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Department of Industrial Engineering, University of Salerno, Fisciano, Italy

The high concentration of CO2 in the atmosphere and the increase in sea and land

temperatures make the use of renewable energy sources increasingly urgent. To

overcome the problem of non-programmability of renewable sources, this study analyzes

an energy storage system consisting of under water compressed air energy storage

(UWCAES). A case study for fully power the Sicily region (Italy) with renewable energy

source (wind and photovoltaic) is presented. From the real annual capacity values of

the renewable plants installed in Sicily, a sizing of both the energy production and the

storage system and its auxiliary services is evaluated. The optimization of the operation of

the system as a whole, modeled with mathematical models already validated in previous

studies, is obtained through dynamic programming. The electricity consumed annually by

the region, equal to 19048.4 GWh, can be entirely satisfied by renewable energy sources.

A sizing of plants powered by renewable sources for a nominal power of 15, 000 MW

equally divided between photovoltaic and wind power is considered. The underwater air

storage system has a maximum volume of 2.1 × 108 m3, while the compression and

generation units have a total nominal power of 6, 900 and 3, 100 MW, respectively. The

study finally presents a sensitivity analysis for the evaluation of the effects of the variation

of the power produced by renewable energy sources and of Sicily energy consumption.

The results show that carbon-free feeding is possible and that all the boundary conditions

on the operation of the system can be met.

Keywords: under-water compressed air energy storage, dynamic programming, energy bags, energy storage,

renewable energy sources, wind, photovoltaic

1. INTRODUCTION

Nowadays, energy consumption is inexorably increasing with a consequent increase of GHGs
emissions. The strong connection between CO2 concentration in the atmosphere (Global
Monitoring Laboratory, 2016) and the land and sea temperature anomalies (National Aeronautics
and Space Administration (NASA) Goddard Institute for Space Studies (GISS), 2017) led all the
nations of the world to commit themselves to increase their energy efficiency and reducing their
emissions. Use of renewable energy represents the most viable choice because it does not emit
pollutants and can be exploited on a large scale, within the limits of their global potentials.
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As mentioned, the global potential of renewable energy
sources is limited. In fact, it is reduced by their intermittency.
A solar photovoltaic power plant does not produce electricity
during nights or in bad weather conditions, a wind power plant
does not work at low or extremely high wind speed, and so on. In
addition, energy produced by renewable source does not always
match the energy requested by the load. Consequently, there are
time windows in which there is an energy surplus that would be
lost. Hence, in order to fully exploit the renewable energy sources,
the only effective method is to store the extra energy to be used
later, when required. The subject has been heavily covered in
literature. Specifically, the accumulation of energy with special
reference to renewable sources was analyzed by Letcher et al.
(2016).

Among all the energy storage systems, Compressed Air Energy
Storage (CAES) technology stands out for its high reliability,
long service life, acceptable energy efficiency, and reduced
environmental effects (Letcher et al., 2016). Moreover, compared
to pumped hydro storage, CAES is easier to site (Lund and Salgi,
2009; Kim et al., 2011; Cheung et al., 2014b). Typically, in CAES
systems, the compressed air is stored into underground caverns,
salt domes or, for smaller application, into artificial pressure
vessels (Kim and Favrat, 2010). Therefore, large scale application
is not suitable for site without a specific underground geography.
These systems are generally equipped with constant volume
reservoirs operating in a specific pressure range (Borel and
Favrat, 2010; Díaz-González et al., 2016; Letcher et al., 2016). This
technology is called isochoric CAES system, as shown in the left
image in Figure 1. Consequently, the pressure of the compressed
air stored changes at every operation (charging/discharging
processes). There are some disadvantages in the isochoric CAES:
first of all, a large amount of exergy is lost in the regulation
(throttling) of the air pressure by way of a reducing valve. In
fact, the high pressure compressed air needs to be reduced to
a lower pressure before the generation process (Luo and Wang,
2010). A significant low pressure also represents a problem in
terms of efficiency of the expander. In this regard, note that
the pressure decreases during the discharge process. For these
reasons, isobaric CAES systems have been studied. These systems
allow to deliver the same power output of an isochoric CAES
system with a reduction of storage volume up to 77% (Zaugg,
1975). Advantages of isobaric air containment compared to
isochoric containment will be clearer in the following section.
Isobaric technology obviously required a very deep cavern or a
very high altitude of the water tank, in order to obtain enough
hydrostatic pressure by the water column, as shown in the right
image in Figure 1. Therefore, it is geographically advantageous
to place the CAES system under water. This latest technology
is called Under-Water CAES (UWCAES) and it is derived from
mature CAES technologies.

This paper proposes a case study on the Sicily region (Italy).
It intends to provide a first level analysis on the sizing of
plants powered by renewable sources (more specifically, wind and
photovoltaic) and of an UWCAES system so that the load of the
entire region is fully satisfied without the use of energy produced
from conventional sources. The power and storage plants are
studied and modeled, and the optimal management determined

by use of dynamic programming. The used mathematical models
have been already validated in previous studies by the authors
of this manuscript over conventional CAES system (Arsie et al.,
2005, 2006, 2007; Marano et al., 2012; Tiano et al., 2018).

Sicily was chosen as a case study precisely because it has a
morphology of its coasts suitable for the use of UWCAES plants.
In fact, as shown in Figure 2, there are many areas within 5 km
of the coast that have seabeds with depths greater than 400 m.

