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a b s t r a c t

Wind parks operating in autonomous island grids, such as those encountered in the Aegean Archipelago,

face considerable wind energy curtailments, owed to the inability of local electricity networks to absorb

the entire wind energy production. On the other hand, plans promoting the natural gas-based electricity

generation in big islands (such as Crete) question the future of wind energy. To recover wind energy

curtailments and benefit from the introduction of natural gas, the adoption of compressed air energy

storage (CAES) systems suggests an appreciable energy solution. Furthermore, to improve the economic

performance of the proposed system, it is decided that guaranteed energy amounts should be delivered

to the local grid during peak demand periods. In an effort to obtain favourable negotiation conditions –

for the selling price of energy delivered – and also improve the economic performance of the system, a

dual mode CAES operation is currently examined. Proceeding to the economic evaluation of dual mode

CAES configurations that ensure maximum wind energy recovery, the feasibility of the proposed system

may be validated. Lower electricity production costs and considerable reduction of fuel consumption

achieved – in comparison with the requirements of conventional peak demand power units – illustrate

the system’s advantages.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Autonomous island networks existing in the area of the Aegean
Sea, at the east side of the Greek mainland, are strongly dependent
on oil-based electricity generation patterns. The direct result of
this policy is the requirement for considerable fuel consumption
(both diesel and heavy oil), responsible for extremely high
electricity production costs (Kaldellis and Zafirakis, 2007) and
noteworthy atmospheric pollution (Kaldellis et al., 2005). In this
context, the development of local communities (Weisser, 2004) is
strongly questioned by the need to maintain the imported fuel
supply, due to the respective macroeconomic cost. In addition to
this, the low utilization degree of thermal power stations (in the
range of 20–30%) reflects the problematic operation of the
corresponding units and also entails remarkably high specific
(h/kWh) operational costs (Kaldellis and Zafirakis, 2007).

On the other hand, although the region under investigation
appreciates considerable wind energy potential (PPC, 1985), the
contribution of wind energy to the local electrical energy balance
is not yet important, i.e. kept below the levels of 10%. The main
reason for this depreciation of wind power is ascribed to the
limited ability of autonomous networks to absorb the entire
ll rights reserved.

: +30 210 5381467.
energy yield of wind farms (Papathanassiou and Boulaxis, 2006;
Weisser and Garcia, 2005). In fact, to secure the stability of local
electricity grids, network operators are obliged to set an upper
limit to the penetration of wind power. As a result, considerable
wind energy amounts are rejected from the local grid, while due
to the respective financial losses (Kaldellis et al., 2004), the
economic efficiency of wind power investments is questioned.
Contrariwise, the need to comply with the targets regarding the
penetration of renewable energy sources (RES) in the national
electricity generation balance (EC, 2001), encourages maximum
exploitation of wind energy in priority areas of excellent wind
potential.

Furthermore, a constant increase of the annual peak power
demand and electricity consumption in combination with the
retirement of many power stations, reveal the urgency for
reinforcing the existing electricity generation system of these
island networks. To ensure the diachronic electricity supply of
these systems one may consider several alternatives such as the:
�
 Permanent reinforcement of local autonomous power stations,
still operating on fuel imports (diesel and heavy oil as well as
LNG imports).

�
 Island interconnection, either to the mainland (RAE, 2005) or

between vicinal islands.

�
 Enhancement of electrical grids.

�
 Maximum exploitation of RES.

www.sciencedirect.com/science/journal/jepo
www.elsevier.com/locate/enpol
dx.doi.org/10.1016/j.enpol.2009.01.033
mailto:jkald@teipir.gr
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Considering the above mentioned solutions, emphasis is
currently given on the island of Crete, where policy decisions
supporting a sweeping natural gas-based electricity generation
(PPC, 2007) may jeopardize the future of wind energy on the
island. To promote maximum RES exploitation and distributed
generation patterns (Clark and Isherwood, 2004) instead, the
concept of energy storage (Hall and Bain, 2008) and wind energy
storage in particular (Kaldellis, 2008; Tavner, 2008) may comprise
a feasible energy solution, both supporting further exploitation of
the local wind energy potential and recovering the waste energy
of already operating wind parks (Anagnostopoulos and Papanto-
nis, 2008; Kaldellis, 2002; Kaldellis and Kavadias, 2001).

More specifically, the main target of this study is to evaluate
the economic performance of a dual mode compressed air energy
storage (CAES) system in collaboration with wind parks already
operating in island networks, using as a case study the island of
Crete. Obtaining dual mode CAES configurations with the use of
an algorithm ensuring maximum recovery of wind energy
(Zafirakis et al., 2008), the cost effectiveness of the system may
be accordingly investigated. In this context, an economic evalua-
tion model is used in order to estimate the life-cycle electricity
production cost of the energy storage system with the results
obtained being afterwards compared with the production cost of
the up to now usually adopted energy solution for peak demand
satisfaction, i.e. the operation of outmoded oil-based gas turbines.
Table 1
Electricity production cost by type of unit.

Type of units Electricity

production

cost (h/MWh)

Electricity

generation in

MWh (2007)

Steam turbines 100.9 546.2

Diesel engines (Linoperamata power station) 65.6 879.0

Diesel engines (Atherinolakkos power station) 63.6

Gas turbines (Linoperamata power station) 176.4 152.5

Gas turbines (Chania power station) 195.8 343.9

Combined cycle (Chania power station) 155.0 643.0

Wind parks 82.8 392.2

Source: PPC (2007).
2. The electrification system of Crete

The electricity generation system of Crete (PPC, 2008) is mainly
based on the operation of oil-fuelled thermal power units (a total
of 792 MW) with the respective share of wind power currently
approaching 150 MW. On the other hand, the contribution of
hydropower and photovoltaic units on the island remains
depreciated (a total of 1.3 MW). In this context, considering the
annual increase rates of peak load demand during the past decade
(6–7%) (PPC, 2008) along with the forthcoming retirement of
certain power stations, one may argue that the reinforcement of
the existing electricity power capacity is necessary (peak demand
in 2007 equalled to 650 MW).

