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ABSTRACT

9 Among energy storage technologies, compressed air energy storage (CAES) systems have undergone a real
10  development since the 70s, although only two large-size commercial plants are operating worldwide. CAES systems allow
11 very large energy storage to be performed, accumulating compressed air to be used for electrical energy generation. In
12 recent years, A-CAES (Adiabatic Compressed Air Energy Storage) plants have had an important role. This technology
13 allows the storage of the thermal energy released during air compression to be used for heating the compressed air during
14 electricity generation, avoiding the consumption of fossil fuels.

15 The main objective of this paper is to propose an innovative system solution for large-size A-CAES plants. The
16  proposed configuration is characterized by: i) a compression train based on two axial compressors constantly operating at
17 design conditions and a centrifugal compressor fully devoted to managing the pressure variation, ii) a thermocline thermal
18  energy storage (TES) system based on a packed bed of solid material located between the low-pressure and high-pressure
19  compressors, iii) an expansion train based on a high-pressure radial turbine and a low-pressure axial turbine.

20 TES performance was evaluated with integration with the A-CAES plant through a dedicated numerical simulation
21 model. Operating modes for managing the high-pressure and low-pressure turbines through air throttling and high-
22 pressure turbine bypassing were also studied. Finally, an in-depth analysis of the off-design behaviour of the different A-
23 CAES components was carried out. Globally the A-CAES round trip efficiency exceeds 0.7-0.75.

25
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29 NOMENCLATURE

30

31 C heat capacity

32 E energy

33 hgp convective heat transfer coefficient
34 kesr effective conductivity

35 m mass

36 M motor

37 t time

38 T temperature

39 u velocity

40 x distance along the axial direction
41

42 Greek symbols

43 Osr specific surface area

44 B pressure ratio
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45 AP pressure losses

46 € void fraction

47 n efficiency

48 p density

49

50 Subscripts

51 f fluid

52 F fuel

53 is isentropic

54 M compressor

55 p pressure

56 ref reference

57 RT round trip

58 S solid

59 T turbine

60 Y% volumetric

61

62 Acronyms

63 AA-CAES Advanced Adiabatic Compressed Air Energy Storage
64 A-CAES Adiabatic Compressed Air Energy Storage
65 AC AfterCooler

66 AR Aspect Ratio

67 CAES Compressed Air Energy Storage

68 D-CAES Diabatic Compressed Air Energy Storage
69 DGV Diffuser Guide Vane

70 DIMCM  Department of Mechanical Chemical and Materials Engineering
71 HP High Pressure

72 HPC High Pressure Compressor

73 HPT High Pressure Turbine

74 I-CAES Isothermal Compressed Air Energy Storage
75 IC InterCooler

76 IPC Intermediate Pressure Compressor

77 ISEP lowa Stored Energy Park

78 LP Low Pressure

79 LPC Low Pressure Compressor

80 LPT Low Pressure Turbine

81 LTA-CAES Low Temperature Adiabatic Compressed Air Energy Storage
82 O-CAES  Ocean Compressed Air Energy Storage

83 RES Renewable Energy Sources

84 RPM Revolutions per Minute

85 SOC State Of Charge

86 TES Thermal Energy Storage

87 TIT Turbine Inlet Temperature

88

89

90 1. INTRODUCTION

91 The worldwide production of electricity from renewable energy sources (RES), wind and solar in particular, has

92  grown significantly in the last decade and it is expected to keep up a strong growth trend in the near future [1]. Non-hydro
93  RES contributed 6% to the worldwide electricity generation in 2014 and their contribution is expected to range between
94 12 and 18% in 2025, depending on the policy scenario considered [1]. On the other hand, the non-programmable character
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of solar and wind energy sources, due to their intermittent and fluctuating behaviour, calls for a significant diffusion of
energy storage technologies to improve the flexibility and efficiency of energy systems and the usability of non-
programmable energy sources [2-4].

In this contest a key role can be played by energy storage systems. Such systems allow to store electrical energy by
converting it to a different form of energy (chemical, mechanical, electrostatic or electromagnetic) [2]. The storage
systems allows to temporally decouple production and consumption of electricity ensuring a reserve to couple with
unpredictable power peaks. Storage systems also have an essential role in isolated systems, allowing supply continuity in
periods of lost production, as in the case of photovoltaic systems during cloudy and night hours [5]. As a matter of fact,
storage systems can occupy a major role in electricity grids based on renewable sources [3].

Different energy storage technologies are available today and in continuous development [4,6]. The most widespread
are pumped hydroelectric plants and electrochemical accumulators, such as solid state and flow batteries. Worldwide, the
energy storage systems currently account for an installed capacity of about 130 GW and more than 99% is ascribed to
pumped hydroelectric plants [7]. Among storage technologies, the compressed air energy storage systems, commonly
known by the acronym CAES, are among the most promising technologies for large capacity energy storage systems [8].
CAES systems have undergone a real development since the 70s, although only two large-size commercial plants are
currently operating worldwide (Huntorf [9] and Mclintosh [10]). The CAES technology exploits the possibility of
accumulating large amounts of energy as compressed air during low electrical load demand periods, with low specific
investment costs. As pumped-hydro, CAES plants are the sole storage plants capable of providing an amount of energy
comparable to large power plants for electrical energy production [8], with a theoretical power capacity up to thousands of
MW.

A CAES system is composed of an electrically driven compressor, a compressed air storage system, a gas turbine, an
electric motor/generator and a compressed air heating system. The compressed air is stored in a reservoir (usually an
underground cavern, a deep aquifer or another suitable structure) at a pressure which typically varies between 40 and 100
bar. The energy production phase consists in the release of the compressed air from the cavern, the air heating (via a
regenerative heat exchanger and/or a combustion chamber) and the expansion in a conventional gas turbine [8].

Over the years, different plant arrangements have been proposed for CAES plants, differing in performance and
complexity. The conventional diabatic CAES (D-CAES) is composed of a series of electrically driven chilled
compressors, a reservoir for air storage, a combustion chamber, one or more expanders and an electric generator. This
arrangement, however, does not consider the recovery of the thermal energy released during compression intercooling. In
a more advanced D-CAES arrangement, the pressurized air from the reservoir is preheated in a regenerative heat
exchanger, exploiting the thermal energy of the gas turbine exhaust.

The existing commercial plants and many of the plants under construction and/or in the planning phase are based on
conventional D-CAES, but various technological improvements could be pursued to enhance the performance and reduce
the costs and environmental impact of CAES systems. The most interesting and widely studied opportunity for
improvement is to eliminate the use of fuel, and consequently the related CO, emissions, by performing a thermal energy
recovery and introducing a thermal energy storage (TES) system [11-13]. In such a system, commonly known as adiabatic
CAES (A-CAES), the heat recovery can be performed in some or in all the stages of the compression phase. The stored
heat can thus be exploited later, during the generation phase, to heat the compressed air coming from the reservoir without
using any fuel. The TES systems can be based on thermal oil [14], phase change materials [15] or solid materials [16].
Although heat recovery leads to performance improvements, the process involves some technological, thermodynamic
and operational issues, including the off-design behaviour of system components and the choice of both storage
technology and materials.