This work is organized as follows. Section 2 introduces the
basic equations and exergy considerations on the energy storage
in form of compressed air. Section 3 presents an analysis of
the state-of-the-art of UWCAES technology. Section 4 analyzes
Sicily real electricity consumption data, as well as generation data
from renewable sources. The energy scenario proposed for the
study is also introduced. Section 5 outlines the characteristics of
the proposed UWCAES system and describes the mathematical
models and the optimization algorithm used. The optimization
results are presented in section 6. Section 7 describes the results of
a sensitivity analysis of the proposed system. Finally, concluding
remarks are provided in section 8.

2. STORING ENERGY AS COMPRESSED
AIR

As mentioned, CAES consists in storing air into resevoirs at high
pressure. For a more correct exposition of UWCAES technology
and to better understand its advantages, it is mandatory to
introduce the basic equations of energy storage in the form of
compressed air. Furthermore, a direct comparison, in exergetic
terms, between traditional CAES and UWCAES clearly exposes
why the latter technology is finding more and more space in the
scientific and technological sector.

2.1. Basic Equations
In air energy storage, a compressor raises the air from ambient
pressure pamb to the storing pressure psto. The pressure ratio, β ,
is defined as:

β =
psto

pamb
(1)

If the air at ambient temperature, Tamb, is compressed with an
isothermal process, the amount of energy require to compress a
certain mass of air,m, is determined as:

Wisoth = m Rair Tamb logβ (2)

Conversely, if the compression is an adiabatic process, the
required energy is calculated as:

Wadiab = m Rair Tamb

(

βχ − 1
)

χ
(3)

where χ = (γ − 1)/γ .
Table 1 shows how much air can be compressed by 1 kWh of

energy according to Equations (2) and (3).
For the storage in underwater vessels, the pressure in seawater

at a depth d is given by:

p(d) = pamb + ρsw g d (4)
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FIGURE 1 | Pressurized air containment: (Left) Isochoric (Right) Isobaric (Letcher et al., 2016).

Using Equations (2) and (3) is possible to obtain the curves of
energy density of stored air against the depth of an underwater
air storing reservoir, as shown in Figure 3.

2.2. Exergy Considerations
The goodness of the UWCAES solution is further confirmed
by considerations on recoverable exergy from the type of
accumulation. Conventional CAES, as already mentioned in the
previous section, uses isochoric air stores. For simplicity and
reduction of operating costs, conventional CAES power plants
reduce, via throttling, the air pressure to a value suitable for
expansion equipments.

The recoverable exergy, B, for the three types of stores
(isobaric, isochoric, and throttled isochoric) is determined with
the following equations:

Bisobaric = psto Vsto,max
Tamb

Tsto
log (β)

Bisochoric = Vsto
Tamb

Tsto

{

psto,max

[

log (βmax)− 1
]

− psto,min

[

log (βmin)− 1
]

}

Bisochoric,throttled =
(

psto,max − psto,min

)

Vsto
Tamb

Tsto
log (βmin)

(5)

Table 2 shows the exergy values calculated with the Equation
(5). It clearly shows that the amount of recoverable exergy with
isobaric stores, and therefore in the case of UWCAES, is higher
than that of isochoric stores, i.e., those of conventional CAES.

3. STATE-OF-ART OF UWCAES

The considerations in the previous section, especially on energy
and exergy densities, should have made it clear why UWCAES is
so interesting and why it is being studied and developed.

In UWCAES system, compressed air is usually stored in
submerged expandable air accumulators, placed at or near

TABLE 1 | Quantities of air that can be compressed with 1 kWh of work (Letcher

et al., 2016).

Isothermal compression Adiabatic compression

Pressure ratio, β Mass air Volume air Mass air Volume air

- kg m3 kg m3

2 60.31 51.26 54.53 46.35

5 25.97 22.08 20.46 17.39

10 18.51 15.43 12.83 10.91

20 13.95 11.86 8.824 7.500

50 10.69 9.082 5.804 4.933

100 9.078 7.715 4.379 3.722

the bed of lakes or oceans, in order to use the hydrostatic
pressure resulting from the water column. Accumulators will
expand during the charging process and they will contract
during the discharging process, depending on the amount of
the compressed air stored into them. In terms of mechanical
aspect of the system design, the set-up is similar to that of
adiabatic CAES. A highly effective thermal recovery process
extracts thermal heat energy generated during isentropic air
compression and stores it into a thermal energy storage that
features high specific heat capacity, high density, and good heat
transfer characteristics. During isentropic air expansion, where

compressed air is used to generate electricity, the stored heat is

used to raise the temperature of the compressed air coming from
the accumulators, prior to entering turbo-expansion equipment.

The size of the reservoir is strictly connected to the number of the

accumulators: the larger the scale, the greater the accumulators.
This is a great advantage for smaller-scale applications, where

smaller reservoirs are needed. Generally, the number of the

accumulators decreases with the depth (Cheung et al., 2014b).
As will be seen later in this section, research—both scientific

and industrial—on UWCAES systems has focused on the
following topics:
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FIGURE 2 | Map of the central Mediterranean Seas, showing areas within 5 km of land which have a water depth greater than 400 m (Letcher et al., 2016).

TABLE 2 | Quantities of exergy recoverable from air stores (Letcher et al., 2016).