Regarding the electricity generation fuel mix (PPC, 2008), the
greatest part of energy consumption is covered by the operation of
thermal power units using diesel and heavy oil, being also
responsible for considerably high electricity production costs
and atmospheric pollution. In fact, almost 300 Mh are required for
fuel imports annually, this implying a strong contribution of the
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Fig. 1. Time variation of electricity production
fuel component in the overall electricity production cost (Fig. 1).
Besides, the importance of the fuel cost component in the overall
mean electricity generation cost of the entire electricity genera-
tion system as well as in the production cost of oil-based power
units (see also Table 1) may be illustrated by the respective value,
equal to 120 h/MWh during 2007, while the production cost of
local gas turbines, mainly serving as peak power units, even
reaches 200 h/MWh (Table 1). At this point, it is critical to
mention that the role of the fuel cost component may be even
more dominant in the case of small scale islands. As properly put
by Weisser (2004), the limited fuel demand for domestic use, the
high cost of the fuel transport (Hoyle, 1999), the economies of
scale (Mayer, 2000) or even diseconomies of scale appearing
instead as well as the fact that the majority of thermal power
engines are outmoded and present high specific fuel consumption,
may result to electricity production costs that actually exceed
1000 h/MWh for very small scale islands (Kaldellis and Zafirakis,
2007).

On the other hand, wind parks operating on the island of Crete
produce almost 400 GWh of wind energy annually, i.e. 15% of the
total electricity generation on the island. Nevertheless, the local
onshore wind energy potential is not thought to be yet exploited
(Tsioliaridou et al., 2006), while at the same time, already
operating wind parks suffer from financial losses (Kaldellis et
al., 2004), owed to the local network limitations. Furthermore,
according to the most recent announcements (PPC, 2007), the
installation of two combined cycle power plants operating on
natural gas (total capacity of 500 MW) has already been scheduled
(an LNG terminal will be constructed in the area of Korakia). Note
however that although replacing oil with natural gas implies the
ost Parameters, Crete
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use of a more environmentally friendly fuel, energy autonomy
cannot be achieved (Reymond, 2007) while the future of wind
energy remains under question.

Considering the forthcoming change of scene in the energy
status of the island and the opportunities for applying the wind
energy storage concept, an alternative energy scheme that is
compatible with the future energy system features is currently
proposed. More precisely, adopting a compressed air
energy storage system that may take advantage of both
wind energy curtailments and natural gas comprises an appreci-
able energy solution. Besides, according to the results of a public
survey (Kaldellis, 2005), the majority of Cretans strongly favour
wind power applications (90% of acceptability encountered means
that similar public attitude may be expected for projects called to
secure wind energy), while considerable reactions against the
reinforcement of the existing thermal power stations operating on
the basis of imported oil have also been recorded.
3. Proposed dual mode CAES energy solution

Due to their bulk energy storage character (Bradshaw, 2000;
Van der Linden, 2006), CAES systems provide flexibility in terms
of energy management (Cavallo, 1997; Greenblatt et al., 2007;
Lund et al., 2008). To achieve maximum potential profitability for
the system, the idea of delivering guaranteed amounts of energy
to the local grid via an energy storage system during peak demand
periods comprises an established practice (Kaldellis et al., 2006).
In this context, to obtain grid independence during the charging
stage of the system (stand-alone characteristics) and possibly
improve negotiation conditions concerning the selling price of
energy delivered to the grid, a dual mode operation is proposed,
i.e. the CAES system will be able to shift its operation to the typical
gas turbine cycle as well and will only be based on the
consumption of natural gas, already required for the operation
of the CAES-only cycle. More specifically, in times that the energy
stored (i.e. the energy provided by the available wind energy
curtailments) is not sufficient, the gas turbine will be coupled
with the compressor via the use of a clutch and the required
guaranteed energy will be generated on the basis of the classic
cycle operation (Brayton/Joule cycle). Note, however, that when
shifting to the classic cycle mode greater levels of fuel consump-
tion and zero exploitation of wind energy curtailments should be
expected.
Fig. 2. Dual mode Win
3.1. Description of the proposed configuration

The concept under examination, Fig. 2, suggests the collabora-
tion of one or more existing wind parks with a dual mode CAES
system that may exploit the excess/rejected energy produced by
the former. Actually, the main components of the proposed
solution include the following:
�

d-C
One or more existing wind parks of ‘‘Nwp’’ rated power,
responsible for an annual wind energy curtailment potential
‘‘Ewrej ¼

P8760
t¼1 NwrejðtÞDt’’, with ‘‘Nwrej(t)’’ being the hourly (Dt

¼ 1 h) wind energy curtailment.

�
 A compressor, ‘‘Ncr’’ being its rated power, driven by a motor

(‘‘NM, ZM’’) and used to either pressurize air into a storage
cavern by exploiting the wind energy surplus (CAES cycle) or
allow the operation of the classic gas turbine cycle.

�
 An air storage cavern/tank of a given volume and useful energy

capacity, ‘‘Vss’’ and ‘‘Ess’’, respectively, able to at least satisfy the
hourly guaranteed energy requirements ‘‘Nex ¼ NTOZgen’’ for
‘‘ho’’ hours of energy generation per day (‘‘Vssmin’’ and ‘‘Essmin’’,
respectively).

