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A B S T R A C T

This research proposes a novel co-simulation model for analyzing the time dependent performance of a com
pressed air energy storage (CAES) system driven by the renewable excess electricity. In particular, the system 
layout of the considered CAES includes: a compression train, an expansion train and a compressed air tank. All 
these components are modelled in MATLAB by suitable algorithms. The developed CAES is also coupled with a 
renewable plant supplying electricity to a plurality of users. The overall simulation model of the renewable plant, 
including the CAES, is developed in TRNSYS. The compressions train includes two centrifugal compressors and 
one reciprocating compressor. The expansion train includes three radial turbines. This model is designed for 
assessing the time dependent performance of the compressed air energy storage tracking the excess electricity in 
charging phase and the load in discharging phase. The models of the compressors and turbines are developed 
using the manufacturer maps approach. The selected user is a residential user including 50 buildings located in 
Naples, South of Italy. The proposed renewable plant consists of a compression train, featured by an overall 
capacity of 3.5 MW, a 1.5 MW expansion train and a 250 m3 compressed air tank at 350 bar. This system is 
integrated with a 6.30 MW photovoltaic field and 2000 m2 solar field of evacuated collectors. The photovoltaic 
electricity firstly meets the demand of the district users. The excess renewable electricity is used to drive the 
compressed air energy storage system. This system also includes a suitable waste heat management system, 
designed for storing the waste heat due to compression and reducing the air temperature at the inlet of each 
compressor. Such waste heat is used for heating the air delivered to the turbines. The thermal energy provided by 
the evacuated collector solar field is used for increasing the turbines inlet temperature.

The proposed system achieves promising energy results, being able to reduce by 59 % the primary energy 
demand of the selected residential district. Moreover, the compressed air energy storage system meets about 14 
% of the district load. The proposed system shows a limited economic profitability with a payback period of 21 
years, due to the high capital cost of the technologies involved in such plant.

1. Introduction

The integration of renewable-based technologies in the current en
ergy systems is crucial for advancing the energy transition toward the 
decarbonization goals set for 2050 (Li et al., 2022a). In this framework, 
electricity storage systems (ESS) play a key role in the development of 
innovative renewable and smart energy networks (Calise et al., 2023a). 
ESSs are strategic for power security and to achieve a flexible and robust 
operation of power systems (Mehigan et al., 2022). Their massive uti
lization has been presently limited by their high capital costs (Calise 
et al., 2019a). Considering the expected massive electrification of user 
demands in all sectors (residential, transport and industrial) (Li et al., 

2023), the future energy grids must be mandatory equipped with suit
able energy storage systems to balance the phase shift between user 
demand and non-programmable renewable electricity production 
(mainly wind and solar). This is crucial to limit energy transportation 
and exchange among the different local grids (Zhu et al., 2022). 
Consequently, ESSs will significantly contribute to achieve nearly 
grid-independent systems (Calise et al., 2021a).

In the realm of ESS, lithium-ion batteries (LIB) is currently the most 
reliable and mature technology (Shi et al., 2018), being extensively used 
in various light electric devices (Fei et al., 2023) (e.g. laptops) and 
electric vehicles (Fan et al., 2023). However, the extensive use of lithium 
is straining its supply chain, leading to rising costs for this technology in 
the coming years (Flexer et al., 2018). Lithium is indeed classified as a 
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critical raw material by a European study on Critical Raw Materials for 
Strategic Technologies and Sectors in the European Union (Maisel et al., 
2023). Moreover, the majority of LIB components (roughly 86 %) are 
supplied by Asian companies, determining severe issues in terms of 
market availability and competition (Bibra et al., 2022). Another critical 
issue regards the rare earth materials which are crucial for producing 
lithium battery (Abe et al., 2024). In this regard, the ongoing trade 
dispute between the U.S. and China over rare earth materials un
derscores the strategic importance of these elements. The U.S. is taking 
steps to reduce its dependency on Chinese imports through importing 
duties and investments in domestic production, while China is tight
ening its control over rare earth processing technologies. These de
velopments are likely to have far-reaching implications for global supply 
chains, technology manufacturing, and national security strategies 
(Politico. U, 2024). This would make the price of the lithium-battery to 
fluctuate under the international crisis (Zhang et al., 2024a). LIBs are 
not considered suitable for high-capacity ESS, specially for balancing 
unpredictable renewable energy sources like solar and/or wind (Calise 
et al., 2023b). Hydrogen-related technologies are considered one of the 
best alternatives for high capacity electric energy storage (Hernandez 
and Gençer, 2021). The European Union is trying to push the research 
and industrialization of hydrogen related technologies (E. Comission). 
However, this goal is far to be achieved, indeed these technologies are 
featured by extremely high capital costs (Böhm et al., 2020), and studies 
on renewables integrated with hydrogen as alternative ESS often show 
poor economic profitability (Calise et al., 2022).

In this framework, compressed air energy storage (CAES) can 

compete with hydrogen and lithium-ion battery, in terms of perfor
mance, capital costs (Tong et al., 2021), scalability, durability and sus
tainability (Bazdar et al., 2022). CAES main drawbacks are: low 
roundtrip efficiency (RTE), high response time, and low depth of 
discharge (Bazdar et al., 2022). Despite these limitations, combining 
CAES with renewable power generation is considered one of the most 
promising solutions for addressing the intermittency of renewable en
ergy (Assareh and Ghafouri, 2023). The operating principle of CAES is 
similar to the one of pumped-hydro power plants (Ardizzon et al., 2014), 
using air instead of water as energy carrier. Ambient air is compressed 
and stored in suitable storage systems such as tanks (Zhang et al., 2023), 
underground caverns (Han et al., 2022), or geological porous formation 
(Gasanzade et al., 2023). When electric demand exceeds renewable 
production, the pressurized air is heated and expanded in a turbine to 
generate electricity. A crucial aspect of CAES involves the design of a 
proper cooling system since compressing air from atmospheric pressure 
to storage pressure in a single stage is extremely energy intensive, 
whereas using multi-stage compression with intercooling stages signif
icantly enhances system efficiency (Salvini and Giovannelli, 2022; Liu 
et al., 2023; Moran et al. 2014). Simultaneously, the power produced by 
a gas expansion may be significantly enhanced by increasing the tem
perature of the inlet fluid (Moran et al. 2014). Therefore, conventional 
CAES systems employ fossil fuels to increase gas turbine inlet temper
atures, increasing the system power production (Baqari and Vahidi, 
2013). Furthermore, turbines represent a bottle neck for CAES systems, 
limiting the RTE of CAES to 40 %–55 % due to the need for external heat 
to increase their inlet temperatures (Budt et al., 2016).