Pressure ratio, β Exergy (isobaric) Exergy (isochoric) Exergy (isochoric throttled)

- MJ/m3 MJ/m3 MJ/m3

10 2.333 1.163 0.8248

20 6.071 3.169 2.528

35 12.61 6.737 5.615

50 19.82 10.71 9.106

70 30.13 16.42 14.18

90 41.04 22.49 19.61

115 55.29 30.45 26.77

140 70.10 38.75 34.26

170 88.47 49.06 43.09

200 107.4 59.69 53.28
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FIGURE 3 | Energy density available in a UWCAES vessel against depth (Letcher et al., 2016).

• analysis of the components and structures for storage,
including costs;

• assessment of the energy storage potential of coastal areas;
• performance evaluation of pilot systems;
• theoretical and experimental determination of energy and

exergetic efficiency;
• plant optimization analyses.

UWCAES system’s performance is primarily influenced by
pipe diameter, turbine, and air compressor specifications and
air storage depth. Performance gains can be realized through
the engagement of more efficient turbo-expanders and air
compressor or through more effective heat recovery (Cheung
et al., 2014b). UWCAES offers substantial advantages, as seen in
the previous section, in terms of storage system and therefore
has the potential to further improve the roundtrip efficiency of
traditional CAES systems (Letcher et al., 2016). Potentialities
of UWCAES system have been demonstrated with the results
from a Lake Ontario Pilot Study point. This analysis showed
that UWCAES is a potentially feasible alternative to conventional
CAES systems (Cheung et al., 2012). In UWCAES systems the

storage pressure is constant, so there is no need to change

electrical output levels, while it occurs in traditional systems.

In addition, the advantages of this system are constant energy

output profile, scalable design, and geographical adaptability.

A model for a multi-objective optimization of a 4 MWh

UWCAES system using genetic algorithm, with energy, exergy

and exergo-economics analysis was created. The results showed

a round-trip efficiency of 68.5% and an operating profit of

$53.5/cycle. Optimum designs had slight variations for different

interest rates, but all these results are not absolute (Cheung et al.,

2014a). A hybrid system is also proposed in Vasel-Be-Hagh et al.

(2014). It concerns a hybrid composed of UWCAES and Vortex
Induce Vibration Aquatic Clean Energy (VIVACE) converter

(Bernitsas et al., 2008), realized to harness Vortex Hydro Energy
(VHE), called UWCAES-VHE. The proposed system considers
exploiting the kinetic energy associated with the oscillation of the
underwater storage units to generate additional electricity.

Air storage reservoirs for UWCAES can be flexible or rigid,
and anchored to the seabed with fixed or variable buoyancy
depths. Flexible underwater storage vessels are also known as
Energy Bags (see Figure 4). Within the Energy Bags there are
small pressure differences, which is maximum at the top of the
vessel (Pimm et al., 2014). The Energy Bags are cable-reinforced
fabric vessel, anchored to the sea bed at useful depth, aiming
at an efficient energy storage. The depth at which the vessel
is anchored does not influence the stresses experienced by the
materials in the fully inflated vessel, because these stresses are
strictly connected to net buoyancy and differential pressure, and
both of them are approximately independent of depth (Pimm
et al., 2014). Rigid underwater vessels consists in submerged
caissons anchored to the seabed. Proposals of under-water
storage in rigid vessels are available in Fiaschi et al. (2012) and
Lim et al. (2013). Whatever the storage vessel, a pipeline is
needed. Such pipeline connects vessels with compression and
expansion machinery, which can be placed on land or on a
floating platform.

Other studies have been conducted about under-water vessels.
One of them is a three-dimensional simulation aimed at
investigating water flow over the energy storage balloon (Vasel-
Be-Hagh et al., 2013). Benefits and prerequisites connected to
commercial scale energy storage capacity related to Energy Bag
structure, volume, and deployment depth are shown in De Jong
(2014). Design and materials for energy bags is studied in Mas
and Rezola (2016).

In Wang et al. (2019), the aerodynamic forces and the flow
velocity around an underwater accumulator are analyzed through
a computational-experimental approach. Computational Fluid

Frontiers in Mechanical Engineering | www.frontiersin.org 5 May 2021 | Volume 7 | Article 641995

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Tiano and Rizzo UWCAES in Sicily

FIGURE 4 | (Left) Energy bags (Right) Rigid vessels (Letcher et al., 2016).

Dynamics (CFD) simulations are conducted on three bodies of
similar geometries: the finished circular cylinder, the finished
conical cylinder and the balloon-shaped bluff body. Through
these simulations the effects on the free extremity of the tank and
the characteristics of the forces acting on it were studied.

Compared to the conventional CAES, UWCAES presents two
additional losses: the losses associated with the leakage from the
storage units, and the pressure drops in the pipelines. About the
first one, prototypes of submarine storage units showed leakage
losses equal to 1.2% per day. These leaks, which occur mainly
in the seams, can be reduced through the use of more resistant
materials. The pressure drop losses, on the other hand, represent
the greatest losses of the UWCAES plants which however have a
relatively low impact on the power outputs of the system. In fact,
a 1% loss at 7.0 MPa causes only a 0.24% loss in power output of
the power plant (Letcher et al., 2016).