The growing interest in CAES as an effective solution to manage non-dispatchable energy sources has led in recent
years to a multiplication of the research activities in this sector. In particular, at the end of the last decade Lund et al.
studied the strategy of integration of CAES systems with sustainable energy systems based on RES [17]. Lund et al.
concluded that CAES technologies can be used for electricity balancing in future energy systems with a high share of
intermittent and fluctuating RES [18]. In particular, CAES plants will often operate on electricity spot markets by storing
energy when electricity prices are low and producing electricity when prices are high. Several papers analyze A-CAES
plants with particular attention to the integration with RES. Arabkoohsar et al. [19,20] and Zafirakis et al. [21] studied the
integration of A-CAES and PV plants. In particular, Arabkoohsar et al. studied both the integration of a CAES unit with an
ancillary solar heating system for a large scale PV farm [19] and the feasibility of employing a city gas station power
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output for improving the performance of a grid connected PV plant accompanied with a CAES system and enhancing its
power output stability [20]. Zafirakis et al. developed an algorithm for sizing photovoltaic based compressed air energy
storage systems. More studies analyze the integration with wind power, such as Zunft et al. [22], who showed the
technical feasibility of the concept and good prospects for its economical viability and Zhao et al. [14,23], who designed a
hybrid system based on A-CAES, flywheel and wind power. Other papers evaluate the influence of TES systems, mainly
considering indirect contact heat exchangers. Grazzini and Milazzo discussed design criteria [24], Hartmann et al.
analyzed different A-CAES configurations [25], Barbour et al. suggested packed bed thermal energy storage systems [16],
Wolf and Budt introduced a low temperature adiabatic CAES (LTA-CAES) plant [26] concluding that the faster start-up
and wide-ranging part load ability of the LTA-CAES compensate for the lower round trip efficiency compared to high
temperature A-CAES. Minutillo et al. [27] analyze the performance of small-size A-CAES, that, integrated with a PV
system, supplies electric power to a small scale off-grid base transceiver station. Manfrida and Secchi [28] integrated a
small-size A-CAES with a CHP solution, where the heat recovered from compressor cooling is used for heating purposes,
while Garrison and Webber proposed a hybrid A-CAES that uses solar energy to heat the HP air from a cavern before
expansion [29].

On the other hand, to the best knowledge of the authors, in the literature there is a shortage of studies concerning, in
particular, the off-design behaviour of the plant components. This work reports an in-depth study of an A-CAES plant
integrated with a TES system based on the thermocline principle in a packed-bed of bulk solid material, proposing a novel
A-CAES configuration and operation mode. In particular, the main novelty and contributions of this work involve:

1. the proposal of a novel A-CAES configuration. The proposed configuration is characterized by: i) a
compression train based on two axial compressors constantly operating at design conditions and a centrifugal
compressor fully devoted to managing the pressure variation, ii) a thermocline TES system based on a packed
bed of solid material located between the low-pressure and high-pressure compressors, iii) an expansion train
based on a high-pressure radial turbine and a low-pressure axial turbine;

2. the development of a numerical simulation model of the TES system and the evaluation of the TES
performance when integrated with the A-CAES plant;

3. the study of two operating modes for managing the high-pressure and low-pressure turbines through air
throttling and high-pressure turbine bypassing;

4. the in-depth analysis of the off-design behaviour of the A-CAES plant components.

2. Abrief overview on CAES plants

2.1 CAES configurations

Over the years, different plant arrangements have been proposed for CAES plants, differing in performance and
complexity. Nowadays, different concepts of CAES systems can be identified. In particular, in addition to the
conventional diabatic CAES, the most interesting configurations are adiabatic and isothermal CAES plants. The
classification criteria derive from heat handling during the compression and expansion phases. As previously specified,
the conventional diabatic CAES involves the dissipation of thermal energy during air compression. More advanced D-
CAES solutions include a regenerative heat exchanger for preheating the pressurized air exiting the reservoir by recycling
heat recovered by the gas turbine exhaust. A more significant improvement can be achieved through the A-CAES plants,
where the heat recovered by the compression is accumulated on a TES system for the deferred heating of the pressurized
air, without using any fuel, during the generation phase. In this case, the turbine inlet temperature, and therefore the
maximum compression and storage temperature, must be high enough to achieve adequate system performance.
Consequently, the main aim of R&D programs on Advanced A-CAES is to find innovative solutions for compressor
operating temperatures up to 600 °C, or even up to 700 °C, taking into account the cyclic system operation and pursuing
high efficiencies also at part-load conditions [30]. The isothermal CAES (I-CAES) technology has been developed more
recently [31]. Several companies are developing small-scale prototypes applying reciprocating piston machinery for air
compression and expansion [32]. The air temperature is kept low by directly injecting water spray into the compression
chamber [8]. Nowadays, research on I-CAES mainly focuses on the development of machines that allow compression and
expansion processes as close as possible to isothermal conditions [33]. Other possible arrangements for CAES systems
have also been studied, such as the integration with combined cycles (CC). In such systems, during the CAES discharge
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phase, a fraction of the GT exhaust mass flow is diverted to a recuperator to heat the stored compressed air before its
expansion in the turbine [34]. An advanced concept of CAES provides for the use of a steam injection cycle, exploiting
the flue gases’ sensible heat to produce steam to be injected inside the combustion chamber. Another solution to increase
the CAES power is humidification of the preheated air [35].

Different solutions for the compressed air storage can also be adopted. Storage reservoirs can be placed above or
below ground level or also below sea level (O-CAES plants). The main underground reservoirs are rock caverns, salt
domes or porous media [36]. Reservoirs under the sea are typically hollow spheres or inflatable balloons [37]. Above all,
the integrity of these systems for several tens of years must be guaranteed, as they are subjected to daily charge-discharge
cycles. In fact, oxygen and bacteria have detrimental effects on rock formations, due to oxidative effects. Generally, the
use of pre-existing underground cavities is preferred, significantly reducing costs. As a matter of fact, it is necessary to
highlight that land and subsoil suitable for CAES systems are not easily available at competitive cost.

2.2 CAES performance parameters

In energy storage systems, the round trip efficiency can be defined as the ratio between the energy retrieved from
storage and the energy put in. In fact, conventional D-CAES is not a mere electrical energy storage technology, such as
electrochemical batteries, but it is also a peak generating technology [8], including a double energy input: electrical energy
is used for driving the compressors, while fuel provides the thermal energy required for heating air in the generation
phase. Consequently, for D-CAES systems the definition of energy performance is more complicated and several different
energy parameters for the definition of CAES efficiency have been proposed in the literature [8,38]. In particular, the
simplest CAES performance index defines the round trip efficiency ngr, as the ratio of the electrical energy generated by
the turbine E; and the sum of the electrical energy required by the compressor Ej,; and the fuel chemical energy Er [8]:

Er

- -r 1
NRrT1 Ey + EF (1)

However, due to the different thermodynamic value of fuel and electrical energy, the fuel chemical energy should be
expressed as equivalent electrical energy, introducing a reference conversion efficiency n,..; referred, for example, to a
heavy duty gas turbine, leading to the definition of the round trip efficiency ngr,:

Er

- 2
EM + EFnref ( )

NRrr2 =

Obviously, in the case of adiabatic CAES, the two definitions coincide, being Er = 0.

2.3 CAES costs

An accurate estimation of CAES costs is quite complicated, due to the lack of data available from existing
installations. Both large-size plants currently in operation present a capital cost of about 400 $/kW, but the data refer to
some decade ago. Moreover, CAES capital costs are strictly dependent on the technology, size and site. The literature
includes some data describing plant capital costs as a function of CAES size [39-41]. In particular, a capital cost in the
range of 400-1000 $/kW is expected for large-size CAES [39], whereas capital costs of small-size CAES are in the range
500-1500 [39]. The costs of storage insulation and safety depend on the specific geomorphology of the site. Costs are also
influenced by the storage strategy. An overly aggressive strategy, serving just the electrical peaks for a few hours a day,
would lead to uneconomic capital costs. Rapid extraction of the stored energy would lead to high costs for the expansion
train and the alternator. The best strategy from an economic point of view follows the electricity demand in a not
excessively speculative way.

2.4 Existing CAES plants
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As previously mentioned, worldwide only two CAES plants are currently operating: the Huntorf plant and the
Mclintosh plant. Both plants are based on conventional diabatic technology (D-CAES) and are fuelled by natural gas
[9,10].