Nomenclature

COP coefficient of performance of heat pumps [-]
cp specific heat capacity at constant pressure [kJ kg− 1 K− 1]
Cinv capital cost [€]
cv specific heat capacity at constant volume [kJ kg− 1 K− 1]
E energy [kWh]
J specific cost (purchasing) or price [€]
LHV Lower Heating Value [kWh Sm− 3]
ṁ mass flow rate [kg s− 1]
NPV Net Present Value [€]
P power [kW]
PE primary energy [kWh/year]
PES primary energy saving [-]
PI profitability index [-]
SPB simple pay-back period [years]
T temperature [◦C]
U internal energy [kJ] or [kWh]
UA overall heat transfer coefficient [W/K]
Vol volume [m3]

Greek Symbols
β compression/expansion ratio [-]
ε referred to isentropic factor
Δ difference [-]
η isentropic efficiency/efficiency [-]
ρ density [kg m− 3]
Ψ pressure level of the tank [%]

Subscripts
a, A referred to air
air referred to air
AA-CAES advanced adiabatic compressed air energy storage system
aux auxiliary system
available referred to available excess of renewable electricity

C compressor
CAES compressed air energy storage system
CH chiller
CW cooling water
deficit referred to deficit, i.e. demand, of electricity
ETC evacuated solar collectors
fromCAES referred to electricity withdrawn from the CAES
fromGRID referred to electricity withdrawn from the grid
HE heat exchanger
HEs referred to heat exchangers
HT referred to high temperature oil
inlet referred to the inlet side
INV inverter
MT referred to medium temperature oil
N speed number
outlet referred to the outlet side
plant referred to the whole CAES plant
PS proposed system
PV photovoltaic field
ref referred to reference value
rejected referred to rejected thermal energy
RS reference system
Rrenew ratio of renewable energy balancing the overall load of the 

district
T turbine
TK tank
TK-A referred to compressed air tank
TK-OIL-HT referred to high temperature oil tank
TK-OIL-MT referred to medium temperature oil tank
toCAES referred to electricity exported to the CAES
toGRID referred to electricity exported to the grid
W referred to water
Useful referred to useful thermal energy
USER referred to the thermal energy demand of the district
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Adiabatic CAES (A-CAES) technology aims to overcome the draw
backs of conventional CAES systems (Courtois et al., 2021), using the 
compression heat to reheat turbine inlet air, by using a suitable thermal 
storage (Razmi et al., 2021a). This approach can potentially improve the 
RTE up to 50–70 %, but a complex thermal management must be 
developed (Zhang et al., 2024b), also including the minimization of 
thermal losses (Zhang et al., 2024b).

The open literature includes several studies dealing with different 
aspects of CAES. Dib et al. (2021) presented a thermodynamic and en
ergy analysis of two types (mechanical piston vs liquid-piston) of 
isothermal compression technologies, including detailed mathematical 
models. The models showed that mechanical piston technology is 
favorable for producing hot water during compression and cold water 
during expansion, while liquid piston technology shows a 
quasi-isothermal performance. However, attaining near-isothermal 
compression and expansion is extremely challenging due to the rapid 
and energy-intensive heat transfer required. Innovative solutions, such 
as spray cooling, are being investigated at the theoretical stage and have 
shown potential RTE values greater than 75 % (Chen et al., 2020a). 
However, this kind of technology is at the precommercial stage and is 
mainly designed for small applications. Furthermore, achieving 
isothermal conditions is technically challenging and requires advanced 
engineering solutions which are complex and expensive.

To address the main limitation of A-CAES, advanced adiabatic 
compressed air energy storage (AA-CAES) systems (Budt et al., 2016) are 
increasingly being explored. AA-CAES integrates the principles of 
A-CAES with renewable energy sources. In this configuration, renewable 
energy sources are used to further increase the turbine inlet tempera
ture, increasing the overall system efficiency (Zhao et al., 2021). In ideal 
conditions (no thermal drops and pressure drops, ideal gas, etc), 
AA-CAES can achieve RTE up to 75 %, whereas real RTE values are 
around 60 %, highlighting the gap between theoretical and practical 
efficiencies (King et al., 2021).

Several studies in the scientific literature investigate hybrid systems 
that integrate renewable energy sources with CAES technology 
(Ghalelou et al., 2016), considering: wind (Razmi et al., 2021b), solar 
(Alirahmi et al., 2021), and biomass gasification (Diyoke and Wu, 2020). 
Many of these studies focus on improving system efficiency by inte
grating CAES with smart grids (Venkataramani et al., 2016), poly
generation plants (Jiang et al., 2021) for heating, cooling, and power, 
cogeneration plants (Vieira et al., 2021), or energy cascade utilization 
involving ORC (Du et al., 2022) or Kalina cycles (Piri et al., 2023) as 
bottoming cycles. Recently, Hai et al. (2023) investigated a poly
generation system that combines a biomass gasifier-fired steam Rankine 
cycle with a CAES system. In this configuration, the power generated by 
the Rankine cycle is used to supply the electric heater and compressor of 
the CAES system. Additionally, an absorption chiller and a heat 
exchanger are included to produce, respectively, domestic hot water and 
cooling energy using the waste heat from the gasifier-fired steam 
Rankine cycle. A fraction of the power is also supplied to a proton ex
change membrane (PEM) electrolyzer to produce hydrogen. Energy, 
exergy, exergoeconomic and environmental analyses were performed, 
achieving an exergy RTE of 41.21 %, a total cost rate of 708.14 $/h, and 
a unit cost of multi-generation of 0.072 $/kWh. The work is based on the 
steady-state assumption. Therefore, the turbomachines (compressor and 
turbine) are modelled using a simple constant isentropic efficiency 
model, which may lead to relevant errors, considering that compressors 
and turbines operate under off-design conditions (partial load) (Rahbari 
and Arabkoohsar, 2021). During the charging phase, the CAES system 
must track the available surplus power delivered to the compressors and 
the pressure inside the tank. Conversely, during the discharging phase, 
the system must follow the required power and the pressure inside the 
tank. Under these operating conditions, the RTE is lower than that 
achieved at rated load, i.e. under steady-state conditions (Chen et al., 
2020b). The energy and exergy efficiency of a CAES system at rated load 
can reach up to 65 %, whereas at partial load operation (30 %), both 

efficiencies drop below 45 %.
Optimal control strategies are pivotal for an efficient management of 