�
 A gas turbine, ‘‘NTO’’ being its rated power, operating

either coupled with the compressor (Brayton/Joule cycle) or
based on the amounts of compressed air inside the cavern
(CAES cycle).

�
 An electrical generator ‘‘Ngen, Zgen’’ coupled with the gas

turbine in order for the daily guaranteed energy amounts
‘‘Eg ¼ NTOZgenho’’ to be delivered to the local grid.

�
 The balance of the system components (BOS), including a

preheater used to preheat the air released by the cavern before
entering the combustion chamber, a combustion chamber used
to heat up the mixture of compressed air and natural gas, a
natural gas storage tank in order to meet the fuel requirements
of the installation, etc.

3.2. Maximum wind energy recovery configurations

Using the available data of wind energy curtailments (Fig. 3),
available from three private wind parks (a total of 25 MW
operating in the area of Sitia, in the eastern Crete), and
considering the operation principles of the dual mode CAES
system (Zafirakis et al., 2008), configurations ensuring maximum
wind energy recovery are designated by the application of the
DMCAES-II sizing algorithm (see also the Appendix and Fig. 4).
AES solution.
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Fig. 3. Annual profile of daily wind energy curtailments from three private wind parks.
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Besides, for the solution of the problem the following have also
been considered:
�
 Noon peak demand periods are currently satisfied by the
operation of the system, i.e. from 12:00 to 15:00 (3 h of energy
autonomy ‘‘ho’’).

�
 The power of the compressor is always determined by the

‘‘Ncr ¼ N*cr’’ condition considering both maximum wind energy
recovery and classic cycle operation (see also the Appendix).

�
 The amount of electricity to be delivered on a daily basis to the

local grid, ‘‘Eg ¼ Nexho’’, is currently selected to vary between 3
and 30 MWh, i.e. 1 MW�3 h up to 10 MW�3 h (see also the
daily wind energy curtailments’ profile in Fig. 3). Note that
remarkably higher contribution (up to 50 MW) is expected in
case that the analysis also includes the entire available wind
power of the island (�150 MW).

�
 The rated power of the gas turbine ‘‘NTO’’ is called to both

provide the amounts of energy guaranteed per hour ‘‘Nex’’
during the CAES operation, and satisfy both the guaranteed
energy and the compressor operation during the classic cycle
mode, i.e. ‘‘NTO ¼ (Nex/Zgen)+Ncr’’.
In this context, each of the configurations presented in Fig. 5,
achieve maximum wind energy recovery for the given guaranteed
amounts of energy ‘‘Eg’’ and energy storage capacity ‘‘Ess’’.
Actually, in Fig. 5 one may obtain the results of the sizing
algorithm for a representative case regarding fixed energy storage
capacity ‘‘Ess’’ of 15 MWh and a range of daily guaranteed energy
amounts ‘‘Eg’’ from 3 to 15 MWh/day (or from 1 MW�3 h to
5 MW�3 h).

As one may conclude, the reduction of the annual fuel savings’
percentage meets the increase of wind energy recovery as the
guaranteed amounts of energy increase. More precisely, although
wind energy recovery maximizing means greater amounts of
energy delivered to the local grid as well, i.e. potentially higher
income, the respective fuel savings minimizing entails less
financial benefits. On the other hand, the employed equipment
(compressor, gas turbine, etc.) is strongly affected by the
conditions of both the classic cycle operation and the maximum
wind energy recovery (see also the Appendix), while employing a
cavern that is not sufficiently exploited (e.g. 3 MWh/day and
15 MWh) suggests inefficient utilization of the capital investment
as well (a constructed storage cavern or tank is currently
considered).
In this context, to determine feasible dual mode CAES config-
urations, the economic evaluation of the system is necessary. For
this purpose, an economic evaluation model is currently used, able
to calculate the life-cycle electricity production cost of ‘‘optimum’’
(i.e. achieving maximum wind energy recovery) dual mode CAES
systems being examined. For the configurations to be granted as
feasible, a straightforward comparison is undertaken, i.e. the
resulting electricity production cost of the CAES solution ‘‘cCAES’’
is directly compared with the corresponding cost of the up to now
adopted electrification solution during peak demand hours ‘‘c*’’. As
already mentioned, the electricity production cost of gas turbines
serving as peak load units in the island of Crete approaches 200 h/
MWh (2007 values). Nevertheless, considering the constant
increase of fuel prices as well as the strong dependence between
the electricity production cost and the price of imported oil (Fig. 1),
the benchmark of 250 h/MWh is currently adopted.
4. Economic evaluation model

The feasibility of ‘‘optimum’’ size dual mode configurations
ensuring maximum wind energy recovery (resulting from the
DMCAES-II algorithm application) is accordingly examined. To
properly evaluate the system economic performance, a correspond-
ing evaluation model (Kaldellis, 2004; Kavadias and Kaldellis, 2000),
able to estimate the life-cycle electricity production cost of the
energy storage installation, is currently used. In order to provide
the corresponding electricity production cost (in present values), the
model takes into account the initial investment and the respective
maintenance and operation (M&O) costs along with the annual
expenses required for the use of natural gas and wind energy. In this
context, the initial cost of the installation is given by Eq. (1), i.e.

ICCAES ¼ ceVss þ ctNTO þ ccNcr þ CBOS (1)

where the coefficients ‘‘ce’’, ‘‘ct’’ and ‘‘cc’’ correspond to the specific
cost (h/m3 and h/kW) for the construction and installation of a
storage tank (if an appropriate storage cavern does not exist) and the
procurement of the gas turbine and the compressor sets, respec-
tively, while finally, one should also consider the initial cost for the
installation of the BOS equipment ‘‘CBOS’’.