The Huntorf plant has been operating since 1978 in the north of Germany. The compressed air is stored in two salt
caverns located 600 m below ground level (total volume larger than 170000 m?) and supporting a maximum pressure of
70 bar. Energy from nuclear power plants is stored at night for about 12 hours. Electrically driven compressors,
intercooled without heat recovery, absorb about 60 MW. The accumulated energy is released for 3 hours, through a 320
MW gas turbine, covering peak loads. In addition, the CAES plant acts as a hot reserve for industrial customers and
allows the variable energy generation from wind farms to be levelled. A throttling valve assures a constant pressure at the
HP turbine inlet equal to 42 bar. The Huntorf plant shows a round trip efficiency equal to 0.42.

The Mclintosh CAES plant was built in 1991 in Alabama (USA). This D-CAES plant is characterized by several
improvements over the Huntorf plant, such as the regenerative heat recovery of the exhaust gas, reducing the fuel
consumption by about 25%, with a round trip efficiency equal to 0.54. A salt cavern, located 500 m below ground level
with a volume of over 500000 m®, is used as reservoir, storing compressed air at a pressure between 46 and 74 bar. The
Mclintosh plant assures a power output of 110 MW for about 26 hours, requiring 1.7 hours of compression for each hour
of generation. The plant is used as a hot reserve, to cover peak loads and for grid load levelling. The plant can handle
transients in the order of 18 MW per minute, about 60% more than conventional gas turbine plants. The air is stored
during night hours, pressurized through two intercooled compressors. Upstream of the HP turbine, the air is throttled to 43
bar.

Although the existing CAES plants have been operating for several decades, the technology is still in a state of
development. Several projects regarding CAES plants were developed in the past or planned for the future around the
world, especially in the US. In the 2000s, a project involving the construction of a 800 MW plant at Norton, Ohio was
studied for over a decade with the possibility to be expanded up to 2700 MW [42]. In the middle of the 2000s, the
construction of the ISEP (lowa Stored Energy Park) plant in lowa was planned. The plant implied the integration of a
wind facility (supposed 75-150 MW power) with a 260 MW CAES plant, with an underground storage in an aquifer
located at 900 m depth [43]. The project was cancelled in 2013 due to site geological limitations. The Seneca CAES
project was announced by NYSEC in the Eastern US, exploiting an existing underground salt cavern. The plant was
designed for a rated capacity of about 150 MW. The key objective was to improve the grid reliability by creating an
electricity storage system for a more desirable dispatch of wind energy. The project was cancelled in 2012 due to
economic issues [44]. Two other projects (Bethel Energy Center and Matagorda Energy Center) are planned in Texas by
Apex CAES [45,46], with the aim of operating two D-CAES plants (320 and 540 MW, respectively). The Pacific
Northwest National Laboratory and the Bonneville Power Administration have developed two projects on CAES systems
(Columbia Hills and Yakima Minerals, respectively) to store in subterranean caverns the wind excess energy produced in
the North Western US [47]. In Japan, since 1990 the Japanese New Energy Foundation has been carrying out experiments
on CAES technology with the aim of evaluating the CAES performance in load levelling. The 2 MW pilot plant, located
at Kamisunagawa-cho, stores compressed air (40-80 bar) in a depleted coal mine [48]. A D-CAES plant exploiting
underground salt formation for storage is planned to be built at Larne, Northern Ireland [49,50]. The facility will generate
up to 330 MW for 6 hours, with a 200 MW compression power request. The project involves the creation of two storage
caverns within a salt deposit, which will be located at depths of 1400 m below ground level. In addition, in Europe several
projects for D-CAES are in the first phases of planning in the UK, Denmark and Germany [51].

Recent studies suggest that the advanced TES technologies, together with improvements in the compressor and turbine
systems, could make the CAES technology economically sustainable. Such a concept, the so-called AA-CAES (Advanced
Adiabatic CAES), would achieve an efficiency of about 70%, without fuel consumption, in large-size CAES plants [52].
In this context, the ADELE project is under development in Europe [30]. The ADELE will be the third CAES plant in the
world, but the first to be based on the AA-CAES technology. The plant will have a storage capacity of 360 MWh and an
electric output of 90 MW [53].

3. PROPOSED A-CAES SYSTEM DESCRIPTION AND ASSUMPTIONS
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3.1 System description

Figure 1 shows the simplified functional scheme of the A-CAES system proposed and assessed in this study.
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Figure 1. Simplified scheme of the A-CAES plant.

A first section of the compression system includes a low-pressure compressor (LPC) and an intermediate-pressure
compressor (IPC), followed by a TES system where the compressed air is cooled and its thermal energy recovered and
accumulated. Downstream of the TES system, a high-pressure compressor (HPC) raises the air pressure up to the
maximum operating pressure, corresponding to the backpressure of the reservoir (a hypothetical cavern), assumed to
range between 60 and 100 bar. Between the TES system and the HPC, an intercooler heat exchanger (IC) accomplishes
the air cooling in order to reduce the HPC power consumption. The air is then stored at high pressure in the cavern, to be
subsequently extracted during the discharge phase. Inasmuch as the temperature inside the cavern is limited between 30
and 50 °C by structural stability concerns, the air exiting the HPC is cooled in an aftercooler heat exchanger (AC). During
the discharge phase, the compressed air exiting the cavern is heated inside the TES system before expanding through the
high-pressure (HPT) and low-pressure (LPT) turbines. A portion of the high-temperature compressed air flow can bypass
the HPT and directly feed the LPT, in order to increase the temperature of the air entering the LPT and to avoid an exhaust
temperature lower than 25 °C, as a minimum reference value established in this study to avoid water condensation issues.
Since the compression and expansion processes take place separately, turbines and compressors are coupled to different
shafts.

Giving consideration to large-size A-CAES systems, a design power output equal to 100 MW was assumed. The A-
CAES system was supposed to cover daily peaks of electricity and thus a discharge phase of 3 hours was established.
Starting from the main turbine parameters reported in the section 3.4 with the expansion system assumptions, this power
output requires, at nominal conditions, a turbine air mass flow rate of about 170 kg/s. Assuming a charge phase duration
of 8 hours, the cavern mass balance leads to a charge air mass flow rate of about 65 kg/s. The compressor inlet pressure
and temperature are set equal to ambient conditions. The temperature of the compressed air entering the TES system
(equal to the IPC output temperature) is set to 600 °C. The air outlet temperature from the TES system in the charge phase
is assumed equal to 35 °C at reference design conditions and increases during operation, requiring an intercooler upstream
of the HPC. The HPC allows the existing backpressure in the cavern to be overcome by varying its discharge pressure
from 60 to 100 bar. During the subsequent 3-hour phase of power generation, the pressure in the cavern, and consequently
the HPT inlet pressure, vary conversely from 100 bar to 60 bar. A pressure of 1.02 bar was also considered for the exhaust
gases at the LPT outlet. Table 1 summarizes the main operating parameters of the A-CAES plant:

Table 1. Main parameters of the A-CAES plant
Power output 100 MW
Discharge time 3h
Charge time 8h
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Discharge air mass flow 173.0 kg/s
Charge air mass flow 64.9 kg/s
Compressor train inlet temperature 15°C
Compressor train inlet pressure 1 bar
Design TES inlet temperature in the charge phase 600 °C
Design TES outlet temperature in the charge phase 35°C
Cavern maximum pressure 100 bar
Cavern minimum pressure 60 bar
Expansion train outlet pressure 1.02 bar

As mentioned, this study does not refer to an existing cavern and the operating pressure range (60-100 bar) was
assumed according to typical values for CAES systems. Starting from charge air mass flow (about 65 kg/s) and charge
time (8 hours), an amount of charge air of about 1870 tons was calculated. Considering the ideal gas behaviour, a cavern
volume larger than 40000 m® and an air mass at the minimum pressure amounting of about 2800 tons and were also
calculated. Consequently at the end of the charge phase the amount of air inside the cavern is equal to about 4700 tons.