Potentially, the cost of Energy Bags (firstly proposed in 1986,
Laing and Laing, 1989) is less than $20/kWh, and their optimal
size will have equal costs for surface and tensile material (Pimm
and Garvey, 2009; Pimm et al., 2011). In Letcher et al. (2016) is
mentioned that, using reasonable costs for materials, total costs
of UWCAES reservoirs can be less than $10/kWh assuming 500
m depth storage. In Pimm and Garvey (2009) fabric structures
for large-scale underwater CAES, minimizing the cost of the bag
materials per unit of stored energy, were analyzed.

To complete the discussion on costs, a conventional
CAES system has different costs depending on whether the
storage system is aboveground or underground. Table 3 shows
the total costs of conventional CAES systems, divided by
cost of Power Conversion System (PCS), storage section
and fixed and variable Operation and Maintenance (O&M).
The UWCAES systems show lower costs as regards the
storage section, while it is likely to consider the PCS costs
identical to the conventional CAES system. The literature
on UWCAES does not report any indications on O&M
costs, probably because the technology has not yet reached
full industrial maturity. If the O&M costs of UWCAES
plants are comparable or lower than those of conventional
CAES, this technology could become a viable alternative
in a portfolio of energy storage solutions (Letcher et al.,
2016).

TABLE 3 | Main cost items of CAES systems (Zakeri and Syri, 2015).

Cost item Type of CAES Average
Middle fifty

Range
range, IQR

PCS (e/kW)
Aboveground 846 825–866 804–887

Underground 843 696–928 549–1,014

Storage section (e/kWh)
Aboveground 109 97–120 86–131

Underground 40 30–47 4–64

Fixed O&M (e/kW/yr)
Aboveground 2.2 2.2–3.0 2.2–3.7

Underground 3.9 2.6–4.0 2.0–4.2

Variable O&M (e/MWh)
Aboveground 2.2 2.1–2.6 1.9–3.0

Underground 3.1 2.6–3.6 2.2–2.5

In addition to the possible sites in the Mediterranean shown
Figure 2, many other nations in the world have a bathymetry
of the coasts suitable for hosting UWCAES plants: the fjords
of Novergia, southern California, Greece, Gibraltar, Portugal,
Croatia, Russia, Ukraine, Georgia, Iceland, and the islands in
general (Malta, Canary Islands, Cyprus) (Letcher et al., 2016). In
Pete et al. (2015) the UWCAES potential in the Gulf of Maine
was studied. Results showed that the cumulative storage potential
reaches a 60 TWh capacity with 250 km from the coast.

In September 2011, researchers at the University of Windsor
in Canada—in partnership with the Hydrostor company—
installed a prototype vessel in Lake Ontario. They anchored it
to the seabed at a depth of about 80 m (Cheung et al., 2014b).
The design, manufacturing and testing of sub-scale prototypes
have been developed (Pimm et al., 2014). Three scaled prototypes
have been presented: two 1.8 m diameter bags in a 2.4 m deep
tank of fresh water in a laboratory at University of Nottingham,
and a 5 m diameter bag at 25 m ocean depth at European
Marine Energy Centre (EMEC) in Orkney. Results showed that
the main sources of leaks were stitching and repairs of Energy
Bags, but they have appeared ready for deployment at larger
scales. Operational data from this pilot power plant were used
for energy and exergy analyses.

In Wang et al. (2016b) and Ebrahimi et al. (2019), the
exergy efficiency was evaluated for the real and inevitable
thermodynamic cycle. The first cycle has a 53.6% efficiency,
while the second has a 84.3% efficiency. Consequently, a large
part of exergy destruction can be avoided with proper design
and management of power plant component and specifically
for thermal storage, compressors and last turbine stages. In
Szablowski et al. (2017) a dynamic model of an underwater A-
CAES was built with the software Aspen HYSYS. This study
showed a round efficiency of the system equal to 50%.

In Wang et al. (2016a) a multilevel underwater CAES concept
is proposed and analyzed. The multilevel UWCAES is designed
to store compressed air in vessels placed at different depths
to improve the partial load behavior of the compression and
expansion systems. The results of the study show that the
efficiency of the entire 2-level UWCAES system varies from 62
to 81%, depending on the proportion of the different ones.
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This work is part of the branch of the literature on
UWCAES systems concerning plant optimization and evaluation
of potential. From what seen so far, the literature has dealt with
this issue with various contributions but there does not seem to
be any work on the potential of a huge UWCAES plant coupled
to renewable energy sources. This is the main motivation behind
this study. It has been carried out with the aid of Dynamic
Programming (DP) for the optimal management of the plant and
for the identification of the rated capacity of the storage system
as well as rated power of compression and expansion units. The
models of both the machinery and the storage system are those
well-verified in the literature.

As state Italian and European public platforms provide
detailed data on both electricity consumption and energy
production from renewable sources of the Sicily region, which
will be presented in the next section, it was decided to study
the potential of a very large storage plant for carbon-free power
supply of the largest island in the Mediterranean.

4. SCENARIO AND DATA ANALYSIS

After having analyzed the technological advantages of UWCAES
and the state of the art on the development of these systems, it is
timely to proceed to the introduction of the system proposed in
this work: a UWCAES plant coupled to renewable energy sources
to fully satisfy the electric load of an entire Italian region (Sicily)
without the use of electricity generated by fossil sources. Before
introducing and describing the proposed system, the current
characteristics of the region in terms of energy consumption and
production of electricity from renewable sources are presented.