Following, the future value (after n years of operation) of the
initial investment cost of the CAES installation takes into account
the initial installation cost ‘‘ICCAES’’ and the corresponding capital
cost ‘‘i’’ of the local market, see Eq. (2):

ICn ¼ ICCAESð1� gÞð1þ iÞn (2)
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where ‘‘g’’ is the subsidization percentage, provided by the State.
In this context, the national policy for RES promotion has during
the past considered a bundle of financial instruments (Vassilakos
et al., 2003), including the opportunity for obtaining a subsidy on
the initial investment. A characteristic example encounters the
financial support approved by the National Operational Pro-
gramme ‘‘Competitiveness’’ (being presently at its second stage of
implementation, 2007–2013) for the ongoing installation of a
similar wind-pumped hydro storage (Wind-PHS) hybrid system
on the island of Ikaria, in the Aegean Sea. On the other hand, the
legislative framework regarding the installation of hybrid RES
stations in island areas specifically (under the 3468/2006 law
considering the RES penetration at a national level with regards to
the 2001/77/EC directive) only regards the pricing mechanism for
the electrical power availability and the energy production
provided by the hybrid power station, both decided and
determined as the case may be. Hence, it becomes obvious that
if no subsidy is achieved, the agreement regarding the selling
price of the hybrid station energy yield plays a dominant role for
the feasibility–profitability of the project.

Proceeding to the presentation of the economic evaluation
model, in addition to the initial investment cost one should also
take into account the input energy cost ‘‘CNG’’, i.e. the cost of fuel
supplied to the CAES system in order to provide the amount of
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Energy Performance of Dual Mode CAES Configurations
(Storage Capacity of 15MWh)
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energy expected. The corresponding fuel input energy cost for a
time period of ‘‘n’’ years can be expressed as

CNG ¼ ENG-ðannualÞcf

Xj¼n

j¼1

ð1þ ef Þ

ð1þ iÞ

� �j

ð1þ iÞn (3)

where ‘‘ENG-(annual)’’ is the total annual natural gas consumption
expressed in terms of energy content, including both the annual
fuel consumption for the CAES cycle operation ‘‘ENG–CAES(annual)’’
and the respective for the classic cycle operation ‘‘ENG–GT(annual)’’.

ENG-ðannualÞ ¼ ENG2GTðannualÞ þ ENG2CAESðannualÞ (4)

Moreover, the ‘‘cf’’ coefficient is the specific fuel cost
(h/MWhNG), while ‘‘ef’’ expresses the mean annual escalation rate
of the fuel price.

Similarly, the input cost of wind energy provided by the
collaborating wind parks, should also be considered. By consider-
ing the portion of annual wind energy curtailments ‘‘Ewrej-(annual)’’
utilized as well as the corresponding purchase price ‘‘cwrej’’ and
annual escalation rate ‘‘ewrej’’, the wind power input energy cost
‘‘CWP’’ for a time period of ‘‘n’’ years can be expressed as

CWP ¼ Ewrej-ðannualÞcwrej

Xj¼n

j¼1

ð1þ ewrejÞ

ð1þ iÞ

� �j

ð1þ iÞn (5)

Accordingly, the M&O cost can be split into the fixed
maintenance cost ‘‘FCCAES’’ and the variable maintenance cost
‘‘VCCAES’’. Expressing the annual fixed M&O cost as a fraction ‘‘m’’
of the initial capital invested and assuming an annual increase of
the cost equal to ‘‘gCAES’’, the future value of ‘‘FCCAES’’ is given as

FCCAES ¼ ICCAESm
Xj¼n

j¼1

ð1þ gCAESÞ

ð1þ iÞ

� �j

ð1þ iÞn (6)

Concerning the variable maintenance and operation cost
‘‘VCCAES’’, it mainly depends (Kaldellis, 2003) on the replacement
of ‘‘ko’’ major parts of the CAES installation having a shorter
lifetime ‘‘nk’’ than the complete installation ‘‘nCAES’’. Using the
symbol ‘‘rk’’ for the replacement cost coefficient of each one of the
‘‘ko’’ major parts of the installation, the ‘‘VCCAES’’ term can be
expressed as

VCCAES ¼ ICCAES

Xk¼ko

k¼1

rk

Xl¼lk

l¼0

ð1þ gkÞð1� rkÞ

1þ i

� �lnk

( )
ð1þ iÞn (7)
with ‘‘lk’’ being the integer part of the following equation (Eq. (8)).

lk ¼
n� 1

nk

� �
(8)

while ‘‘gk’’ and ‘‘rk’’ describe the mean annual change of the price
and the corresponding level of technological improvements for
each of the ‘‘ko’’ major components of the CAES energy storage
installation.

Recapitulating, the future cost ascribed to the CAES system
installation and operation after ‘‘n’’ years may be estimated by
using Eq. (9).