3.2 Compression system assumptions

The first compression stage is performed by both LPC and IPC, of axial type, which make it possible to process great
volume flows with high efficiency. Furthermore, multistage axial compressors allow greater pressure ratios in comparison
to centrifugal ones, despite a lower pressure increase per stage. A pressure ratio of 13 and a polytropic efficiency of 0.92
were assumed for the LPC, which operates in the temperature range of typical industrial compressors. The LPC outlet
temperature (corresponding to the IPC inlet temperature) exceeds 375 °C, leading to unusual conditions at the IPC inlet.
To reach a final temperature of 600 °C at the IPC outlet, an IPC pressure ratio equal to 2.76 was required, resulting in an
outlet pressure equal to about 37 bar. A polytropic efficiency equal to 0.9 was set for the IPC. The LPC and IPC constantly
operate at design conditions, as the pressure variation for overcoming the cavern backpressure is fully managed by the
HPC, assuring constant temperature and pressure conditions at the inlet of the TES system.

For the proposed A-CAES configuration the HPC pressure ratio varies between 1.62 at the cavern minimum pressure
conditions (60 bar), and 2.71 at the cavern maximum pressure (100 bar). Therefore, a single-stage centrifugal compressor
was chosen and designed. In fact, despite a lower efficiency compared to axial compressors, centrifugal ones allow higher
pressure ratios per stage (up to 3-4) and are preferable in the case of a lower pressure ratio. Moreover, they are more
versatile and stable when operating under off-design conditions. Typically, the mass flow rate and pressure ratio of
centrifugal compressors are controlled by varying the stagger angle of the Diffuser Guide Vane (DGV) or the RPM
through an inverter. RPM variation is not economically feasible for power higher than 1 MW, therefore a variable DGV
was chosen to manage pressure variation. Finally, the compressor size is quite small, due to the high air inlet density
(about 42 kg/m® at 37 bar and 35 °C). Table 2 reports the main characteristics of the three compressors:

Table 2. Main parameters of the compressors

Compressor LPC IPC HPC
Air mass flow 64.9 kg/s 64.9 kg/s 64.9 kg/s
Pressure ratio 13.0 2.81 1.62-2.71
Compressor outlet pressure 13.2 bar 37.0 bar 60-100 bar
Compressor outlet temperature 376.1 °C 600 °C 88-118 °C
Polytropic efficiency 0.92 0.90 0.683-0.908

The HPC is connected to a different shaft than the LPC and IPC, operating at a higher rotation speed.
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3.3 TES system assumptions

A Thermal Energy Storage (TES) system was introduced to accumulate the thermal energy recovered by the high-
temperature (600 °C) air exiting the IPC. In the discharge phase, the TES system heats the low-temperature air exiting
from the cavern, increasing the turbine power output.

The TES system is a key part of the storage process. For A-CAES plants the most suitable technology from both
technical and economic points of view is that based on the thermocline principle in a packed-bed of bulk solid material.
This storage technology operates a direct heat transfer between the air flowing inside the tank and a bulk solid material
filled in the tank. Reducing the air temperature inside the packed-bed from 600 to 35 °C allows the recovery of a mean
thermal power slightly lower than 40 MW. Globally, for 8 hours of charge phase the stored thermal energy can reach a
theoretical maximum value of about 315 MWh.

Due to its good specific heat capacity, wide availability and low cost, in this study gravel was chosen to fill the TES
system, although other materials such as beryllia (BeO) or zirconia (ZnO,) require a smaller volume, due to the greater
volumetric heat capacity. Table 3 reports the main design parameters of the TES system:

Table 3. Main design parameters of the TES system

Theoretical maximum stored thermal energy 315 MWh
Filling material Gravel
Average particle diameter 0.03m
\oid fraction 0.30
Material density 2750 kg/m®
Material specific heat capacity 900 J/(kg-K)
Theoretical minimum bed volume 1930 m®
Aspect ratio 25
Tank diameter 9.94m
Tank height 24.85m

A theoretical minimum bed volume of about 1930 m® was estimated, considering a void fraction € equal to 0.30.

3.4 Expansion system assumptions

The compressed air stored in the cavern is released during the discharge phase and sent to the HP and LP turbines for
electricity production. At the beginning of the discharge phase, the air is released at about 100 bar and 35 °C. A pressure
drop in the pipes and TES in the range of 1-1.5 bar was estimated, mainly due to piping, whereas the pressure drop in the
TES system accounts just for several kPa. The high-pressure air out of the cavern is heated up in the TES system to a
maximum temperature of 600 °C. Due to the thermocline operating characteristics, as explained in the following, it is not
feasible to reach a TES outlet temperature of 600 °C for the whole duration of 3 hours of discharge. During this phase, the
cavern air pressure is reduced from 100 to 60 bar, while a constant outlet pressure of 30 bar was assumed (Table 4) for the
HPT. To allow the HPT to operate at a constant mass flow rate, pressure ratio and temperatures for a longer period, air
throttling upstream of the HPT can be carried out, imposing an HPT inlet pressure of about 70 bar for the first two hours,
when the TES system is able to heat the air to a constant temperature of 600 °C. Moreover, depending on the operating
conditions, an air mass flow partialisation can also be carried out downstream of the TES system, splitting the high-
temperature air flow through a 3-way throttle valve. The main air flow feeds the HPT, while a secondary flow bypasses
the HPT turbine and is mixed with the HPT exhaust, allowing an increase of the air temperature at the LPT inlet up to the
nominal operating value.

During the discharge phase the HPT pressure ratio can vary from a maximum of 3.30 to a minimum of 1.95. A single-
stage radial turbine was chosen as the HPT, due to its high expansion pressure ratio per stage, high reliability, low cost and
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low longitudinal size. The variability of the expansion pressure ratio can be managed by changing the stagger angle of the
nozzles. An axial turbine was chosen for the LP section, since the expansion pressure ratio is considerably greater (slightly
lower than 30) than the HPT one. Axial turbines allow a better coupling of stages in comparison to radial ones, despite a
lower stage pressure ratio. Moreover, axial turbines are more suitable for large power output and volumetric flow rates. A
pressure loss of about 1% at the LP turbine exhaust was also considered. Table 4 reports the main design characteristics of
the two turbines:

Table 4. Main design parameters of the turbines

Turbine HPT LPT
Air mass flow 173.0 kg/s 173.0 kg/s
Turbine inlet pressure 72.0 - 99.0 bar * 30.0 bar
Turbine inlet temperature 600 °C 448 — 400 °C
Pressure ratio 2.40 - 3.30 29.4
Turbine outlet pressure 30.0 bar 1.02 bar
Polytropic efficiency 0.835 0.852

4. System operation and performance

A detailed analysis of the operational phases of the A-CAES system and an in-depth evaluation of its performance in a
charge-discharge cycle were performed and are discussed in the following. First, the operation of the compression train
was simulated and the performance evaluated as a function of the cavern backpressure. The TES charge and discharge
processes were also analyzed and, in particular, both processes were optimized, maximizing the thermal energy released in
the discharge phase. Finally, two different operating modes for managing HP and LP turbines (with or without air
throttling) were analyzed and compared. The performance of the compression and expansion trains was predicted through
several simulation models developed using the GateCycle software platform, while a Matlab simulation model was
developed to predict the performance of the thermal energy storage system.