4.1. Electric Load and Actual Renewable
Power
Sicily is the largest island in the Mediterranean Sea and one,
as well as the largest, of the 20 regions of Italy. It has a total
area of 25832.39 km2 and a population, as for June 2020,
equal to 4,948,034 inhabitants (Istituto Nazionale di Statistica
(Istat), 2020), (Istituto Nazionale di Statistica (Istat), 2013).
Consequently, the overall island population density is equal to
191.54 inhabitants per km2.

Regarding the energy needs, Sicily required a total of 19048.4
GWh of electricity in 2018. Electricity produced, from all energy
sources, within the island, in the same year, was equal to 15593.7
GWh. Consequently, the remaining amount of 3454.7 GWh
of electricity was imported from the mainland (TERNA S.p.A.,
2018). Considering the Italian grid electricity emission factor
of 312 gCO2 /kWh that takes into account the fuel mix for
electricity generation, the total CO2 emissions attributable to the
Sicily region amount to 5943100.8 tons (Istituto Superiore per la
Protezione e la Ricerca Ambientale (ISPRA), 2019).

Sicily exploits several renewable energy sources: hydraulic,
wind, photovoltaic, and bioenergies (which includes biomass,
biofuels, and biogas). Total production from renewable energy
sources is equal to 5388.4 GWh, representing the 34.6% of
total energy request. Wind and photovoltaic are the most
important and accounts for 59.6 and 33.2% of the total renewable

TABLE 4 | Sicily renewable power plants installed numbers, total power, and

production (year 2018) (Gestore dei Servizi Energetici S.p.A., 2019).

Source
Power plants Production Capacity Value

n MW GWh MWh/MW

Hydraulic 25 150.7 126.1 836.8

Wind 876 1892.5 3211.3 1696.9

Photovoltaic 52,701 1400.3 1788.2 1277.0

Bioenergies 41 113.9 262.8 2307.3

Total 53,643 3557.4 5388.4

TABLE 5 | Difference between TERNA and GSE data and ENTSO-E data (year

2018) (Open Power System Data, 2020; TERNA S.p.A., 2018; Gestore dei Servizi

Energetici S.p.A., 2019).

Terna/GSE ENTSO-E Difference Factor

GWh GWh GWh

Load 19048.4 17656.9 1391.5 1.08

Wind 3211.3 3129.0 82.3 1.03

Photovoltaic 1788.2 1355.1 433.1 1.32

production. Table 4 summarizes the renewable plants installed
power and generation in Sicily, including energy annual capacity
values, in 2018 (Gestore dei Servizi Energetici S.p.A., 2019).

The information about energy consumption and production
of electricity from photovoltaic and wind, included in the annual
reports provided, for Italy, by TERNA (national company that
owns the national grid) and GSE (the Italian energy services
operator), are reported as aggregate data (TERNA S.p.A., 2018;
Gestore dei Servizi Energetici S.p.A., 2019). Although TERNA
makes available an online tool for downloading data, it is
not possible to download production data differentiated by
region, while data of electric load can be downloaded (with
power measured every 15 min). The ENTSO-E Transparency
platformmeets this limitation. ENTSO-E Transparency Platform
is a central collection and publication of electricity generation,
transportation and consumption data, and information for the
pan-European market (ENTSO-E Transparency Platform, 2014).

For Italy, ENTSO-E provides hourly load and generation data
(Open Power System Data, 2020). The analysis of these data
shows an energy demand equal to 17656.9 GWh, an energy
production from wind equal to 3129.0 GWh and a photovoltaic
production of 1355.1 GWh. The fact that ENTSO-E provides
values every hour therefore implies a measurement of load
and annual production lower than the real ones. Consequently,
in order to use the ENTSO-E data, it was decided to insert
a multiplication factor in order to adapt consumption and
production to real data. Table 5 compares TERNA/GSE with
ENTSO-E data, while the ENTSO-E data, multiplied by the
relative correction factor, are shown in Figure 5. A synthetic
representation of the corrected ENTSO-E data is shown in
Figure 7.

From the analysis of the data it has been verified that, during
the year, the sum of the wind power and the photovoltaic power

Frontiers in Mechanical Engineering | www.frontiersin.org 7 May 2021 | Volume 7 | Article 641995

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Tiano and Rizzo UWCAES in Sicily

FIGURE 5 | Sicily load and renewable (solar photovoltaic and wind) production in 2018 (corrected ENTSO-E data) (Open Power System Data, 2020).

at any time is never greater than the power required by the load.
Consequently, the two renewable sources are never able, even
in a single hour during the year, to meet the energy needs of
the region.

4.2. Proposed Case Study Scenario
In this work it is therefore proposed to satisfy the load of the Sicily
region completely through renewable energy sources. Since the
contributions from hydraulic sources and bioenergy represent a
very low share and furthermore no hourly production data is
available, these two sources will not be considered. Consequently,
the only two sources considered will be wind and photovoltaic.

Since the installed power and the annual capacity values of the
plants is known, as shown inTable 4, it is possible to evaluate how
much it is necessary to increase the power of the plants powered
by renewable energy sources so that the energy produced by
them can fully satisfy the load. Since load and production
cannot be synchronized, plants powered by renewable sources
must have a nominal power such that the surplus of energy
produced during the year is approximately equal to the deficit
of energy in the same time period. Therefore, the storage of the
generation surplus and its exploitation in energy deficit periods
can guarantee the fulfillment of the load exclusively through
renewable energy sources.