CCAES ¼ ICCAES ð1� gÞ þm
Xj¼n

j¼1

ð1þ gCAESÞ

ð1þ iÞ

� �j
8<
:

9=
;ð1þ iÞn þ VCCAES

þ ENG-ðannualÞcf

Xj¼n

j¼1

ð1þ ef Þ

ð1þ iÞ

� �j

ð1þ iÞn þ Ewrej-ðannualÞ

� cwrej

Xj¼n

j¼1

ð1þ ewrejÞ

ð1þ iÞ

� �j

ð1þ iÞn (9)

For the estimation of the energy production cost of the CAES
installation (in present values), one should divide the total cost of
the installation ‘‘CCAES’’ with the corresponding total annual
energy production ‘‘Eg-(annual)’’, see Eq. (10)

cCAES ¼
CCAES

Eg-ðannualÞ

Pj¼n
j¼1ðð1þ eÞ=ð1þ iÞÞjð1þ iÞn

(10)

where the electricity price annual escalation rate ‘‘e’’ should also
be included. Note that an energy storage investment is financially
attractive if the present value of the energy production cost of
Eq. (10) ‘‘cCAES’’ is less than the price offered by the local network
operator for the guaranteed energy during peak demand periods
‘‘c*’’, i.e.

cCAESoc� (11)

while the extent of profitability may be determined by the
estimation of the annual financial gains ‘‘Gy’’, see also Eq. (12)

Gy ¼ Eg-ðannualÞðc
� � cCAESÞ (12)

Finally, apart from the potential financial gains one should also
take into account any additional benefits related to the operation
of an energy storage system, such as the increased reliability of
the entire electrical network and the improved quality of
electricity offered.
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5. Applications results

5.1. Electricity production cost results

Using the economic evaluation methodology presented, the cost
effectiveness of optimum dual mode CAES configurations may be
examined. Economic evaluation results for the same representative
Table 2
Representative values for the main cost parameters of the CAES configuration.

Parameter Low cost

scenario

High cost

scenario

Service period ‘‘n’’ (years) 25 20

Specific storage cost ‘‘ce’’ (h/m3) 1000 2500

Specific gas turbine cost ‘‘ct’’ (h/kW) 400 800

Specific compressor cost ‘‘cc’’ (h/kW) 400 800

Subsidization percentage ‘‘g’’ (%) 0 0

Capital cost ‘‘i’’ (%) 8 8

Fixed M&O coefficient ‘‘m’’ (%) 2 2

Annual increase of the M&O cost ‘‘gCAES’’ (%) 5 5

Specific fuel cost ‘‘cf’’ (h/MWh) 25 35

Specific rejected wind energy cost ‘‘cwrej’’ (h/MWh) 0 0

Fuel price escalation rate ‘‘ef’’ (%) 5 5

Rejected wind energy price escalation rate ‘‘ewrej’’ (%) 3 3

Electricity price escalation rate ‘‘e’’ (%) 5 5
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case of 15 MWh storage capacity are obtained using the values of
Table 2. Two extreme cost scenarios are initially considered, i.e. a
low and a high cost scenario. Note that for both scenarios
examined, State subsidy ‘‘g’’ is taken equal to zero. On the other
hand, it is assumed that the project is carried out for the account of
the wind parks’ owners, thus the corresponding specific wind
energy cost ‘‘cwrej’’ is also taken to be zero.

Considering the above, in Fig. 6 one may obtain the electricity
production cost of optimum dual mode configurations for a fixed
energy storage capacity ‘‘Ess’’ of 15 MWh and a variable guaranteed
energy ‘‘Eg’’ ranging from 3 to 15 MWh/day (from 1 to 5 MW�3
h). Additionally, wind energy recovery achieved by the configura-
tions examined is also included in the figure. As one may
configure, the increase of the gas turbine power (5 MW�3 h
case) implies higher exploitation of the storage capacity and
suggests lower energy production costs, even less than 200 h/
MWh. The opposite is valid for the cases where little utilization of
the storage cavern is encountered (1 MW�3 h for 15 MWh
storage capacity), with the corresponding cost even exceeding
1100 h/MWh. Besides, although a high capital cost should be
considered, higher scale wind energy penetration (30% for the
5 MW�3 h case) implies both considerable profitability opportu-
nities and remarkable wind energy exploitation (Kaldellis, 2002).

Following, in Fig. 7 one may obtain the breakdown of the
system’s life-cycle electricity production cost, see also Eq. (10).
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As it becomes evident, exploiting an already existing cavern
significantly reduces the required investment, while providing
greater amounts of guaranteed energy implies comparably
increased fuel cost participation. Besides, providing greater
amounts of energy for the same energy storage capacity requires
a priori greater fuel consumption and possibly more shifting to
the classic compressor-gas turbine cycle. The opposite is valid for
the low guaranteed energy options (e.g. 1 MW�3 h), where the
initial investment cost, including both the cost of the cavern and
the equipment required, represents 91% of the overall life-cycle
energy production cost.

Recapitulating, based on reasonable scaling for the CAES
system and applying a financial evaluation model to the
‘‘optimum’’ of Wind-CAES configurations (i.e. the ones ensuring
maximum wind energy curtailments’ exploitation), the feasibility
of the proposed energy solution has been established. Although
the variation of the main parameters allows the generation of
multiple scenarios, providing the results of the scenarios currently
examined indicates the possibility of developing the Wind-CAES
configuration on the island of Crete. In this context, the main
findings of the solutions designated as feasible/profitable are
summarized in Table 3 (including the corresponding results for
the 30 MWh storage capacity case as well), also providing the
sizing of the proposed CAES system main components. As one
may obtain, even with no State subsidy (‘‘g ¼ 0%’’), the production
cost of the proposed solution is kept below the corresponding
value used for the currently operating peak load units (�250 h/
MWh). In this context, by considering the equipment and cavern
requirements, it is believed that any State subsidy achieved would
much improve the financial result of the proposed configurations.
5.2. Sensitivity analysis results

Although certain cost-effective configurations are designated
in respect of the low cost scenario, the results concerning the high
Table 3
Feasible dual mode CAES configuration results.

‘‘Eg ¼ Nexdo’’ (MWh/day) Wind energy to the grid (%) ‘‘NTO’’ (MW)

Energy storage capacity Ess ¼ 15 MWh or volume storage capacity Vss ¼ 2188 m3 (storage pre

9 25.66 3+5

12 28.13 4+6

15 30.12 5+8

Energy storage capacity Ess ¼ 30 MWh or volume storage capacity Vss ¼ 4377 m3 (storage pr

18 43.72 15

24 47.08 20

30 49.29 26

Table 4
Variation ranges for economic evaluation parameters.