4.1 Compression train operation

As already mentioned, in the charge phase, both the axial compressors (LPC and IPC) operate in the design condition,
while the HP centrifugal compressor operates with a variable pressure ratio ranging from 1.62 to 2.71, depending on the
cavern backpressure. To operate as close as possible to design conditions, the axial compressors require to be fed by a
constant air mass flow. Consequently, the pressure ratio of the centrifugal compressor which follows can be adjusted, at
constant rotation speed, only by acting on the DGV. A detailed performance analysis was carried out referring to the
characteristic performance curves of an industrial reference compressor, expressed in terms of pressure ratio and
volumetric flow rate. Figure 2 shows the behaviour of the centrifugal compressor isentropic efficiency as a function of the
outlet pressure in the operating range 60—100 bar (pressure ratio in the range 1.62-2.71).

L With or without air throttling
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Compressor isentropic efficiency

Compressor outlet pressure (bar)

Figure 2. Isentropic efficiency of the centrifugal
compressor as a function of outlet pressure

The HPC design conditions were set at an output pressure of 85 bar (with a pressure ratio of 2.30), with a
corresponding isentropic efficiency equal to 0.854. Despite a remarkable efficiency reduction for lower values of the
outlet pressure, the influence on the total energy requirements is not substantial, since the power absorbed by the HPC is
significantly lower than the power absorbed by the LPC and IPC. Indeed, it is more important that both axial compressors
(LPC and IPC) operate as close as possible to nominal conditions in order to avoid an excessive increase of the power
absorbed and operational instability. Consequently, the LPC and IPC require a constant power of 24.5 and 16.9 MW
respectively, whereas the power required by the HPC ranges from about 4.5 MW to about 7.5 MW, being the pressure
ratio variation completely ascribed to the HPC. The total power required by the compressor train ranges from 45.9 MW
(cavern backpressure equal to 60 bar) to 48.8 MW (100 bar). Globally, during the 8-hour charge phase, the compression
train absorbs an electrical energy of about 380 MWHh. Table 5 summarizes the main performance of the three compressors.
In particular, the performance of the HPC is reported with reference to operating pressures of 60, 85 and 100 bar.

Table 5. Compressor efficiency, pressure ratio 3 and power as a function of cavern pressure

Compressor Nis B P [MW]
LPC 0.888 13.0 24.47
IPC 0.885 2.81 16.87
HPC (60 bar) 0.661 1.62 4.61
HPC (85 bar, nominal conditions) 0.854 2.30 6.40
HPC (100 bar) 0.897 2.71 7.43

The HPC outlet temperature depends on the pressure ratio, ranging from 88 °C (f=1.62) to 118 °C (p=2.71). Due to
the relatively low temperature of the compressed air, a further thermal energy recovery was not performed downstream of
the HPC. Consequently, a water cooler was considered to dissipate thermal energy upstream of the storage cavern.

4.2 Thermal energy storage system operation
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The operation of the TES system was simulated through a two-equation, one-dimensional, transient model previously
developed at DIMCM [54], based on the work originally developed by Schumann [55]. Starting from the thermo-physical
properties of the filling solid material and of the heat transfer fluid and of the tank geometry, the model makes it possible
to predict, separately, the time evolution of the spatial distribution of both the fluid and solid temperature. The model is
based on the following assumptions and simplifications:

- the temperature of both fluid and filling material is a function of time and the axial coordinate;

- the fluid flow is considered incompressible (Mach number much lower than 0.3);

- thermal properties of both gas and solid phase are temperature-dependent;

- auniform temperature distribution inside the solid (filling) material is considered:;

- the bed of solid material is isotropic and homogeneous and the heat transfer by conduction among solid particles
is neglected;

- heat transfer by natural convection and by radiation is neglected,;

- thermal conduction and external thermal losses are negligible.

On the basis of these assumptions, the two-equation model for the fluid (3) and solid (4) phases along the axis of the
bed was established as follows:

oT; 9°T;

T,
& (PCv)f a_tf + (,DCP fug = keffw + hsfasf(Ts - Tf) (3)

0T
(1—¢&) (pC)s 9t = hsfasf(Tf —T5) (4)

where Tand p are temperature and density, C,, and C, the specific heat capacity at constant volume and pressure, & the
void fraction, u the flow velocity, k. the effective fluid-solid conductivity, h,f, the convective heat transfer coefficient,
a,s the specific surface area, t the time, x the distance along the tank axial direction. The subscripts f and s refer to the
fluid and solid bed, respectively.

A detailed description of the model and of the expressions of the heat transfer coefficient hy; and of the specific surface
area a is reported in [54].

In this study the aforementioned model was applied to evaluate the temperature distribution alongside the tank as a
function of both time and the number of cycles. In particular, assuming a null state of charge (SOC) of the tank as the
initial condition, for each charge-discharge cycle, the tank SOC was evaluated at the end of the charge or discharge phase.
Furthermore, a TES key parameter is the useful energy released during the discharge process. The analysis shows that the
tank should be oversized to avoid an excessive rise of the air outlet temperature during the charge phase. In fact, the TES
system allows only a partial discharge of the thermal energy accumulated and a large amount of thermal energy remains
inside the tank. Table 6 reports the main operating parameters of the TES system:

Table 6. Main TES operating parameters

Number of cycles 365

Tank diameter 10m

Tank height 20/ 25/ 30 m
Aspect ratio 2/2.5/3

Tank volume 1570/ 1964/ 2355 m®

Design TES outlet temperature in charge phase 35°C
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Design TES outlet temperature in discharge phase 600 °C

As reported in Table 6, the analysis of the TES system performance was carried out considering different values of the
tank volume, placed in a vertical position. In particular, the tank diameter was fixed equal to 10 m, to maintain constant
the thermo-fluid dynamics of the gas flow inside the tank, and different values of the tank height (20, 25, 30 m) were
considered, corresponding to aspect ratio (AR) values equal to 2, 2.5 and 3, respectively. Up to 365 cycles were performed
(assuming a charge-discharge cycle per day within a year) to evaluate the minimum number of cycles needed to reach a
stable condition, for the 3 different values of AR. Once the TES system reaches a stable condition, the temperature
distribution no longer changes significantly between one cycle and the next. During the charge phase the thermocline
moves from top to bottom and the air temperature at the outlet of the TES system remains constant at the design condition
(35 °C). When the thermocline approaches the bottom of the bed, the air outlet temperature starts to increase, with a
different behaviour depending on the number of cycles and the aspect ratio. Similar behaviour takes place during the
discharge phase, in which the air outlet temperature starts to decrease with respect to the design conditions (600 °C) when
the thermocline approaches the top of the bed. Both these phenomena conventionally indicate the end of the charge and
discharge phase respectively.

Figures 3a-3c show the temperature distribution alongside the tank axis for the three different values of tank height
(20, 25, 30 m), to which correspond three different aspect ratios (2, 2.5, 3) at the end of the 8 hours of charge phase (red
lines) and at the end of the 3 hours of discharge phase (blue lines), from the 1% to the 365" cycle. The area between the
charge and discharge curve, for a given cycle, represents an index of the useful thermal energy released by the storage
system. The zero value of the tank height in Figure 3 conventionally corresponds to the upper section of the TES system,
where the warmest gas enters during the charge phase and exits during the discharge phase.
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Figure 3. Charge and discharge temperature inside the TES system as a function of number of cycles n and tank height

Figures 3a-3c show that the air outlet temperature increases after the first cycles in both the charge and discharge
phase, finally reaching a steady-state value that is significantly dependent on the aspect ratio. At the end of charge, the air
outlet temperature decreases, increasing the tank height, and the contrary occurs at the end of discharge, leading to a
higher TIT and, consequently, to a greater energy production by the gas turbines. In particular, the air outlet temperature at
the end of charging is equal to 35 °C (initial set value) in the first cycle, but it swiftly increases with the number of cycles.
A higher temperature allows the charge level of the TES system to be increased, even if a greater amount of thermal
energy must be dissipated by the intercooler to assure an almost constant temperature of the air at the HPC inlet. At stable
conditions, the air outlet temperature is slightly lower than 120 °C for AR=2 and decreases to about 70 °C and 50 °C for
AR= 2.5 and 3, respectively. At the end of discharge, at stable conditions, the best results are obtained with AR= 3,
leading to an air outlet temperature of about 520 °C. Lower values, about 500 and 460 °C, are reached with AR=2.5 and 2
respectively. Figures 3a-3c also show that the TES system converges to stable conditions after a given number of cycles
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dependent on the aspect ratio (that is, on the tank height). A lower value of AR allows a faster convergence to be achieved
and thus to a stable condition being quickly reached after a plant shutdown. On the other hand, it also leads to a lower

TES outlet temperature at the end of the discharge phase due to the lower storage capacity.