CAES systems under off-design conditions. Zhang et al. (2021) proposed 
the integration of an inverter-driven compressor between the com
pressed air tank and the turbine train, to control the turbine inlet pres
sure. Thus, the turbine operates at constant inlet pressure, but an 
additional compression work is required to this scope. This measure 
reduces the losses associated with the throttling valve, improving the 
system RTE by 1.8 %–2.7 %, also achieving constant isentropic effi
ciency for turbines and compressors because the inverter-driven 
compressor decouples their operation from the tank pressure level.

Yao et al. (2023) investigated a novel trigenerative system that in
tegrates compressed air and chemical energy storage. In this system, the 
heat generated during compression is used to decompose methanol and 
produce high-temperature syngas which can be stored and used as a fuel 
to drive the operation of a gas turbine. The residual heat from the system 
is also used to simultaneously produce cooling and heating energy via an 
ammonia-water absorption chiller. A multi-objective optimization was 
conducted to determine the optimal operating parameters of the air 
compressor and gas turbine from thermodynamic, economic, and envi
ronmental perspectives. The entire plant is simulated under steady-state 
conditions. The best solution achieved an exergy RTE of 42.96 %, a 
levelized cost of energy (LCOE) of 105.28 $/MWh, and CO2 emissions of 
206.94 kg/MWh of energy output.

Jannelli et al. (2014) explored a novel polygeneration small-scale 
CAES system for a stand-alone renewable energy power plant based 
on PV solar panels. The 33 kW PV field is designed to meet the energy 
demand of a radio base station for mobile telecommunications. This 
work introduces two main innovations: i) the use of a small-scale CAES 
system coupled with a thermal energy storage unit with inter-heating 
expansion and inter-cooling compression; ii) the production of cooling 
energy using the cold air available at 3 ◦C from the outlet of the last 
turbine in the CAES. The proposed system achieved an efficiency of 57 
%. However, the results of the study are limited by the constant poly
tropic efficiency approach used for modeling the compressors and 
turbines.

Guo et al. (2019) proposed a 10 MW A-CAES plant integrated with a 
waste heat recovery system. The performance of the compressors and 
turbines are modelled using the Wide Range of Conditions Model 
(WRCM), which is widely known for off-design simulations of turbo
machines (Ma et al., 2023) and was first developed in (Zhang and Cai, 
2002). Despite innovative, WRCM lacks effectiveness in mimicking the 
real operation of the compressors, as it only provides relationships be
tween dimensionless parameters, useful for theoretical analysis but not 
practical for real-world compressor simulation. The system proposed by 
Guo et al. (2019) is designed to follow fluctuating power demand and 
surplus. However, a major limitation of this research is the installation 
of a throttling valve between the air tank and the turbines, resulting in a 
constant pressure air flow rate being delivered to the turbines regardless 
of the power demand. This type of regulation is highly dissipative and 
reduces the overall energy performance of the plant. Despite this, sim
ulations indicate that the proposed system achieves a RTE of roughly 70 
% under steady-state conditions.

1.1. Aim and novelty of the work

The presented literature review proves the growing interest in CAES 
as a promising electric energy storage technology. The analysis of the 
off-design performance of CAES plant is a crucial point. In fact, when the 
CAES is used as an ESS, the compressors track the available surplus 
power and the pressure inside the tank, whereas the turbines track the 
power demand of the user and the pressure inside the tank. Therefore, a 
steady state analysis can be useful in design phase, but it can lead to 
nonrealistic results (errors in isentropic efficiency calculations and 
operating points falling outside turbomachineries operating maps) if 
used for simulating the transient performance of the whole CAES plant 
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(Logan, 2003). WRCM was developed to this scope (Zhang and Cai, 
2002), providing analytical relationship for the main operating param
eters of compressor and turbine, i.e. reduced mass, compression ratio, 
isentropic efficiency, and reduced speed. Given the design conditions of 
the selected turbomachine, its performance can be simulated by means 
of the analytical correlation functions. A significant number of research 
works rely on this approach for modelling the off-design operation of 
compressors and turbines (Guo et al., 2019).

To the best of the authors’ knowledge, two mains limitations are 
included in the WRCM model. The first one concerns the validation of 
this model, which is quite questionable since it is based only on an old 
reference, only available in Chinese language (Zhang et al., 1996). The 
second limitation regards the fact that WRCM approach does not take 
into account the performance map of the turbomachines. Therefore, the 
WRCM curves are only theoretical operating points, as suggested by 
Refs. (Zhang and Cai, 2002). and (Guo et al., 2019), potentially 
including unfeasible operating points, falling outside the turbomachin
eries operating maps (Logan, 2003).

In this framework, this paper proposes a novel approach for assessing 
the off-design performance of a CAES plant operating under variable 
dynamic conditions, based on a co-simulation approach. This proposed 
approach integrates a dynamic model, developed in TRNSYS of the 
whole plant. While the performance of the included turbomachine is 
assessed by means of the performance maps of turbines and compressors 
provided by the manufacturer. In particular, such performance maps are 
developed in the steady state condition. For this reason, the provided 
dynamic model relies on the quasi-steady state assumption, where the 
features and properties of the whole plant are dynamically assessed, 
whereas the features and the properties of the turbomachines are 
assumed in quasi-steady state conditions by means of the performance 
maps. This algorithm is used for accurately simulating the time depen
dent performance of an AA-CAES technology, used as electric energy 
storage system, storing the surplus PV power production, and matching 
the electricity demand of a fully electric residential district. Each stage 
of compression is intercooled, while each turbine stage is preheated, 
exploiting the waste heat due to compressors work and due to an 
evacuated solar thermal collectors field.

For the sake of clarity, the main novelties of this paper are here 
highlighted: 

• A detailed model of compressors and turbines based on performance 
maps provided by the manufacturer. Therefore, the proposed model 
can mimic the real off-design operation of turbines and compressors 
discarding all the operating points out of the performance maps.

