. Thus, in
present values, over n-years, the total expenses for public rates are:

ePRn ¼
Xj¼n

j¼1

ePRðjÞ ¼
Xj¼n

j¼1

n1 � eRðjÞ ¼ n1 � EHTo � cHTo � ð1þ eÞ �
1þe
1þi

� �n
� 1

e� i

ð10Þ

Consequently, comparing the present value of the total invest-
ment incomes with the corresponding total expenses, one has
the ability to estimate the Net Present Value ‘‘NPV” of the invest-
ment after n-years of the system operation. Thus, one may get:
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NPVn ¼ eRn � eC n � a � ICo þ eY n ð11Þ

or equivalently as:

npvn ¼
eRn � eCn þ eY n

a � ICo
� 1 ð12Þ

where eY n represents the residual value (positive or negative) of the
investment, due to amounts recoverable at the n-year of the project
lifetime (e.g. value of land or buildings, wind turbines demolition,
etc.), along with the experience gained and the corresponding tech-
nological know-how. The project decommissioning phase should
also be considered.

5. Data presentation and results

5.1. Data presentation

Through the parametric study [22], various combinations of hy-
dro turbines power and upper reservoir volume have been exam-
ined and their effect on the resulting recovery of rejected wind
energy amounts by the local grid ‘‘Erejected” has been assessed.
Nhe variation limits were selected to be from 1.5 to 10.5 MW for
the hydro turbines nominal power (providing 6–42 MW h of elec-
tricity during peak load demand hours on a daily basis) and from
1.5 to 4 times the minimum upper reservoir volume ‘‘Vupmin” for
the upper reservoir capacity ‘‘Vup”. Besides, 30 MW (exist-
ing + new) were assumed to be the upper limit for the installed
rated wind power on the island. It is worth mentioning that in
an attempt to reduce significantly the first installation cost, the
Fig. 7. A view of the water tank, west part of Lesbos Island.
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proposed solution considers as the lower reservoir an existing
water tank on the island (Fig. 7) (almost 2,550,000 m3 of water
storage capacity) so it is not considered as a variable parameter
in the study. Before proceeding to the calculation results of the fea-
sibility study, it is important to present the selected value of the
following parameters:

– The lifetime of the investment (n) is considered to be 25 years.
– The M&O cost inflation rate (gm), the capital cost (i) and the

annual electricity price escalation rates (e = e1 = w) are taken
3.2%, 10% and 3% respectively.

– The payback time of the loan is assumed to be 10 years with an
interest rate of 5.2%.

– The tax coefficient (u) is selected 30%.
– The specific prices of the energy bought by PPC (cPPCo) and the

energy surplus bought by the wind farms owners (cwo) are taken
40 €/MW h (low cost ‘‘night” electricity) and 30 €/MW h (elec-
tricity rejected otherwise) respectively.

– The M&O fraction m1 of the electromechanical equipment and
the fraction m2 of the civil engineering work cost are selected
2% and 0.5% respectively.

– The length of the new constructed utility network (Lg) and the
new constructed roads (Lr) is assumed to be 10 km.

– The length of the single piping system is assumed to be 2 km.
– The variable cost is assumed to be only relevant with the

replacement of the water pumps at the end of the 10th and
the 20th year of the plant’s operation.

– The residual value (eY n) at the end of the investment lifetime is
taken equal to zero.

– Finally, the project is assumed to be funded according to the fol-
lowing financial scheme:
� Private capitals: a = 30%.
� Loan: b = 30%.
� Subsidy percentage by the Greek State: c = 40%.