Figures 4a-4c show the air temperature at the outlet of the TES system in the discharge phase as a function of time and
the number of cycles, for AR=2, 2.5 and 3, respectively. Firstly, it can be seen that stable conditions are practically
reached after about 10, 20 and 40 cycles for AR equal to 2, 2.5 and 3 respectively. Moving from the first cycle towards
stability, as already seen in Figures 3a-3c, the air outlet temperature strongly increases.
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Figures 4. TES outlet temperature in the discharge phase as a function of time and number of cycles

Moreover, when increasing the number of cycles, the air exiting the TES lasts longer at a constant temperature of 600
°C, but this feature is poorly influenced by the aspect ratio. In fact, at stable conditions, the air outlet temperature lasts at
600 °C for 111, 114 and 116 minutes, for AR equal to 2.5, 3 and 3.5 respectively. As previously mentioned, the air outlet
temperature during discharge is a key parameter. In fact, reducing this temperature not only causes a lower HPT power
output, but can also lead to a LPT outlet temperature below 25 °C.

Finally, a preliminary analysis was carried out to evaluate the influence of the aspect ratio and of the number of cycles
on both the air temperature at the LPT outlet and the overall gas turbine energy production. In this analysis, an isentropic
efficiency of both HPT and LPT equal to 0.90 was assumed and pressure losses were neglected.

At the beginning of discharge phase (HPT inlet conditions equal to 600 °C and 100 bar), the LPT outlet temperature is
about 40 °C. For the next 2 hours, the TES outlet temperature is constantly equal to 600 °C and the LPT outlet
temperature increases, due to the reduction of the HPT inlet pressure. When the TES outlet temperature starts to decrease
(last hour), the LPT outlet temperature decreases greatly and drops below 25 °C. Moreover, as the TES outlet temperature
increases with the number of cycles, the LPT outlet temperature also increases up to stable conditions. Nevertheless, for
AR=2 the LPT exhaust temperature drops below 25 °C, also at TES stable conditions, whereas for AR=2.5 and AR=3,
stable conditions lead to exhaust temperatures equal to about 30 and 40 °C respectively. However, during the first cycles,
a pressure reduction, by throttling upstream of the LPT, is required also for AR=2.5 and AR=3 to avoid an exhaust
temperature below 25 °C.

Figure 5 shows the energy produced by the A-CAES plant during the discharge process as a function of the number of
cycles for the three values of AR considered in this paper. In particular, the figure shows that despite a 100 MW-size
turbine operating for 3 hours, the energy production is lower than 300 MWh. In fact, the A-CAES power output decreases
during the discharge phase, due to the reduction of both pressure and temperature at the HPT inlet.
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Cycles number

Figure 5. Energy produced by turbine as a function of AR
and number of cycles

The energy production increases with the number of cycles until reaching stable conditions. Conversely, the tank
aspect ratio does not significantly influence the energy production. As the power output depends strictly on the air
temperature at the outlet of the TES system (Figures 4a-4c), the first cycles show the same trend for each AR. By contrast,
when increasing the number of cycles, a greater AR leads to a slightly greater energy production due to the higher volume
of the storage system. In particular, at the end of the discharge phase, the power output at stable conditions increases from
78 to 85 MW, varying AR from 2 to 3. Globally, at stable conditions the energy production is equal to about 288 MWh for
AR=3, 287 MWh for AR=2.5 and 285 MWh for AR=2. Furthermore, already from the 10" cycle, both AR=2.5 and AR=3
assure a higher energy production than AR=2 at stable conditions.

Finally, considering that the energy production for AR=2.5 is only 0.35% less than for AR=3 and that for AR=2 the
LPT exhaust temperature drops below 25 °C, a tank height of 25 m, corresponding to an aspect ratio of 2.5, was chosen as
a reference case for the evaluation of the expansion train performance.

In fact, despite a slightly lower energy production, a lower AR, and consequently a smaller volume of the TES system,
allows a reduction of costs, in terms of both capital and filling materials. On the other hand, the higher air outlet
temperature in the charge phase requires a slightly larger intercooler to cool the air at the HPC inlet.

4.3 Expansion train operation

Two different operating modes for the discharge process were evaluated, with and without throttling the compressed
air at the HP turbine inlet.

a. Case with air throttling upstream of the HP turbine

During the first two hours of the discharge phase, when the TES outlet temperature remains around 600 °C, the
compressed air upstream of the HPT is throttled to about 72 bar, assumed as the nominal inlet pressure, leading the turbine
to operate at nominal conditions for about 2/3 (2 hours) of the whole discharge phase. Moreover, the air throttling avoids
an excessive deviation from the design conditions during the 3" hour, when the HPT operates at variable conditions (flow
rate, inlet pressure and temperature). This operating mode allows the LPT to operate at nominal conditions during the
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564  entire discharge phase, assuring a constant LPT inlet pressure (around 30 bar) by acting on the nozzle stagger angle of the
565  HPT to control the expansion ratio. In particular operating conditions, a fraction of the compressed air flow exiting the
566  TES system bypasses the HPT and mixes with the air entering the LPT for heating it up to the design temperature (slightly
567  lower than 450 °C). Figure 6 shows the behaviour of the HPT inlet pressure and temperature as a function of time, in the
568  case of air throttling, together with the TES outlet pressure at stable conditions.
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Figure 6. TES outlet pressure and HPT inlet pressure and
temperature as a function of time. Throttling case (AR=2.5)
570
571 As the HPT expansion ratio deviates slightly from nominal conditions (from 2.40 to 1.95, after 180 minutes) during

572  the last third of the discharge, a constant HPT isentropic efficiency (in this case equal to 0.85) was assumed. A constant
573  isentropic efficiency of 0.90 was also assumed for the LPT, since it operates at design conditions for the whole discharge
574  phase. Table 7 summarizes the main HPT and LPT characteristics at nominal conditions for the case with air throttling.
575

Table 7. Main HPT and LPT characteristics at design conditions

Turbine HPT LPT
Air mass flow 173.0 kg/s 173.0 kg/s
Turbine inlet pressure 72 bar 30 bar
Turbine inlet temperature 600 °C 448 °C
Pressure ratio 2.40 29.6
Turbine outlet pressure 30 bar 1.02 bar
Turbine outlet temperature 448 °C 54 °C
Isentropic efficiency 0.85 0.9

576

577

578 b. Case without air throttling upstream of the HP turbine

579 In this operating mode, the compressed air from the TES system is not throttled upstream of the HPT and the HPT

580 inlet pressure varies during the entire discharge phase between 99.0 and 58.5 bar (Figure 6, TES outlet pressure).
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Consequently, both gas turbines operate at off-design conditions during all 3 hours of discharge. Also in this case, the LPT
inlet pressure is maintained almost constant (around 30 bar) by acting on the nozzle stagger angle to control the HPT
expansion ratio. In this case, air splitting upstream of the HPT is performed just to prevent an LPT discharge temperature
below the set value of 25 °C. The design isentropic efficiency was set still equal to 0.85 and 0.90 for the HPT and LPT,
respectively.