• A detailed model of the air compressed tank taking into account the 
internal energy variation due to filling/emptying process.

• A dynamic co-simulation model of an AA-CAES serving a fully 
electric residential district as electric energy storage system, storing 
the excess photovoltaic electricity.

• A detailed dynamic model of the thermodynamic performances of 
the whole plant, also considering the heat transfer rates occurring 
within the plant. This point is a key aspect in the analysis. In fact, the 
thermal energy recovered from the compression work and supplied 
to the compressed air delivered to the turbine significantly affects the 
performance of the whole plant. In this framework, the heat ex
change occurring in each stage is carefully modelled and dynami
cally addressed.

2. System layout

Fig. 1 shows the layout of the proposed AA-CAES plant, designed to 
shave the peaks of power demand in a residential district. The power 
demand of the district is met by a photovoltaic (PV) field. When PV 
power production exceeds the power demand of the residential district, 
the surplus electricity is used to drive the compression train, which 
compresses the outdoor air. Specifically, the compression train is acti
vated only when the power surplus exceeds the minimum activation 
power of the compressors, a value that varies depending on the tank 
pressure. This plant includes a train of three compressors: compressors 
C1 and C2 are centrifugal compressors, while C3 is a reciprocating 
compressor. The compression phase is split in three intercooled com
pressions in order to reduce the overall compression work. This 
arrangement is selected according to manufacturer reports, suggesting 
that for high pressure fluids alternative compressors should be preferred 
to centrifugal compressors (Burckhardt Compression; Air Liquide; Bel
lissMorcom; Reavell; Copco, 2024). The suction air entering the first 
compressor, C1, is compressed as a consequence C1 outlet temperature 
is also very high. To reduce the overall compression work, two inter
cooling heat exchangers in series, HE-1 and HE-2, are used to reduce C2 

Fig. 1. Proposed CAES layout.
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inlet temperature. HE-1 and HE-2 operate using diathermic oil and 
water as cooling fluid, respectively, recovering a significant amount of 
waste heat.

The cooled air is then supplied to C2, where undergoes compression. 
The air at the delivery of C2 is further cooled by two heat exchangers, 
HE-3 and HE-4. HE-3 uses diathermic oil as cooling fluid. HE-4 operates 
using water as cooling fluid. The air stream at the outlet of HE-4 is 
supplied to the third compressor, C3, which is a reciprocating 
compressor with a constant pressure ratio (β) of 2.0. Finally, the air is 
cooled by HE-5, which operates with water as cooling fluid. This cooling 
step is crucial to reduce the temperature of the air delivered to the 
compressed air tank (TK-A). In fact, during the tank charging phase, a 
remarkable increase of the temperature of the tank is achieved. The rate 
of this temperature increase depends on the temperature and mass flow 
rate of the air fed to the tank. This is explained in detail in the section 
System Model. Cooling the air before it enters the tank limits the tank 
heating and increases the mass of air stored. Lowering the air temper
ature reduces its pressure increase, allowing more air to be stored before 
reaching the tank maximum allowable pressure.

The cooling process of the compression train is based on two types of 
heat exchangers: oil-driven and water-driven. The oil-driven heat ex
changers (HE-1 and HE-3) are designed to maximize waste heat recovery 
from compression. When the compressors are operating, the constant 
speed pump P-oil-HT-1 is activated, delivering oil to both HE-1 and HE-3 
with the same oil mass flow rate. The heated return oil is stored in the 
stratified oil tank T-OIL-HT. The thermal energy stored in this tank is 
used for heating the air entering the turbines during the expansion 
process, producing electricity. The water-driven heat exchangers (HE-2, 
HE-4 and HE-5) are designed to reduce the air temperature close to 
ambient temperature. When the compressors are operating, the constant 
speed pump PCW-2 is activated, supplying cooling water to these heat 
exchangers at a consistent flow rate. The water loop is balanced using an 
electric air-to-water chiller (CH). When the bottom temperature of the 
tank TK-CW (TTK-CW,bottom) exceeds the upper limit of 30 ◦C, the pump 
PCW-1 is activated, delivering water to the air-to-water chiller (CH) 
until TTK-CW,bottom is cooled below the threshold value of 20 ◦C.

An evacuated tubes solar thermal collector field (ETC) is integrated 
into the plant to preheat the air stream supplied to the turbines. The 
diathermic oil is heated by the ETC field and stored in the TK-OIL-MT 
tank. This thermal energy is then used for preheating the air supplied 
to the turbines. Note that the solar loop is managed by a variable speed 
pump PS driven by a feedback controller, steering the oil temperature at 
the outlet of the ETC at 200 ◦C.

When the PV power is insufficient to meet the residential district 
power demand, the compressed air is withdrawn from the compressed 
air tank and supplied to the turbines. This plant includes a train of three 
radial turbines. The expansion phase is divided in three inter heated 
expansions in order to increase the overall produced work. First, the air 
withdrawn from the tank is preheated by heat exchangers HE-6 and HE- 
7. HE-6 operates with medium-temperature diathermic oil provided by 
TK-OIL-MT, which is heated by the ETC. The air exiting HE-6 is further 
heated by HE-7, which uses high-temperature oil (TK-OIL-HT), heated 
by waste heat recovered from compression. HE-7 heats the air up to 
280 ◦C. In particular HE-7 is managed by a feedback controller selecting 
the proper mass flow rate of oil to deliver to this heat exchanger in order 
to get an outlet air temperature of 280 ◦C. This preheated air is then 
delivered to the first turbine, T1, where the air inlet enthalpy flow is 
partially converted into mechanical work, i.e. electricity. After the 
expansion occurring in T1, the air stream is then heated by HE-8, using 
medium-temperature oil, and HE-9, using high-temperature oil. The 
reheated air is supplied to the second turbine, T2. Again, after the 
expansion the air stream is further heated by HE-10, using oil from the 
solar tank, and HE-11, using oil from TK-OIL-HT, before entering the last 
turbine, T3, where it expands to ambient pressure.