These considerations on the required power levels must take
into account the efficiency of the compression and expansion
processes of the CAES project for energy storage and recovery.
As will also be reported in the following sections, a value of both
compression and expansion efficiency equal to 0.8 is used.

For simplicity, given the annual capacity values of renewable
energy sources derived from corrected ENTSO-E data, it was

decided to give the same nominal power value to wind and
photovoltaic power plants. Therefore, by choosing a power of
7,500 MW for the wind power plants and the same power value
for the photovoltaic ones, a generation surplus during the year
(which can be stored) equal to 8953.4 GWh is obtained, which
reduces to 7162.7 GWh considering compression efficiency,
while the energy deficit (which can be covered by exploiting
the stored energy) is equal to 5667.0 GWh. This energy is
covered by the 7162.7 GWh amount of energy stored by
the compression phase that in turn reduces to 5730.1 GWh
considering expansion efficiency.

Figure 6 shows the new power levels of the wind and
photovoltaic plants, while Figure 7 shows their synthetic
representation. There are periods in which the power of the
plants powered by renewable sources is greater than the load and
others in which it is less. The purpose of the storage system is
precisely to balance these conditions and follow the load.

5. MODEL AND SIMULATIONS

5.1. Energy Storage Plant and Assumptions
The surplus of electricity produced by renewable energy plants
is stored in an underwater reservoir. Since Sicily has areas with
depths of more than 400 m, a storage pressure equal to 40 bar
was chosen. The maximum power surplus, that is the maximum
difference between the sum of the wind and photovoltaic power
and the load, is equal to 6829.0 MW. The maximum deficit, that
is the maximum difference between the load and the sum of the
wind and photovoltaic power, is equal to 3030.6 MW.

For these reasons, the following dimensions were selected:

• maximum power of the compression system: 6,900 MW;
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FIGURE 6 | Sicily load and renewable (solar photovoltaic and wind) production (proposed scenario).

FIGURE 7 | Boxplots of corrected ENTSO-E data for 2018 and of proposed scenario data.

• maximum power of the generation system: 3,100 MW;

• maximum volume of the air deposit: 2.1× 108 m3.

This maximum power cannot be processed by a single

compression or expansion machine. Similarly, multiple

storage units will have to be provided to achieve all the

necessary volume. However, it is possible to provide a
general indication on the configuration of a single system
unit (compression and expansion machines) and of the thermal
storage system.

With reference to Figure 8, the compression unit has one
stage, while the expansion unit has three stages. The surplus
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FIGURE 8 | Power plant unit configuration.

electricity produced by the renewable energy sources powers
an electric motor (M) that drives the air compressor. The heat
storage (HS) refrigerates the air from the compression stage (C1)
which is then stored in the underwater energy storage (ES).When
air is extracted from ES, it is heated up in HS and is directed to
the first expansion stage (E1). Before entering in the second (E2)
and the third (E3) expansion stages, air is heated up in HS. The
air expander activates an electricity generator (G) that generates
the required power.

It is timely to introduce the assumptions considered in
this paper:

• air entering each compression stage is assumed at a
temperature of 293.15 K (20 ◦C);

• air storage is assumed at a constant temperature and equal to
283.15 K (10 ◦C);

• since the system would be splitted in multiple units, constant
efficiency equal to 0.8 for both compressor and expansion
systems is assumed;

• heat storage at a constant temperature equal to 800 K
(623.15 ◦C), (presumably molten salts);

• the compression ratio of compression stage is equal to 40;
• the expansion ratio of each expansion stage is equal to 3.40;

5.1.1. Compression
Energy from the wind farm and the photovoltaic system
is supplied to the compression system. The power of the
compressor stage is computed by the following relationship:

Pc =
1

ηc
ṁc cp Tin,c

(

βχ
c − 1

)

. (6)

5.1.2. Expansion
The power produced by every stage of expansion can be
determined by the well-known relationship:

Pe = ηe ṁe cp Tin,e

(

1−
1

β
χ
e

)

(7)

5.1.3. Storage
For the air storage, a compensated constant pressure and
temperature reservoir is used. Volume, V , during charging and
discharging processes can be computed by solving the following
equations, expressing the conservation of mass and energy with
the ideal gas model for air:















dU
dt

= ṁin hin − ṁout hout

dV
dt

= γ
R

p

(

ṁin Tin − ṁout T
)

dT
dt

= cost

(8)

The reservoir volume, V , varies depending on charging and
discharging flow rates. Simulations have shown that the initial
value of the reservoir volume can be lowered down to 9× 105 m3

without losing the desired outputs. For the simulation, the chosen
initial value is set to 1 × 106 m3. The upper constraint of the
reservoir is set 5×108 m3, while the lower constraint is put equal
to 1×105 m3. The constant temperature of stored air assumption
can be justified considering the high volume of the reservoir and
the constant temperature of deep water. In addition, charging
and discharging processes are relatively slow enough to not alter
the air temperature. This hypothesis has been widely considered
in literature.

5.2. Dynamic Programming
Dynamic Programming (DP) is a numerical algorithm based on
Bellman’s optimality principle (Bellman, 1957) that minimizes
a cost function while satisfying the system constraints. DP is
implemented in Matlab by the DPM function developed by
researchers from the Institute for Dynamic Systems and Control
of ETH Zürich (Sundstrom and Guzzella, 2009; Elbert et al.,
2012).