5.2. Financial Analysis Results

Figs. 8–11, show the net present value according to the upper
reservoir volume and the hydro turbines nominal power for two
distinct cases, i.e. 15 MW and 30 MW total installed rated wind
power respectively. Also, the percentage of the rejected wind en-
ergy amounts’ absorbance ‘‘Pw” by the PHS system (Figs. 8 and
10) and that of the electricity bought from the local grid ‘‘PPPC” to
the PHS system production (Figs. 9 and 11) for each examined case
are clearly depicted on these graphs. According to the results ob-
tained, one may state that the financial prospects of the investment
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become very attractive for higher hydro turbines nominal power
and totally unfeasible (npv < 0) below a certain threshold for each
examined case of installed wind power on the island. As it becomes
obvious, higher wind power installations yield negative economic
results for a wider range of hydro turbines nominal power due to
the use of higher water pumping system power values in order
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Table 1
Investment financial indices.

cHTo (€/MW h) 200 180 160 140

Payback time (years) 3.3 4.2 5.7 9.1
25-year Net Present Value (NPV) (M€) 9.9 7.5 5 2.6
25-year net present value (npv) 3.2 2.41 1.63 0.84
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for the system to be able to absorb the greater rejected wind en-
ergy amounts. As it may also be concluded by these figures, a major
parameter of the feasibility study is the produced energy selling
price ‘‘cHTo ”. Since the proposed system is not included in any price
list of PPC, the exact selling price is uncertain. For this reason, four
different prices (140, 160, 180 and 200 €/MW h) were examined in
order to evaluate their impact on the economic viability of the
investment. These values may be considered reasonable compared
with the wind energy sell price in the non-interconnected Greek is-
lands (i.e. 99.44 €/MW h) as well as with the mean production cost
of the APS in Lesbos (i.e. 118 €/MW h with fuel cost sharing more
than 50%) and particularly with the avoidable marginal energy pro-
duction cost (i.e. 250 €/MW h) during peak hours. The results are
very encouraging as the produced energy selling price becomes
higher while the feasible economic solutions become limited for
the lower prices. Another important parameter especially for the
higher hydro turbines power is the upper reservoir volume. It
seems that in cases of small hydro turbines nominal power, the
high cost of a larger reservoir (construction, maintenance, land
buying) is counterbalanced by the increase of the recovered energy
and thus by the reduction of energy imports by the local grid. On
the other hand, the reservoir parameter affects significantly the
net present value when higher hydro turbines’ power is
encountered.

Another important point is that the operation of such a system
strongly depends on energy imports by the grid to support the
guaranteed energy production on a daily basis, even in cases of
high installed wind power (Fig. 11) where there is more exploitable
excess wind energy. Note that the objective of the current study is
based on the maximization of the ‘‘NPV” or the ‘‘npv”. It is obvious
that the target of minimizing the energy imported by the local grid
would be economically non-viable, since, this would require the
smallest possible hydro turbines nominal power leaving for large
periods the upper reservoir full and incapable to store the excess
wind energy, while, at the same time, the annual incomes of the
investment would be quite low. In any case it becomes clear that
the water reservoirs used for the pure wind-hydro solution con-
tribute equally well on applying a well established energy storage
technique concerning the improved utilization of the local thermal
power engines [30].
6. Optimum cost-related solution

According to the results obtained concerning all the examined
cases of installed wind power, the most economically viable solu-
tion (Figs. 8 and 9) based on the maximization of the ‘‘npv”, is
found to be the recovery of the excess energy of the 15 MW wind
farms (existing + new) with the use of 10.5 MW hydro turbines’
nominal power, 1.5 times the minimum upper reservoir volume
(i.e. Vup = 115,712 m3), 2.2 m tubes diameter, 10.2 MW water
pumping system, energy bought by the local grid 105% of the pro-
duced one and 72% rejected wind energy amounts’ absorbance. An
amount of about 15% of the rejected wind energy cannot be stored
due to full upper reservoir, 2% because of high values of excess en-
ergy and the rest 11% are rejected during the PHS system produc-
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tion. Fig. 12 shows the annual energy production distribution for
the 15 MW wind farms. Based on real wind speed measurements
and the corresponding wind turbines’ power curves, for a selected
year (2007), the annual mean energy production has been esti-
mated approximately 52 GW h from which 72.6% is directly for-
warded to consumption and 27.4% is rejected. A share of 19.7% is
finally stored and the rest is rejected due to full upper reservoir,
high values of excess energy and during the PHS system produc-
tion. It is worth mentioning that, according to the optimum finan-
cial scenario, after the installation of such a project, RES
contribution increases by 9% compared to current conditions,
reaching 19% to the island’s energy consumption pattern
(Fig. 13a). Actually, the maximum RES contribution may reach
the 23% in the examined case of 30 MW total installed rated wind
power (Fig. 13b), being also a cost effective solution and that may
achieve 25–40% wind energy rejected amounts absorbance by the
PHS system (Fig. 10).