During the discharging phase, the temperature of the compressed air 
tank (TK-A) decreases due to the reduction of internal energy as the tank 

empties, see System Model section. Managing the tank temperature is 
pivotal to avoid a decrease in the system roundtrip efficiency (RTE). A 
decrease of the tank temperature also determines a decrease of its 
pressure, resulting in a lower air mass flow rate. To address this issue, a 
heat exchanger (HE-12) is installed on the TK-A. When the temperature 
of the compressed air tank (TK-A) is higher than 20 ◦C, the pump PCW-1 
is not activated. When the temperature drops to 20 ◦C, PCW-1 is acti
vated, supplying water to HE-12. This pump supplies both the chiller 
(CH) and HE-12. If the temperature of TK-CW exceeds 30 ◦C, the pump is 
activated to cool the water through the chiller. At the same time, if TK-A 
temperature drops below 20 ◦C, the pump feeds water to HE-12. The 
pump is managed by a feedback controller designed to maintain the 
temperature of TK-A at 20 ◦C. A suitable amount of water is delivered to 
HE-12 to keep TK-A at 20 ◦C. Note that the same water used for cooling 
the compressors is used to heat TK-A, reducing the need for the chiller 
and saving electricity, thereby enhancing plant efficiency.

The pre-heating performed in heat exchangers HE-6 to HE-11 is 
crucial for increasing the enthalpy of the air stream and maximizing the 
electricity production. Note that heat exchangers HE-6, HE-8, and HE-10 
operate with oil heated by the solar loop. When the turbines are in 
operation, pump POIL-MT is activated, withdrawing a constant amount of 
oil from the tank TK-SOL-OIL and delivering it to these heat exchangers. 
At the same time, pump POIL-HT is activated, supplying oil to heat ex
changers HE-7, HE-9, and HE-11. The oil loop is managed by a feedback 
controller that adjusts the oil flow rate to each heat exchanger to achieve 
an outlet air stream temperature of 280 ◦C. Each oil-driven heat 
exchanger is specifically designed to heat the air to this target temper
ature, ensuring optimal performance and maximum electricity 
generation.

3. Simulation model

The overall dynamic model of the whole plant was developed in 
TRNSYS18 environment. TRNSYS environment is widely used in both 
academic and commercial fields (Calise et al., 2023a; Klein et al., 2004). 
This software is well known for its reliability and accuracy in dynami
cally simulating plants involving renewable energy sources (Calise et al., 
2023a; Cappiello and Erhart, 2021; Bordignon et al., 2021; Figaj, 2021; 
Angrisani et al., 2014). The models for the compressors train, heat ex
changers, turbines train, and compressed air tank are not included in 
TRNSYS library. Therefore the models of such components were suitably 
developed in MALTAB by the authors by using the state of the art al
gorithms. A suitable co-simulation approach was used to link MATLAB 
and TRNSYS simulations, by using Type 155 routine. For sake of brevity, 
only the descriptions of the in-house developed models are provided. 
Note that the in-house models are validated by a code-by-code 
approach, as explained in the following sections. Concerning the 
co-simulation model developed in TRNSYS, each model of TRNSYS is 
validated (Klein, 1988), for this reason the whole plant can be consid
ered validated as a whole. This approach is considered reliable and 
widely adopted in open literature (Bordignon et al., 2021; Figaj, 2021; 
Angrisani et al., 2014; Klein, 1988; Calise et al., 2024; Ahamed et al., 
2020).

3.1. Compressors train model

The operation of the compressors train is constantly in off-design 
conditions due to the need to track the available power provided by 
the renewable energy source (Pel,available) and the pressure inside the tank 
(Press,TKa), which increases during the charging phase. In addition, the 
temperatures of the diathermic oil tank and water tank rise due to the 
waste heat discharged by the air in the intercooling heat exchangers (see 
Fig. 1). To address these variable conditions, a suitable tool was devel
oped to dynamically assess the real operating point of each compressor 
and the whole compressors train. This tool can detect the real operating 
point of each compressor according to the real performance map 
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provided by the manufacturer. It assesses the corrected mass flow rate 
(ṁc,C), compression ratio (βC), corrected compressor speed (nc,C) and 
isentropic efficiency (ηC) at each time step. Moreover, it ensures that the 
operating points fall within the acceptable range defined by the per
formance map, rejecting any solutions outside this range. Given the 
available renewable power (Pel,available), tank pressure (Press,TKa), and the 
temperatures of the outdoor air, oil and water tanks, this tool dynami
cally mimics the real operation of each compressor, discarding all non- 
allowed operating points.

For this work, the compressor map of the ASME 95-GT-79, provided 
by GSP software (Xu et al., 2021; Calise et al., 2007) and Gasturb 
database (Calise et al., 2007; Boyce and Rao), is used. Since this map 
does not match the requirements of the developed plant, it is scaled 
according to the design capacity of the proposed plant using the 

similarity approach (Xu et al., 2021; Wang et al., 2017). The similarity 
method is a reliable and widely adopted method for scaling the map of 
turbomachinery to the design capacity of a developed system (Xu et al., 
2021; Wang et al., 2017).

The developed tool, implemented in the MATLAB environment, as
sesses the operating point of the compressor train based on the perfor
mance map of each compressor. Given the pressure of the air tank (Press, 

TKa) and the available surplus power (Pel,available) as input variables, the 
tool iteratively searches for the operating condition of the entire train, 
see Fig. 2.

The tool starts by assessing the compression ratio of the whole train 
and the number of compressors that need to be activated along with 
their respective compression ratios, see Eq. (1a) and Eq. (1b). Note that 
the third compressor is a volumetric compressor featured by a constant 

Fig. 2. Flow chart of the algorithm searching the operating point of the compressor train.
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compression ratio (βC3 = 2.0). 

βplant =
Press,TKa

Press,atm
(1a) 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

βC1 = βC2 =
̅̅̅̅̅̅̅̅̅̅
βplant

√
βplant < 350bar

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

βC1 = βC2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
βplant

/
βC3

√

βC3 = 2.0
βplant ≥ 350bar

(1b) 

The air is modelled as an ideal gas. This assumption was mainly 
performed in order to reduce the computational effort to run the 
developed model. However, such assumption is validated using a code- 
to-code approach: the results from this routine are compared against 
those based on real gas models, returned by Refprop (Lemmon et al., 
2007), a reference software widely used for fluid property calculations 
(Bordignon et al., 2021; Lemmon et al., 2007; Rane et al., 2021; Wang 
et al., 2024; Sheng et al., 2023; Ding et al., 2024; Bertini et al., 2021). 
Note that this assumption leads to an error around 4.4 % in assessing the 
mechanical work of the compressors train. However, this assumption is 

needed for reducing the computational effort of the proposed model, 
which must be run thousands of times (depending on the selected 
time-step) in TRNSYS for a 1-year simulation of the system as a whole. In 
particular, such approach is 56 % faster with the one adopting the real 
gas model for the air modelling.