Dynamic programming is an optimization algorithm that
breaks down a complex problem into a set of sub-problems and
finds the optimal solution recursively. In this application, this
feature of the algorithm was exploited to size the volume of
the air reservoir so that the whole Sicily island was powered
without the use of electricity taken from the national grid (and
therefore partly non-renewable). DP algorithm performs a first
backwards simulation starting from the final time t = tF to
the initial time t = 0. Once the optimal operative parameters
that minimize the cost function have been found, DP performs a
forwards simulation from t = 0 going to t = tF in order to show
the results.

As mentioned, the objective is to minimize the annual use
of electricity from the national grid which is produced with a
generation mix including conventional power plants which emits
pollutant gas and CO2.

Cost = Grid Electricity (9)

At each iteration of the DP program, the state variable xk
representing the volume of the reservoir is updated. This state
variable is controlled by means of the control variable uk. The
control variable changes its definition depending on the state of
the system (surplus of renewable energy storage mode, or deficit
of renewable energy generation mode). Specifically:
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Storage mode

uk =
Pcompression,k

Prenewable,k − Pload,k
(10)

where Pcompression,k is the kth compression power, Prenewable,k is
the kth power from renewable energy sources and Pload,k is the
kth load.

Generation mode

uk =
Pexpansion,k

Pload,k − Prenewable,k
(11)

where Pexpansion,k is the kth expansion power.
The final value of the state variable xk is constrained to fall

within a certain neighborhood of the initial values, while the
control variable is constrained between 0 and 1. Additionally,
the state variable must respect a certain range of values during
simulations. The minimization of the cost function and the
respect of state variable constrains involve the control variable uk.

Whenever an energy surplus occurs (i.e., renewable energy >

load), the optimization algorithm decides if the surplus should
be supplied to the compression system in order to store it as
compressed air or redirect it to the national grid. Conversely,
whenever there is an energy deficit (i.e., renewable energy <

load), the algorithm decides if the deficit should be covered
by activating the expansion system and withdraw air from the
reservoir or by supply it from the national grid.

6. RESULTS

Figure 9 shows the trend in the volume of the air reservoir
during the year, as well as the air processed by the compression
and expansion systems. As it can be seen, the compression and
expansion systems are active, at variable loads, throughout the
year. The volume of the air reservoir starts from the initial
established value (1 × 106 m3) and reaches two plateaus of
approximately 1.56× 108 and of 2× 108 in the central part of the
year. After 5,110 h, i.e., at the beginning of August, the reservoir
discharge phase begins, thus intensifying the production of
energy from the expansion system. At the end of the analyzed
period, the volume of the reservoir fluctuates around the initial
value and finally ends in a very narrow neighborhood of this
value (± 1%).

Wind and solar plants produce 12,760 and 9,588 GWh
respectively, for a total of 22,348 GWh. As shown in Figure 10,
this energy is mainly used directly to satisfy the load. In fact, 52%,
or about 13,400 GWh, of renewable energy is directly used, while
26%, or 6,620 GWh, is stored in the air reservoir, 9%, or 2,330
GWh, is sold to the national grid, and 13%, or 3,281 GWh, is
lost during compression and expansion processes. No amount of
energy is drawn from the national grid. Consequently, the load
of the Sicily region can be fully satisfied without the emission
of CO2.

As an example, Figure 11 shows the details of the optimization
process in the first week of August (from hour 5,112 to hour 5,280
of the year). The required electrical load is shown in blue and the

TABLE 6 | Sensitivity analysis of the performance of the UWCAES power plant

with fixed load from the users and variable energy from the renewable power

plants.

100% Solar 100% Solar 100% Solar 90% Solar 110% Solar

100% Wind 90% Wind 110% Wind 100% Wind 100% Wind

GWh 100% Load 100% Load 100% Load 100% Load 100% Load

Load 19 070 19 070 19 070 19 070 19 070

Wind 12 760 11 490 14 040 12 760 12 760

Solar 9 588 9 588 9 588 8 629 10 550

Directly used 13 400 13 100 13 670 13 310 13 470

Produced 5 670 5 971 5 402 5 758 5 599

Storage 6 620 6 971 6 307 6 723 6 538

Sold 2 330 1 004 3 652 1 357 3 301

Lost 3 280 2 004 4 557 2 322 4 240

MW

Compressor 6 900 6 900 7 300 6 900 7 200

Expander 3 100 3 100 3 100 3 100 3 100

total renewable power (sum of wind and photovoltaic) with the
green solid line. In the time periods in which the renewable power
is higher than the load, the surplus of energy is stored in the air
reservoir (red line) or transferred to the grid (cyan line). On the
contrary, in the time periods in which the renewable power fails
to satisfy the load, the expansion system (purple line) is activated
which generates the required energy.

7. SENSITIVITY ANALYSIS

In order to study the effects of the variation of both renewable
energy power and of load request, a sensitivity analysis has
been performed. Table 6 summarizes the results of the sensitivity
analysis where the energy load from the Sicily island is kept
constant while solar and wind power plants energy outputs vary
individually between 90 and 110% of reference one. It can be
noted that with a drop in the energy produced by one of the
two renewable source power plants, it is still possible to satisfy
the entire load of the users without withdrawing energy from
the grid. In these cases, the quantity of energy transferred to the
grid is reduced by around 1,000 GWh compared to the reference
case, as well as an increase in the energy stored and produced
by around 300 GWh. On the contrary, if there is an increase in
one of the two sources compared to the reference case, there is
a slight increase in the renewable energy directly used as well
as a significant increase, by around 1,000 GWh, in the energy
transferred to the grid. In addition, it is necessary to increase the
power of the compression system up to 7,300 MW in order to
accumulate a greater amount of energy.