4.3.1 Results for case with air throttling upstream of the HP turbine

The air mass flow bypassing the HPT was evaluated, for different TES cycles, by imposing an air temperature at the
LPT inlet equal to the nominal value (448 °C) and, in extreme conditions, the minimum allowed LPT outlet temperature
(25 °C). Finally, the power output and energy produced by both the HP and LP turbines were evaluated as a function of
time for each TES cycle.

The HPT air outlet temperature is influenced by both the HPT pressure ratio and the inlet temperature (corresponding
to the temperature at the outlet of the TES system). As shown by Figure 6, the HPT inlet pressure is set equal to 72.0 bar
for about 120 minutes. In the remaining 60 minutes, it decreases to 58.5 bar and is not influenced by the number of TES
cycles. On the contrary, as shown by Figure 4b, the TES outlet temperature decreases with time and increases with the
number of cycles. Figure 7 shows the HPT outlet temperature as a function of time and for several TES cycles.
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Figure 7. HPT outlet temperature as a function of time
and number of cycles (AR=2.5)

During the first two hours, the air throttling allows operation at design conditions, leading to a constant HPT outlet
temperature (slightly lower than 450 °C). During the 3 hour, despite a lower pressure ratio, the substantial reduction of
the HPT inlet temperature strongly affects the HPT outlet temperature. Figure 7 shows that the HPT outlet temperature
drops far below the nominal value and the exhaust air needs to be heated by the high-temperature air bypassing the HPT,
in order to keep the nominal temperature value (448 °C) at the LPT inlet. At stable conditions, for example, the HPT
exhaust temperature decreases to about 390 °C, while lower HPT outlet temperatures, even below 350 °C, are reached
during the first cycles. The HPT outlet temperature is not reported in Figure 7 for the last three minutes of the 5™ cycle
and for the last twenty of the 1% cycle, since the air temperature at the outlet of the TES system drops below 448 °C
(Figure 4b). In this case, the HPT is fully bypassed and the air is throttled up to 30 bar in order to ensure that the LPT
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operates close to the design conditions. Figure 8 shows the fraction of air bypassing the HPT as a function of time and the
number of cycles.
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Figure 8. Fraction of air bypassing the HPT as a function
of time and number of cycles (AR=2.5)

As shown by Figure 8, the bypass is not required in the first two hours and it starts when the HPT outlet temperature
starts to decrease below 448 °C. At stable cycle conditions (practically after the 20" cycle), the fraction of air split reaches
a maximum value around 55-60% at the end of the discharge phase. In the early cycles, the fraction of air to be split is
larger. As previously mentioned, the HPT is fully bypassed in the last 3 minutes of the 5" cycle and in the last 20 of the 1°"
cycle. In the first cycles, moreover, a further air throttle (up to a minimum value of 14.5 bar) could be required upstream
of the LPT to avoid an exhaust temperature lower than 25 °C.

At the HPT inlet the deviation of volumetric flow from the design values is quite moderate (lower than 10%) during
almost all the discharge phase. For this reason, the HPT efficiency was assumed to remain constant, also considering that
the power output of the HPT turbine is only about 30% of the total power output. Conversely, the LPT is characterized by
a virtually constant volumetric flow rate throughout the discharge phase, since the inlet conditions are close to the design
values. Figure 9 reports the power output of the HPT and the overall power output of the A-CAES plant as a function of
time and the number of cycles. The power output of the LPT is not reported in Figure 9 since it operates for the entire
discharge interval with a constant power output (70.8 MW), except for the last 15 minutes of the first cycle and the last
three of the 5" cycle. During this period, the HPT is bypassed and an air throttling is carried out before the LPT, so that
the power output of the A-CAES plant drops below 70 MW.
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Figure 9. A-CAES power and HPT power as a function of
time and number of cycles (AR=2.5)

The power output of the HPT (and consequently of the A-CAES plant) is constant for about the first 2 hours and
decreases in the last hour (a little more for the first 5 cycles). The overall A-CAES design power output is equal to 97.6
MW, while the HPT power output is equal to 28.3 MW. Minimum values of the HPT power output, and consequently of
the A-CAES plant, are reached at the end of the discharge phase and increase with the number of cycles. At stable
conditions, the overall A-CAES power output is a little lower than 80 MW, due to a very low HPT power output, equal to
9.0 MW, whereas a stronger depowering is present in the first 5 cycles. During the last 3 minutes of the 5™ and 20 minutes
of the 1% cycle, in particular, the HPT power output is null (HPT fully bypassed) and a minimum value of the A-CAES
power output equal to 46.4 MW is reached at the end of the 1* cycle, when also the LPT operates far from the design
conditions.

4.3.2 Results for case without air throttling upstream of the HP turbine

With this operating mode, the air mass flow bypassing the HPT was evaluated, for different charge/discharge cycles,
just imposing a LPT minimum outlet temperature (25 °C). The absence of the air bypass upstream of the HPT for a large
time interval leads to a variable air temperature at the LPT inlet. The power output and energy produced by both the HPT
and LPT were also evaluated as a function of time for each operating cycle. Figure 10 shows the temperature of the air at
the HPT outlet as a function of time and the number of cycles.
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Figure 10. HPT outlet temperature as a function of time
and number of cycles (AR=2.5)

At the beginning of the discharge phase, the HPT outlet temperature is equal to 400 °C. For the first two hours, the
TES system allows the air to be heated up to around 600 °C (Figure 4b) and the decrease of the HPT inlet pressure
(corresponding to the TES outlet pressure reported in Figure 6) leads to an increase of the HPT outlet temperature up to a
value slightly lower than 450 °C (nominal condition for throttling case). In the last hour, the decrease of the HPT inlet
temperature overcomes the reduction of the pressure ratio, leading to a strong reduction of the HPT outlet temperature
(more marked in the first cycles). As mentioned, the air bypass is only required, in some particular conditions, for
avoiding a LPT outlet temperature lower than 25 °C. In this way, both the HPT and LPT operate at off-design conditions
for a large time interval. The design conditions were chosen, for both the turbines, in order to minimize volume flow
variations. In particular, for the HPT the design conditions occur after 1 hour and 45 minutes, while for the LPT after 1
hour. The volumetric flow rate of the air entering the HPT ranges from -22.3% to + 16.4% with respect to the design
conditions. Despite such a variation, a constant isentropic efficiency (85%) was considered. For the LPT the variation of
the volumetric flow rate is considerably lower, from -3.5% to 4.0%, and also in this case the efficiency was assumed
constant and equal to 90%. Figure 11 shows the fraction of air bypassing the HPT as a function of time and the number of
cycles.



663
664
665
666
667
668
669
670
671
672
673
674
675

[Digitare il testo]

G—6—=© 10" cycle
A—A—A 20" cycle
4—0—¢ Stable-state

I I
I I
09 | — —— — — l— — —l— — 4 - — — — b~ -
| I I I I I I
| | | 1 1 1
08 — — = — =~ Cycle number
— I I | | 4—<—< 1stcycle
07 | — — - — - — | f—s—k Bhcycle
I
I

Fraction of air split
o
[3,]
|

04 — — -
| | | | |
| | | |
S e e e e e A
7 | | | | | |
02 — — — 11— — —l— — - — 4~ L L
| I I I I I I
| | | | | |
S0 e e e e | e (Y o
- | | | | |
o B
90 100 110 120 130 140

Time (min)

Figure 11. Fraction of air bypassing the HPT as a
function of time and number of cycles (AR=2.5)

Figure 11 shows that the air bypass is not required after the 20" cycle (when stable conditions are almost reached),
since the LPT exhaust temperature exceeds 25 °C during the entire discharge phase. In the 10" and 5" cycles the air
splitting is required just in the last 5-15 minutes and the fraction of air split reaches a maximum value of 19% and 54%
respectively. In the 1% cycle, the air splitting upstream of the HPT is required starting about half an hour before the end of
the discharge phase. In the last 12 minutes both a bypass of the HPT and a pressure throttle upstream of the LPT (up to a
minimum value of 14.5 bar) are performed in order to reach an exhaust temperature higher than 25 °C.