Parameter Range

Service period ‘‘n’’ (years) 16–24

Specific storage cost ‘‘ce’’ (h/m3) 1200–2000

Specific gas turbine cost ‘‘ct’’ (h/kW) 450–650

Specific compressor cost ‘‘cc’’ (h/kW) 450–650

Subsidization percentage ‘‘g’’ (%) 0–40

Capital cost ‘‘i’’ (%) 4–12

Fixed M&O coefficient ‘‘m’’ (%) 1–5

Annual increase of the M&O cost ‘‘gCAES’’ (%) 3–7

Specific fuel cost ‘‘cf’’ (h/MWh) 30–50

Fuel price escalation rate ‘‘ef’’ (%) 3–11

Electricity price escalation rate ‘‘e’’ (%) 3–7
cost scenario are not as encouraging. To assess the extent of
variation on the resulting electricity production cost, caused by
the uncertainty of cost values, the appropriate sensitivity analysis
is carried out. In this context, a realistic value range for each of
the main parameters involved in the economic evaluation is
given in Table 4. Additionally, to take into account every possible
CAES configuration, the main cost parameters’ impact on the
electricity production cost is also examined on the basis of the
energy storage capacity exploitation, expressed by the ‘‘Ess/Eg’’
ratio. More specifically, reducing the ‘‘Ess/Eg’’ ratio (i.e. for (‘‘Ess/
Eg’’)E1.0) means greater exploitation of the energy storage
capacity (‘‘tight’’ storage cases) while increasing the ‘‘Ess/Eg’’ ratio
((‘‘Ess/Eg’’)41.0) implies poor exploitation of the cavern (‘‘loose’’
storage cases).

Considering the ‘‘tightest’’ storage case examined up to now, in
Fig. 8 one may obtain the sensitivity analysis results concerning
the variation of every cost parameter included in Table 4. As one
may obtain from Fig. 8, the most influencing parameters are the
specific fuel cost ‘‘cf’’, the fuel price escalation rate ‘‘ef’’, the
electricity price escalation rate ‘‘e’’ and the State subsidy ‘‘g’’. On
the contrary, the parameters of the compressor ‘‘cc’’ and the
cavern ‘‘ce’’ specific cost seem to less affect the final outcome of
the production cost ‘‘cCAES’’. Besides, owed to the fact that the
turbine power ‘‘NTO’’ satisfies both the needs of energy generation
and compressor operation (see also the Appendix), the corre-
sponding cost parameter variation ‘‘ct’’ is at all times considerable.
In fact, reducing the values of State subsidy ‘‘g’’ (�100%) and
electricity price escalation rate ‘‘e’’ (�40%), in relation to the
central values of Table 4, entails a remarkable increase of the
electricity production cost, even exceeding +27% and +17%,
respectively, opposite to the results appearing in case of increas-
ing the aforementioned parameters’ values (i.e. �22% and �15%,
respectively). On the other hand, the electricity production cost is
found to increase at the levels of +19% in case of increasing the ‘‘ef’’
parameter and at the levels of +10% for a marginal increase of the
‘‘cf’’ parameter. Finally, if the required gas turbine specific price
‘‘Ncr*’’ (MW) ‘‘cCAES’’ (h/MWh) Scenario

ssure at 50 bar, storage temperature at 288 K and maximum depth of discharge at 70%)

5 221.53 Low cost

6 201.82 Low cost

8 200.95 Low cost

essure at 50 bar, storage temperature at 288 K and maximum depth of discharge at 70%)

9 213.90 Low cost

12 203.12 Low cost

16 202.21 Low cost

Variation step Reference value

1 20

200 1600

50 550

50 550

10 20

2 8

1 3

1 5

5 40

2 7

1 5
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The Impact of the Economic Parameters' Variation on the
Life-Cycle Electricity Production Cost

(15MWh/day & 15MWh)

-28%

-21%

-14%

-7%

0%

7%

14%

21%

28%

-100%

Economic Parameters' Variation "Δx/x"

E
le

ct
ric

ity
 P

ro
du

ct
io

n 
C

os
t

Va
ria

tio
n 

"Δ
c C

A
E

S
/c

C
A

E
S
"

n ce
cc ct
cf γ
i m
gcaes ef
e

-75% -50% -25% 0% 25% 50% 75% 100%

Fig. 8. The impact of the cost parameters’ variation on the electricity production cost of the installation (15 MWh storage capacity).

The Impact of the Fuel Cost Parameters' Variation
on the Life-Cycle Electricity Production Cost
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The Impact of the Equipment & Cavern Cost Parameters'
Variation on the Life-Cycle Electricity Production Cost
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‘‘ct’’ is reduced by approximately 18%, 5% reduction of the
electricity production cost should be expected.

Following, in Figs. 9 and 10 the three main cost components’
variation (see also Fig. 7) is examined in relation to the ‘‘Ess/Eg’’
ratio. More specifically, in Fig. 9 the fuel cost parameters are
examined, while in Fig. 10 one may obtain the results regarding
the cavern and the equipment cost parameters. As already
implied, utilizing a ‘‘tight’’ storage (15 MWh/day and 15 MWh,
i.e (‘‘Ess/Eg’’) ¼ 1.0) requires a stronger contribution on behalf of
the natural gas side, hence allowing for its variation to have a
strong impact on the final production cost (Fig. 9). The same is
valid for a ‘‘moderate’’ storage capacity (i.e. ‘‘Ess ¼ 2.0� Essmin’’ and
30 MWh) that is however determined by a considerable amount of
guaranteed energy (15 MWh/day, i.e. (‘‘Ess/Eg’’) ¼ 2.0). A difference
may be noted in the case of a considerably larger storage
(‘‘Ess ¼ 10.0� Essmin’’ or (‘‘Ess/Eg’’) ¼ 10.0), where the impact of
natural gas is minimized (Fig. 7) due to both the generation of
only 3 MWh/day and the remarkable CAES cycle contribution
expected (Fig. 5), owed to the employment of a large storage.