Therefore, this first analysis shows that exist optimal operating
margins for the proposed plant when the energy produced from
renewable sources varies.

Table 7 shows the results of the sensitivity analysis in which
the user load increases or decreases by 10% compared to the
reference case. In the first condition, the renewable power of the
reference case is no longer sufficient to power the user without
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FIGURE 9 | Volume of the air reservoir and mass flow rates from compression and expansion systems over the year.

FIGURE 10 | Energy use from UWCAES plant operation.

withdrawing electricity from the grid. On the other hand, the
storage system is able to guarantee the satisfaction of the load
without using energy from the grid only if there is an increase
in the energy produced by one of the renewable sources, wind
or solar, or both. If only one source increases, the share of

energy sold (or transferred) to the network must necessarily be
less than that sold in the reference case and, consequently, the
shares of energy stored and produced increase. Since the power
to accumulate and to produce is greater, it is also necessary to
increase the rated power of the compression and expansion units
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FIGURE 11 | Optimal management for the first week of August.

TABLE 7 | Sensitivity analysis of the performance of the UWCAES power plant

with variable load from the users and energy from the renewable power plants.

100% Solar 100% Solar 110% Solar 110% Solar 90% Solar

100% Wind 110% Wind 100% Wind 110% Wind 90% Wind

GWh 100% Load 110% Load 110% Load 110% Load 90% Load

Load 19 070 20 976 20 976 20 976 17 163

Wind 12 760 14 040 12 760 14 040 11 486

Solar 9 588 9 588 10 550 10 550 8 629

Directly used 13 400 14 653 14 440 14 740 12 060

Produced 5 670 6 324 6 536 6 237 5 103

Storage 6 620 7 384 7 632 7 282 5 958

Sold 2 330 1 590 1 237 2 564 2 097

Lost 3 280 2 650 2 333 3 609 2 953

MW

Compressor 6 900 7 300 7 400 7 400 6 900

Expander 3 100 3 400 3 400 3 400 3 100

by 500 and 300 MW, respectively. In the second case, i.e., the one
in which there is a 10% reduction in the energy required by the
user and in the production of energy from renewable sources, it
can be noted that the proposed system is still able to satisfy the
user without withdrawing energy from the national grid.

8. CONCLUSIONS

The paper presents a case study on powering the load of the Sicily
region (Italy) exclusively through renewable energy sources. For
this purpose it is mandatory to use an energy storage system
that can accumulate the generation surplus and then use it

when required. The storage system studied is the underwater
compressed air energy storage (UWCAES). The optimization of
the plant operation is achieved through dynamic programming.
The algorithm itself was also used to size the volume of the air
reservoir so that the condition of no energy withdrawal from the
national grid was satisfied.

The Sicily region is one of the most suitable sites in the world
for the installation of UWCAES storage systems as it has depths
of more than 400 m within 5 km from the coast.

Based on the annual capacity value of the wind and
photovoltaic plants currently installed in Sicily, thanks to the
data made available by the owner of the Italian electricity grid
(TERNA), by the Italian energy services operator (GSE) and by
ENTSO-E Trasparency Platform, in order to satisfy the load of
the region, which has peaks of around 3,250 MW, it is necessary
to install renewable power equal to 15,000 MW. This power
has been selected equally divided between solar and wind in
this study. The generation part must be associated with an
air compression, accumulation and expansion system for the
production of energy. Together, these components represent the
UWCAES plant. The compression system has a total power of
6,900 MW, the generation units have a total power of 3,100 MW,
while the air storage takes place in submarine reservoirs at 40 bar
pressure that can reach a maximum volume of 2× 108 m3.

Results show that this system configuration, properly
managed, can guarantee the satisfaction of the load without
recurring to energy produced by conventional sources.
Consequently, the emissions of nearly 6 million tons of
CO2 associated with the production of the electricity consumed
by the Sicily region (about 19,000 GWh in 2018) can be avoided.

Finally, a sensitivity analysis was also carried out by varying
by ± 10% both the power requested by users and that generated
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by plants powered by renewable sources. This analysis has shown
that it is possible to pursue the objective, that is to satisfy the load
without withdrawing energy from the grid, only if the increase
in the load required by the users corresponds to an increase in
the power of at least one of the two renewable sources. In some

cases, this would lead to an increase in the nominal power of the

compression and expansion units. On the contrary, the reduction

of the required load and of the power supplied by plants

powered by renewable sources is compatible with the objective of

this study.
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NOMENCLATURE

Symbol Description Unit

Greek symbols

β Pressure ratio -

γ Specific heat ratio -

η Efficiency -

ρ Air density kg/m3

χ (γ − 1)/γ -

Latin symbols

d Depth m

g Gravity acceleration m/s2

m Mass kg

t Time s

B Exergy J/m3

P Power kW

R Gas constant kJ/kg/K

T Temperature K

V Storage volume m3

W Work J

Subscripts

air Air

amb Ambient

c Compression

e Expansion

F Final

in Inlet

max Maximum

min Minimum

out Outlet

sto Storage

sw Seawater
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