Figure 12 reports the power output of the HPT and LPT and the overall power output of the A-CAES plant as a
function of time and the number of cycles. Both the HPT and LPT show a variable power output since they operate at off-
design conditions during the whole discharge phase. The HPT power output decreases with time due to the simultaneous
reduction of the inlet temperature and pressure ratio. On the contrary, the LPT power output only depends on the air inlet
temperature, the expansion pressure ratio being constant.
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Figure 12. A-CAES, LPT and HPT power as a function of
time and number of cycles (AR=2.5)

At stable conditions (practically after the 20™ cycle), the overall power output varies from a maximum of about 102
MW to a minimum of about 83 MW. The HPT power output decreases from 37 to 19 MW, whereas the LPT ranges
between 64 and 70 MW. In the early cycles, a strong power output reduction occurs in the third hour of the discharge
phase, due to the operation of the air bypass that causes a reduction of the HPT power output compared to stable
conditions. At the end of the 1% cycle, the overall power output drops to about 35 MW, due to both the bypass of the HP
turbine and the air throttling upstream of the LPT with a pressure reduction up to 14.5 bar.

4.3.3 Comparison of the two configurations
Table 8 reports the overall energy production and the round trip efficiency, calculated by Eq. (2), for the two operation
modes previously described and for several reference number of cycles.

Table 8. Global energy production and round trip efficiency

Energy production (MWh) Round trip efficiency (%)
Number of Throttling No throttling Throttling No throttling
cycles case case case case
1 270.9 276.5 715 73.0
5 282.2 288.0 745 76.0
10 284.5 289.6 75.0 76.4
20 286.1 291.6 75.5 76.9
Stable-state 286.5 291.9 75.6 77.0

As expected, at stable conditions the air throttling reduces the overall energy production, from 292 to 286.5 MWh. In
both operating modes the energy production is noticeably lower in the early cycles, becoming almost steady after the 20"
cycle as previously highlighted. Moreover, the energy difference between the two operating modes, about 5-6 MWh, is
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almost independent of the number of cycles. Indeed, the difference in energy production should be even smaller
considering the real behaviour of the turbines efficiency in off-design operating conditions.

In the absence of air throttling upstream of the HPT, both the HPT and LPT operate at off-design conditions for the
whole duration of the discharge phase. Conversely, the air throttling upstream of the HPT allows the LPT to operate
constantly at the design condition and the HPT for about 2 hours, while in the last hour it operates not so far from the
design point. Furthermore, since about 70% of the overall energy production is ascribed to the LP turbine, it may be
appropriate for the LPT to operate as close as possible to the design conditions. Therefore, the choice between the two
solutions should be guided by a proper assessment of the control and management of the machinery and of the entire
system in off-design operating conditions.

The round trip efficiency is given by the ratio between the electrical energy E produced by the turbine train and the
electrical energy E,, required by the compressor train, the fuel chemical energy Er being null. The total energy required
by the compressor E,, during the charge phase is equal to 379.0 MWh, leading to values of the round trip efficiency
ranging from 71.5% (first cycle of throttling case) to 77.0% (stable conditions of no throttling case), depending strictly on
the energy production. The difference between the two operating modes is about 1.5% at stable conditions. Such values
are considerably higher than those of D-CAES plants [9,10] and slightly higher, but comparable with those expected by
R&D studies on A-CAES, where efficiencies exceeding 70% are reported [16,56].

CONCLUSIONS

This paper reports an in-depth study of an adiabatic CAES (A-CAES) plant integrated with a packed-bed thermocline
thermal energy storage system, proposing a novel A-CAES configuration and operation mode. Several simulation models
were developed to evaluate the performance of the A-CAES plant and TES system, in both design and off-design
operation. The A-CAES plant studied is characterized by a nominal power output equal to about 100 MW and a charge-
discharge cycle per day, with an 8-hour charge and 3-hour discharge for continuous electrical generation.

The operation of the compression train, based on two axial compressors (LPC and IPC) and a centrifugal compressor
(HPC), was simulated predicting the performance as a function of the cavern backpressure. The total power required by
the compressor train ranges from 45 to 50 MW, varying the cavern backpressure from 60 to 100 bar. Globally, during the
8-hour charge phase, the compression train absorbs an electrical energy of about 380 MWh. The configuration of the
compressor train was chosen in order to fully ascribe the pressure ratio variation to the HP centrifugal compressor, since
its influence on the total energy requirements is not relevant. Accordingly, both the LP and IP axial compressors operate
very close to nominal conditions, so as to avoid instability of operation and excessive increase of power absorption. In
fact, the power required by the HPC (ranging from about 4.5 MW to about 7.5 MW) is significantly lower than the power
absorbed by the LPC (24.5 MW) and IPC (16.9 MW).

The TES charge and discharge processes were also analyzed, integrated with the A-CAES plant and, in particular, both
processes were optimized, maximizing the suitable thermal energy in the discharge phase. The TES performance was
evaluated as a function of the number of cycles. For an aspect ratio equal to 2.5, the minimum number of cycles needed to
reach a stable condition (no significant changes of the temperature distribution between one cycle and the next) was in
practice about 20. Due to the thermocline operating characteristics, it is not feasible to maintain a TES outlet temperature
equal to the reference TIT, set at 600 °C, for the whole duration of the 3-hour discharge. In fact, the air outlet temperature
remains constant and equal to 600 °C for about 2 hours, and when the thermocline approaches the top of the bed it
noticeably decreases (especially for the first cycles). The discharge temperature of the TES system is a key parameter and
its decrease in fact not only leads to a lower HPT power output, but can also drop the LPT outlet temperature below the
minimum allowed temperature set at 25 °C.

Finally, two different operating modes for managing the turbines during the discharge process were analyzed. A first
mode assumes a throttling of the compressed air upstream of the HP turbine during the first two hours of the discharge
phase (TES outlet temperature around 600 °C). The air throttling leads the turbine to operate at nominal conditions for
about 2/3 of the whole discharge phase and avoids an excessive deviation from the design conditions during the 3™ hour,
when the HPT operates at variable conditions. When the TES outlet temperature starts to decrease, a fraction of the
compressed air flow bypasses the HPT and mixes with the air entering the LPT which is heated up to the design
temperature, allowing the LPT to operate at nominal conditions during the entire discharge phase. In the second operating
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mode the compressed air is not throttled upstream of the HPT and the HPT inlet pressure varies during the entire
discharge phase between about 99.0 and 58.5 bar. Consequently, both HP and LP turbines operate at off-design conditions
during all 3 hours of discharge. In this case, the air splitting upstream of the HPT is performed just to prevent a LPT
discharge temperature below the minimum allowed value of 25 °C. At nominal conditions, the A-CAES power output is
about 100 MW, dropping to less than 40 MW in the last minutes of the first cycles. The overall energy production ranges
between 271 and 292 MWh, depending on the number of cycles and the operating mode. The results show that operating
without throttling allows an energy production that is theoretically greater by about 5-6 MWh, but requires operation at
the off-design condition during the entire discharge process. As a consequence the performance of the configuration
without throttling is affected by some uncertainty, due to the assumption of a constant isentropic efficiency for the
turbines.

Globally, the A-CAES plant shows a round trip efficiency in the order of 0.71-0.77, depending strictly on the number
of cycles and the turbine operation mode. Such values are considerably higher than those of D-CAES plants and are
comparable with those expected by R&D studies on A-CAES.
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