The total investment initial cost for the optimum solution is
estimated approximately 10.4 M€ and its investment financial
indices for four different produced energy selling prices are pre-
sented indicatively in Table 1. Fig. 14 presents the proportional dis-
tribution of the total initial investment cost depending mostly on
the hydro turbines cost (approx. 50% of the total cost). The eco-
nomic attractiveness of this solution can be clearly seen in
Fig. 15 which shows the payback period of the investment. Also,
the fluctuations of the revenues due the variable cost of the plant’s
operation (i.e. replacement of the water pumps) every 10 years of
the plant’s operation are clearly depicted on this graph. Finally,
Fig. 16 depicts the cumulative proportional distribution of the
investment expenses over the time period of 25 years for the pro-
posed PHS system operation. It is worth mentioning that the en-
ergy bought by PPC possesses the biggest share, while the share
of the total energy imports (energy bought by PPC + energy bought
by the wind farms) reaches almost 50% of the total expenses.
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7. Conclusions

The optimum sizing of a PHS system able to exploit the consid-
erable rejected wind energy amounts encountered in many islands
was analyzed in detail. The application of the energy model devel-
oped in Appendix A, in combination with an extensive financial
analysis, resulted to the selection of the optimum system configu-
ration able to provide the local grid of the island of Lesbos with
guaranteed electrical energy amounts during the peak load de-
mand periods. According to the optimum financial scenario, after
the installation of such a project, RES contribution increases by
9% compared to current conditions, reaching 19% to the island’s en-
ergy balance. Nevertheless, it should be mentioned that the above
presented optimum solution is indicative and constitutes an initial
approach of the problem as it depends on a large number of param-
eters that may change, e.g. geographical parameters, the type of
the electromechanical equipment, the prices of the electricity
bought by PPC and the wind farms’ owners, the produced energy
selling price and the financing scheme that is going to be adopted.
The optimum solution in the current study was based on the max-
imization of the net present value. On the other hand, RES contri-
bution may be increased more than 9% in case that the objective is
not to maximize profits since many feasible solutions derived from
the above presented analysis.

Moreover, it is noteworthy to mention that the operation of
such a system strongly depends on energy imports by the local grid
used to support the guaranteed energy production on a daily basis.
However, the investment may be considered environmentally
friendlier compared to conventional power stations since the PHS
system absorbs any energy required by the local grid during low
consumption periods (e.g. at nights) where the thermal power
units operate producing less gas emissions. On the other hand, it
contributes to the electrification of the island at peak load demand
hours when the thermal power station emits remarkable air pollu-
tants and its energy production cost is extremely high. Therefore,
the proposed solution may be used to face the high electricity pro-
duction cost in this region, by taking advantage of the excellent lo-
cal wind potential which is now only partially exploited. Also, this
system constitutes a solution to the problem of the restricted wind
energy contribution to the islands’ energy balance and encourages
future investments in wind energy applications since a consider-
able amount of the expected wind energy rejection is exploited
by the PHS system creating additional revenues for the wind farms’
investors. Finally, one should not neglect the socio-economic ben-
efits of such systems since they contribute to the development of
the local economy by producing ‘‘green” electricity and creating lo-
cal job opportunities during the construction and operation of the
project.