Note that in Eq. (1b) it is assumed that both C1 and C2 operate with 
the same compression ratio. This assumption is consistent with the re
sults available in the thermodynamic analysis, in case of constant isen
tropic efficiencies, as shown references (Moran et al. 2014; Volpe, 
2011). However, the isentropic efficiency of the compressor changes as 
the compression ratio changes. Therefore, the optimal value of the 
pressure ratio of the first compressor should be determined dynamically 
for each operating point. This operation could be performed by a 
controller aiming at maximizing the air mass flow rate, for each value of 
the available excess electricity produced by the renewables. However, 
this is an extremely complex controller due to the non linearity and non 
convexity of the domain. Therefore, for sake of simplicity, the present 
study considers the optimal pressure ratios suggested by a simple ther
modynamic analysis. This assumption is supported by the results of 
several simulations showing that, changing the compression ratio 
among the compressors, a difference lower than 1 % is detected in the 

Fig. 3. Flow chart of the algorithm searching the operating point of the turbines train.
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compression work of the compression train.
Then the tool starts with a guess operating condition for the first 

compressor: i.e. a guess corrected mass flow rate value that falls within 
the performance map of compressor 1 (ṁc,C1), Fig. 2.

The corrected compressor mass flow rate (ṁc,C) (Boyce and Rao; 
Boyce and Boyce, 2012; Sforza and Sforza, 2012) is evaluated according 
to Eq. (2) (Calise et al., 2007). 

ṁc = ṁ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Tinlet
/
Tref

√

Press, inlet

/
Press,ref

(2a) 

Nc =
N

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Tinlet
/
Tref

√ (2b) 

Where, Tinlet and Press, inlet represent the temperature and the pressure of 
the air entering the compressor, respectively; while Tref and Press,ref are 
the reference temperature and the reference pressure, respectively.

Then, the algorithm enters in the performance map of compressor 1 
with the couple of values βC1 and ṁc,C1. The operating point of C1 is 
identified, including the isentropic efficiency for that operating condi
tion (ηC1). Consequently, the temperature of the air exiting the 
compressor is evaluated according to the following equation: 

Toutlet =Tinlet

[

1+
βε − 1

η

]

(3) 

A specific routine for assessing the cooling of the air downstream of 
the compressor is used. Two heat exchangers are considered: a high- 
temperature heat exchanger fed by diathermic oil and a low- 
temperature heat exchanger fed by water (see also Fig. 1). The heat 
exchangers are modelled using the ε-NTU method (Kakaç et al. 2020; 
Kays and London, 1984).

The main assumption regarding the ε-NTU method relies on the fact 
that the specific heat capacity of the two exchanging fluids can be 

Fig. 4. Tank model: charging phase (above) and discharging phase (below).

Table 1 
Design and operating parameters.

Parameter Description Value Unit

jel,fromGRID Electricity purchasing cost 0.30 €/kWh
jel,toGRID Electricity energy exporting cost 0.05 €/kWh

JETC ETC specific cost 300 (Calise et al., 2019b, 2020) €/m2

JPV PV specific cost 1000 (Cappiello and Erhart, 2021) €/kW
Joil Therminol 66 specific cost 5.65 (Calise et al., 2023a) €/kg
JC Compressor capital cost JC = 5840

(
Pel,C,rated

)0.82 (Calise et al., 2007; Luyben, 2018) €

JT Turbine capital cost JT = [ − 98.328 log(PT)+1318.5]PT (Calise et al., 2007; Traverso et al. 2004) €
Jpump Pump capital cost Jpump = 1.08

(
− 2.10− 8n&2 +0.0285 n&+388.14

)
(Calise et al., 2020) €

JHE Heat exchanger capital cost
JHE = 130.1.4

[(
AHE

0.093

)0.78]

(Calise et al., 2021b)
€

JTK-O Oil tank capital cost JTK = 494.9 + 0.808 VTK− O (Calise et al., 2014) €
JTK-A Compressed air capital tank JTK− A = 11394 VTK− A (Calise et al., 2007) €
JCT Cooling towers specific cost 36 (Calise et al., 2021b) €
JCH Chiller specific cost 150 (Cappiello and Erhart, 2021) €
ηel Conventional thermo-electric power plant efficiency 46 €/kWh
Fel CO2 equivalent emission factor for electric energy 0.48 kgCO2/kWh

Table 2 
Envelope features-for each building (Calise et al., 2020).

Building element Building A & B & C & D

U-value [W/m2K] Thickness (m) ρs (− ) ε (− )

Roof 0.916 0.255 0.4 0.9
Façades 1.204 0.240

Ground floor 1.030 0.285
Adjacent ceiling 1.157 0.295
Windows glass 2.89 0.004/0.016/0.004 0.13 0.18
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considered constant throughout the process and that the enthalpy does 
not depend on the pressure. However, due to the significant variation in 
the thermodynamic conditions along the compression train, the specific 
heat capacity is not considered constant throughout the entire 
compression train. Therefore, a modified version of ε-NTU method is 
used, where an average specific heat capacity of each fluid is used. Such 
parameters are calculated as the ratio between the enthalpy variation 
and the corresponding temperature variation. This approach is consid
ered reliable and used in several studies (Muscio et al., 2023). Note that 
the intercooling heat exchangers are assumed to be crossflow heat ex
changers. The equation modelling such a heat exchanger is reported 
below (Eq (4)) (Çengel, 2009). 

ε= 1 − exp[ − NTUg(1 − ω)]
1 − ωexp[ − NTUg(1 − ω)]

(4a) 

ϖ =
Ċmin

Ċmax
(4b) 

This routine returns the temperature of the air exiting the last heat 
exchanger (HE-2 Fig. 1) and entering the second compressor. Given the 
mass balance, the mass flow rate entering the second compressor is the 
same as the mass flow rate entering the first compressor. At this point, 
the corrected mass flow rate is calculated based on the thermodynamic 
condition at the inlet of the second compressor according to Eq. (2).