Since being complementary, the rest of economic parameters
attached to the cavern and the equipment of the CAES configura-
tions (‘‘ce’’, ‘‘ct’’, ‘‘cc’’) are determined by an inverse behaviour
(see also Fig. 10). Hence, in cases of ‘‘tight’’ storage capacity
(e.g. 15 MWh/day and 15 MWh, i.e. (‘‘Ess/Eg’’) ¼ 1.0), the variation
of the cavern specific cost ‘‘ce’’ is determined by its minimum
impact, while the opposite is true for the considerably larger
storage capacity (3 MWh/day and 3 0MWh, i.e. (‘‘Ess/Eg’’) ¼ 10.0),
e.g. if the specific cost of the storage capacity ‘‘ce’’ is increased by
25%, 11% increase for the production cost should be expected.

Concerning the cost parameter of the compressor ‘‘cc’’ – being
restricted by the conditions of the classic cycle operation and the
maximum wind energy recovery (see also the Appendix) – if
employing a much larger storage capacity (e.g. 3 MWh/day and
30 MWh, i.e. (‘‘Ess/Eg’’) ¼ 10.0), although the guaranteed energy
requirements are minimum, the extent of wind energy exploita-
tion maximizes. Hence, one should expect a considerable rated
power for the compressor to keep up with the corresponding
condition. To give an example, 18% increase of ‘‘cc’’ suggests 4%
increase of the production cost.

Furthermore, although the rated power of the gas turbine is
actually determined by the respective of the compressor (see also
the Appendix), the specific cost of the gas turbine ‘‘ct’’ may be
examined as well. More precisely, for the ‘‘tight’’ storage case
(15 MWh/day and 15 MWh, i.e. (‘‘Ess/Eg’’) ¼ 1.0), the combination
of a considerable turbine power ‘‘NTO’’ with the minimum storage
suggested ‘‘Essmin’’ means that the ‘‘ct’’ variation impact is expected
to be maximum. On the other hand, although the scenario of
‘‘moderate’’ capacity (15 MWh/day and 30 MWh, i.e. (‘‘Ess/
Eg’’) ¼ 2.0) introduces greater guaranteed energy, the correspond-
ing impact is not as remarkable due to the employment of a larger
capacity. Finally, for the considerably large storage capacity
(3 MWh/day and 30 MWh, i.e. (‘‘Ess/Eg’’) ¼ 10.0), both the low
energy generation and the large storage capacity are counter-
balanced by the fact that a more powerful compressor must be
employed (see also the Appendix). Therefore, the variation of the
‘‘ct’’ cost parameter is found to be almost independent from the
‘‘Ess/Eg’’ ratio while responsible for 75% variation of the electricity
production cost at all times.
6. Conclusions

Acknowledging the need for additional wind energy contribu-
tion in autonomous island networks, the concept of wind energy
storage is presently investigated. Considering also the expansion
of natural gas networks (LNG shipments) to island regions as well,
compressed air energy storage is currently proposed for the
recovery of wind energy curtailments. Deciding that the system
should provide guaranteed amounts of energy during peak
demand and high electricity production cost periods, an alter-
native mode of the CAES operation is examined, i.e. a dual mode
CAES configuration. Based on the results provided by a developed
algorithm, dual mode CAES configurations ensuring maximum
wind energy recovery are obtained. Considering the proposed
system purpose, i.e. to replace the outmoded gas turbines
currently used to cover peak loads at extremely high electricity
production cost, the cost effectiveness of dual mode CAES
configurations should be established.

In this context, the life-cycle electricity production cost of the
system is estimated by using an economic evaluation model while
the results obtained are fairly compared with the production cost
of the up to now adopted energy solution. Feasible dual mode
CAES configurations have been obtained, with the corresponding
electricity production cost beating the 250 h/MWh benchmark.
However, uncertainty is introduced in the assigned values of cost
parameters, this considerably affecting the resulting electricity
production cost. For this purpose, a sensitivity analysis carried out
interprets the economic performance of the system under both
the variation of cost parameters and the examination of different
configurations. Besides, one should underline the fact that the
cost effectiveness of the system is also much dependent on the
guaranteed energy selling price agreement (decided as the case
may be) as well as on the possibility of appreciating a State
subsidy that may remarkably ameliorate the system performance.
Acknowledging also any economies of scale, the substantially
higher energy contribution of the system in case that the analysis
includes more wind parks implies both further exploitation of
wind energy and lower electricity production costs.

Finally, what is interesting to see is the economic performance
of the CAES system under the option of different energy
production patterns, e.g. choosing to abandon the guaranteed
energy concept and allowing the CAES system to feed the local
electrical network only on the basis of wind energy stores or
adopting a base-load rather than a peak-following operational
destination, both comprising the subjects of future works to be
carried out by the authors.
Appendix. A. Sizing methodology for dual mode CAES
configurations

For the sizing of the main components of the dual mode CAES
system, the following steps, also configuring the DMCAES-II
algorithm (Fig. 4), have been considered. Note that the algorithm
provides energy-related results for dual mode CAES configurations
ensuring maximum wind energy recovery and allowing the classic
gas turbine cycle operation. In this context, one should:
�
 Provide all the necessary inputs (see also Table 5) in order to
start the calculations, these including the start-up value for the
guaranteed energy per hour ‘‘Nexo’’ along with the correspond-
ing range maximum value ‘‘Nex-max’’ and the calculation step
‘‘dNex’’. Both the time step ‘‘Dt’’ and the energy generation
hours ‘‘ho’’, along with any values of parameters necessary
(values of parameters and coefficients determining the opera-
tion of the system during the compression, combustion and
expansion stages (Table 5)), are also required.