Appendix A

A.1. Energy model

The energy model includes the determination of the wind
power penetration ability to an isolated electricity grid and the
investigation of the PHS system operational parameters with the
use of an integrated computational algorithm designed to cover
guaranteed electrical energy on a daily basis. The data required
for the application of the methodology include:

– The instantaneous electrical load demand of the island under
investigation.

– The characteristics of the existing thermal units, such as their
maximum power output, technical minima, SFC and fuel type
which is consumed.
– The characteristics of the existing wind farms, such as their
installation year and power output.

– Analytical wind speed measurements concerning the region
where the new wind farms are assumed to be installed and
the corresponding wind turbines power curves.

– Mean hourly wind power curtailments of the existing wind
farms [22,27].

A.1.1. Step I: calculation of the wind power penetration ability
In order to determine the maximum wind energy contribution

into the island’s energy balance and examine the possibility of
installing additional wind power, the annual hourly mean power
production time series is modelled according to the existing ther-
mal power station characteristics. For this purpose, the technical
minima, SFC and production schedule dispatch order of the ther-
mal power units are all taken into account. More specifically, the
following ‘‘sub-steps” may be followed:

(i) Determination of the units’ dispatch order, based on the fuel
type consumed by each unit, achieving the minimum elec-
tricity production cost [30].

(ii) Calculation of the maximum and the minimum electric
power production of the thermal engines and specification
of ‘‘z” operational points of the conventional power station
according to the thermal units’ minimum output power,
their dispatch order into the production schedule and their
SFC [8,30].

(iii) Inclusion of a monthly maintenance plan of the thermal
units leaving out the months where the demand is very high
(i.e. summer months). The units that are going to operate
during the selected year on an hourly basis are determined
by finding the minimum number of thermal units that must
be put on duty in order to satisfy the mean-hourly power
demand and by assuming that the sum of their technical
minima is the power which must be at least provided by
the thermal units [24].

(iv) Estimation of the instantaneous maximum wind power pen-
etration in the local grid on the basis of the local electrical
system constraints [9,25]. At this stage, one may examine
the effect of different wind power upper participation limits
(e.g. k = 0.30, 0.40) on the wind energy contribution.

(v) Estimation of the maximum mean hourly wind power absor-
bance of both existing and future wind farms by the Electric-
ity Generation System (EGS) and the corresponding
curtailments [27,31].

A.1.2. Step II: determination of PHS system configurations
In order to obtain PHS configurations an integrated computa-

tional algorithm is currently developed [23] in ‘‘Visual-Basic” envi-
ronment. Several constrains are included such as that the
operation of the pumping station is not permitted during the
power production period of the hydro turbines or when the upper
reservoir is full and unable to store the rejected wind energy
amounts. The use of a single piping system is selected while the
determination of the appropriate diameter is based on the princi-
ple that the water velocity should not exceed a specific maximum
value in order to avoid excessive loss. The computational tool pro-
vides among others the hourly operational status and the annual
energy yield of the plant, as well as a detailed calculation of the
various energy losses in the penstock, the hydro turbine, the
pumps and the electrical equipment. The operation of the system
is based on the condition of guaranteed energy supply to the local
grid on a daily basis during the peak load demand hours (from
12.00 pm to 2 pm and 8.00 pm to 10.00 pm) [4] when the marginal
electricity production cost of the conventional power station is
very high. The PHS system exploits an amount of the wind energy
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surplus from existing and new wind farms but in case that the
water stored in the upper reservoir is not enough for the fulfilment
of the condition of guaranteed energy production, the water pumps
absorb any energy required by the grid during low demand periods
(from 1:00 am to 8:00 am) when the energy production cost of the
conventional power station is low.

Summarizing, the size optimization of a PHS system, which is
able to exploit the rejected wind energy amounts of both existing
and future wind farm installations, includes the estimation of:

� the size and operational characteristics of the hydro turbines,
� the volume of the water reservoirs,
� the rated power and operational range of the water pumps

based on the wind power rejection frequency and cumulative
probability for each installed wind power case [22],
� and finally, the water piping system dimensions (diameter,

length, thickness, etc.).
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