The algorithm then uses the performance map of the second 
compressor with the values βC2 and ṁc,C2, assessing the operating point 
of the second compressor and obtaining the isentropic efficiency for that 
operating point (ηC2).

The algorithm performs a power balance to determine if the identi
fied operating point matches the available power and the given maps of 

operation for the compressors, as shown in Fig. 2. The following equa
tion is used: 

Pel,availableηshaft − cp,airṁaTinlet,C1
βε

C1 − 1
ηC1

− cp,airṁaTinlet,C2
βε

C2 − 1
ηC2

= 0 (5a) 

Where ηshaft is the mechanical efficiency of the shaft. It is worth noting 
that this equation is applicable when only two out of the three com
pressors are in operation. If the result is zero, the algorithm stops, 
providing the corrected operating point of the compressor train. If this 
equation is not satisfied, the algorithm repeats the routine with a new 
guess corrected mass flow rate value. This means that the algorithm 
continues to adjust the guess value until Eq. (5a) is satisfied, as shown in 
Fig. 2. If the algorithm cannot find a solution, i.e. the number of itera
tions (Niter) exceeds a threshold value (Niter,max), a relaxed closing con
dition is considered, see Eq. (5b) and Fig. 2. This means that if the actual 
conditions, i.e. available power and tank pressure, lead to an operating 
point outside the compressors performance maps, the compressors train 
may use only a share of the available power, Fig. 2. In such cases, the 
unused power, i.e. Pel,unused = Pel,available - Pel,toCAES, is delivered to the 
grid as excess power. 

Pel,availableηshaft > cp,airṁaTinlet,C1
βε

C1 − 1
ηC1

+ cp,airṁaTinlet,C2
βε

C2 − 1
ηC2

(5b) 

Note that when all three compressors are in operation the procedure 
is the same as the one described above, but different equations are 
considered. 

Fig. 5. Compressors maps, obtained from the map of ASME 95-GT-79 (Figaj, 2021; Xu et al., 2021; Calise et al., 2007; Wang et al., 2017): compressor C1 above, 
compressor C2 below.
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Pel,availableηshaft − cp,airṁaTinlet,C1
βε

C1 − 1
ηC1

− cp,airṁaTinlet,C2
βε

C2 − 1
ηC2

− cp,airṁaTinlet,C3
βε

C3 − 1
ηC3

= 0 (6a) 

Pel,availableηshaft > cp,airṁaTinlet,C1
βε

C1 − 1
ηC1

+ cp,airṁaTinlet,C2
βε

C2 − 1
ηC2

+ cp,airṁaTinlet,C3
βε

C3 − 1
ηC3

(6b) 

Here, the second equation (eq. (6b)) refers to the relaxed closing 
conditions.

Note that if also the relaxed condition is not satisfied, a maximum 
number of iterations is considered (Niter,max). When the routine exceeds 
such threshold, i.e. Niter,max, the routine is stopped, delivering all the 
available excess power to the grid. This means that the available excess 
power and the pressure inside the tank lead to an operating point outside 
the operating maps of the compressors, i.e. an operating condition that 
must be rejected.

Finally, once the actual operating point of the compressor train is 
determined, the algorithm calls an explicit solver to assess the temper
ature of the air and coolant fluids at each state point, as well as all 
variables related to the operating point of each compressor (see also 
Fig. 1) and heat exchangers. This step is crucial, as the proposed model 
carefully addresses the thermal energy performance of the system, with 
particular attention to the temperature of the water and oil delivered to 

Fig. 6. Turbines maps, obtained from the map of NASA-CR-174646 (Mehigan et al., 2022; Calise et al., 2007, 2019a): a) turbine T1, b) turbine T2 and c) turbine T3.
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the heat exchangers. This ensures that the thermal energy performance 
of the plant is accurately modelled.

Compressors C1 and C2 are modelled using the performance map of 
the ASME 95-GT-79 compressor, provided by GSP software (Calise et al., 
2007, 2019a) and the Gasturb database (Mehigan et al., 2022; Calise 
et al., 2007). This map has been properly scaled using the similarity 
method as explained above. Compressor C3 is a volumetric reciprocating 
compressor, specifically a cylinder gas piston compressor (Giampaolo, 
2020). The selected compressor operates with a constant compression 
ratio βC3 equal to 2.0, partializing only the mass flow rate processed by 
the compressor. Given this assumption, the isentropic efficiency of this 
compressor is considered constant. In fact, each cycle is thermody
namically identical; varying the mass flow rate delivered to this type of 
compressor only changes the number of cycles (Mauro, 2023).

3.2. Turbines train model

Similar to the compressor train, the turbine train constantly operates 
under off-design conditions, as it needs to track the residual power de
mand of the plant/users (Pel,deficit). Additionally, the pressure and tem
perature of the air tank decrease during the CAES discharging mode, and 
the temperature of the oil feeding the heat exchangers also decreases. 

Table 3 
Design data of the main components of the plant.

Component Parameter Description Value Unit

C1 Type Type of compressor Centrifugal
βmax Maximum compression 

ratio of the compressor
15.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

C2 Type Type of compressor Centrifugal
βmax Maximum compression 

ratio of the compressor
15.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

C3 Type Type of compressor Alternative
βmax Maximum compression 

ratio of the compressor
2.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

Compression 
Train

Pel,max Maximum power of the 
compression train

3.80 MW

Pel,min Minimum power of the 
compression train

1.00 MW

T1 Type Type of turbine Radial
βmax Maximum compression 

ratio of the compressor
7.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

T2 Type Type of compressor Radial
βmax Maximum compression 

ratio of the compressor
7.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

T3 Type Type of compressor Radial
βmax Maximum compression 

ratio of the compressor
7.0 –

Tref Reference temperature 273.15 K
Pressref Reference pressure 1.013 bar

Expansion 
Train

Pel,max Maximum power of the 
compression train

1.50 MW

Pel,min Minimum power of the 
compression train

0.70 MW

Tk-A Pressmax Tank maximum pressure 350 bar
V Tank volume 250 m3

UA (HE12) Overall heat transfer 
coefficient of exchanger 

of Tk-A

15.00 kW/K

ṁoil,rated 

(HE12)
Rated diathermic oil 

flow rate
7 kg/s

HE1 ṁoil,rated Rated diathermic oil 
flow rate

6 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

15.02 kW/K

HE2 ṁoil,rated Rated diathermic oil 
flow rate

8 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

8.8 kW/K

HE3 ṁoil,rated Rated diathermic oil 
flow rate

6 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

12.05 kW/K

HE4 ṁoil,rated Rated diathermic oil 
flow rate

8 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

8.8 kW/K

HE5 ṁoil,rated Rated diathermic oil 
flow rate

8 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

4 kW/K

HE6 ṁoil,rated Rated diathermic oil 
flow rate

9 kg/s

Table 3 (continued )