�
 Estimate, in relation to the guaranteed energy per hour ‘‘Nex’’ to

be delivered by the system, the initial, minimum acceptable
power of the compressor ‘‘Ncrmin’’ in order to allow the classic
cycle to operate, i.e. estimate the necessary air mass flow rate
‘‘ṁA’’. For this purpose, the values of parameters and
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Table 5
Assigned values for the DMCAES-II algorithm input parameters.

Parameter Assigned value

Compressor isentropic efficiency ‘‘Zisc’’ 0.85

Gas turbine isentropic efficiency ‘‘ZisT’’ 0.88

Compressor mechanical efficiency ‘‘Zmc’’ 0.99

Gas turbine mechanical efficiency ‘‘Zmc’’ 0.99

Motor efficiency ‘‘ZM’’ 0.98

Preheater efficiency ‘‘Zw’’ 0.5

Electrical generator efficiency ‘‘Zgen’’ 0.98

Maximum depth of discharge ‘‘DODMAX’’ 0.7

Storage temperature ‘‘TA’’ (K) 288

Storage pressure ‘‘PA’’ (bars) 50

Compressor pressure ratio ‘‘Pc’’ 50

Atmospheric pressure ‘‘Pamb’’ (bars) 1

Ambient temperature ‘‘Tamb’’ (K) 298

Specific heat capacity of air ‘‘CpA’’ (J/kg/K) 1004.5

Specific heat capacity of gases ‘‘CpR’’ (J/kg/K) 1105

Air ratio ‘‘la’’ 4

Mass of air ‘‘ma’’ for stoichiometric combustion (kg/kgNG) 15

Gas turbine maximum temperature of operation ‘‘Ttmax’’ (K) 1473

Air constant ‘‘Rg’’ (J/kg/K) 287

Calorific value of natural gas ‘‘Hu’’ (kJ/kg) 47,000
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coefficients determining the operation of the compression,
combustion and expansion stages are also considered (Table 5).

�
 Determine the nominal power of the gas turbine ‘‘NTO’’

considering that it should both deliver the amounts of energy
required and allow full-load operation of the compressor
during the Brayton/Joule cycle mode.

�
 Estimate the minimum acceptable energy capacity ‘‘Essmin’’ of

the storage cavern/tank, able to at least satisfy the energy
generation requirements on a daily basis ‘‘Eg’’ through the CAES
mode operation and determine the final energy storage
capacity ‘‘Ess’’ (considering a step by step increase of capacity
‘‘DEss’’ additional to the minimum permitted value).

�
 Read the annual data of wind energy curtailments ‘‘Ewrej’’,

provided by the investigated wind parks’ recordings, on an
hourly basis ‘‘Nwrej(t)’’.

�
 Check the time schedule and decide whether the hourly wind

energy available ‘‘Nwrej(t)’’ should be rejected by the system
(during the energy generation hours) or led to storage (during
the rest of the day period).

�
 If the energy generation schedule permits wind energy storage,

compare the hourly wind energy curtailment ‘‘Nwrej(t)’’ with
the nominal power of the compressor ‘‘Ncr ¼ Ncrmin’’ and
determine the hourly energy ‘‘Nto–stor’’ led to storage via the
compressor.

�
 Check the energy storage level ‘‘Estor’’ and decide whether

additional compressed air may be stored or rejected due to the
cavern/tank being full. Determine also the new energy storage
level.

�
 If the energy generation time schedule calls for the generation

of energy by the system, check if the energy storage level ‘‘Estor’’
is adequate in order to provide the desired energy amounts
‘‘EAIR–CAES’’ (or desired air mass flow ‘‘m_�A’’) for the production
of guaranteed energy ‘‘Eg’’. If this is possible, the system
operates on CAES mode, otherwise the gas turbine is coupled
with the compressor and the Brayton/Joule cycle mode is
activated. Determine also the new energy storage level.

�
 Check whether maximum exploitation of wind energy curtail-

ments ‘‘EAIR–CAES
MAX’’ has been achieved for the given values of

energy storage capacity ‘‘Ess’’, hourly guaranteed energy
delivered to the local grid ‘‘Nex’’ and compressor’s nominal
power ‘‘Ncr’’. If the condition is not fulfilled, the nominal power
of the compressor is gradually increased by ‘‘dNcr’’ and the
calculations are repeated, up to the point that maximum
exploitation ‘‘EAIR–CAES ¼ EAIR–CAES

MAX’’ is eventually achieved,
i.e. when ‘‘Ncr ¼ N�cr ’’.

�
 Increase the guaranteed energy amount ‘‘Nex’’ per hour by

‘‘dNex’’, and repeat the calculations up to the point that
‘‘Nex ¼ Nex-max’’.

�
 Determine the final, nominal power of the compressor ‘‘Ncr’’

and the gas turbine ‘‘NTO’’ along with the energy storage
capacity ‘‘Ess’’, the fuel consumption during both the CAES
‘‘ENG–CAES’’ and the classic cycle ‘‘ENG–GT’’ operation as well as
the maximum wind energy exploitation achieved ‘‘EAIR–CAES-
MAX’’ for the scenario of ‘‘Nex’’ each time examined.
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