Component Parameter Description Value Unit

UA Rated Overall heat 
transfer coefficient of 

exchanger

7.7 kW/K

HE7 ṁoil,rated Rated diathermic oil 
flow rate

2 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

7 kW/K

HE8 ṁoil,rated Rated diathermic oil 
flow rate

5 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

7.7 kW/K

HE9 ṁoil,rated Rated diathermic oil 
flow rate

2 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

7 kW/K

HE10 ṁoil,rated Rated diathermic oil 
flow rate

5 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

7.7 kW/K

HE11 ṁoil,rated Rated diathermic oil 
flow rate

2 kg/s

UA Rated Overall heat 
transfer coefficient of 

exchanger

7 kW/K

CH Qcool, rated Rated Cooling Capacity 0.80 MW
COP Rated COP 4.0 –
ṁCH Rated chilled water flow 

rate
16 kg/s

PV Pel,rated PV rated capacity for 
proposed system

6.40 MW

ηPV Rated PV field efficiency 18 %
ETC AETC Evacuated tubes 

collector area
2000 m2

QETC Rated ETC capacity 1.30 MW
ηETC Rated ETC efficiency 60 %
Tset Setpoint of the solar 

pump
200 ◦C

Therminol 66 Tsat (Press =
1.01 bar)

Stauration temperature 
at 1.01 bar

359 ◦C

ρ Density 885 kg/m3

cp Specific heat capacity 2.195 kJ/kg 
K

ν Kinematic viscosity 0.9700 mm2/ 
s
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Therefore, a suitable simulation model of the turbines train has been 
developed in MATLAB. This tool can identify the real operating point of 
the turbines train, discarding any points that fall outside the perfor
mance map of the turbines.

In this work, the performance map of the radial turbine NASA-CR- 
174646, available in the databases of GSP software and Gasturb 
(Mehigan et al., 2022; Calise et al., 2007, 2019a), is used. Similar to the 
compressor map, the turbine map is properly scalded according to the 
plant capacity using the similarity approach (Xu et al., 2021; Wang et al., 
2017).

To assess the operating point of the turbines train an iterative algo
rithm has been developed. Given the required power demand (Pel,deficit) 
and the pressure inside the tank (Press,TKa), the expansion ratio of each 
turbine is evaluated (Fig. 3 and Eq. (7)). 

βplant =
Press,TKa

Press,atm
(7a) 

βT1 = βT2 = βT3 =
̅̅̅̅̅̅̅̅̅̅
βplant

3
√

(7b) 

The same expansion ratio assumed for both turbines, on the basis of 

the same discussion reported above for the compressors (Moran et al. 
2014). The algorithm uses the map of the first turbine (T1) with the 
expansion ratio of the first turbine (βT1), assessing all the possible cor
rected mass flow rates (ṁc,T1) that fall within the performance map of T1 
and are characterized by this expansion ratio (Λ). The algorithm selects a 
guessed corrected mass flow rate (ṁc,T1) from this set of values (ṁc,T1 ∈

Λ, Fig. 3). Given this guessed corrected mass flow rate, another problem 
must be solved to detect the real mass flow rate. Two heat exchangers 
preheat the air entering the first turbine (T1 see Fig. 1). The corrected 
mass flow rate (ṁc,T1) corresponds to different real mass flow rate values 
depending on the temperature of the air leaving the heat exchanger 
HE-7 (Fig. 1), see also Eq. (2). However, heat exchanger HE-7 is 
managed by a feedback controller designed to select the appropriate 
mass flow rate of diathermic oil delivered to this heat exchanger to 
achieve an air outlet temperature of 280 ◦C. Consequently, the tem
perature of the turbine T1 inlet air is constantly maintained at the design 
value of 280 ◦C. Therefore, the real mass flow rate is evaluated according 
to Eq. (2).

Given the actual air mass flow rate, the corrected mass flow rate, and 
the temperature of the air entering turbine T1, the operating point of the 
first turbine is identified, obtaining the isentropic efficiency (ηT1). Then, 
the power provided by the turbine and the temperature of the air leaving 
the turbine are evaluated. Specifically, the temperature of the air leaving 
the turbine after expansion is evaluated using the following equation: 

Toutlet =Tinlet

[

1 −
(βε − 1)

η

]

(8) 

The air is modelled as an ideal gas. As explained in the previous 
section such assumption is validated using a code by code approach. At 
this point, the preheating subroutine is called. This subroutine models 
the heat exchange occurring in the heat exchangers HE-8 and HE-9 using 
the ε-NTU method (Kakaç et al. 2020; Kays and London, 1984). As 
mentioned in the previous paragraph, the mean specific heat capacity of 
each fluid is used, such value is assessed according to the thermody
namic conditions between the inlet and outlet of each heat exchanger. 
This approach is considered reliable and used in several studies (Muscio 
et al., 2023). In this phase, the subroutine is designed to assess the 
temperature of the air feeding the second turbine. Given the temperature 
of the air feeding the second turbine and the actual real mass flow rate, 
the corrected mass flow rate (ṁc,T2) is evaluated according to Eq. (2). 
Given the corrected mass flow rate (ṁc,T2) and the actual expansion ratio 
(βT2) for turbine T2, the operating point of turbine T2 is identified. The 
algorithm then enters the performance map of T2 to obtain the isen
tropic efficiency, assessing the temperature of the air leaving the turbine 
and the power provided by the turbine. The algorithm then calls the 
preheating subroutine again for subsequent turbines. Conceptually, the 
algorithm follows the same step above described, see Fig. 3.

Finally, the algorithm performs the following energy balance: 

Pel,deficit

ηshaft
− cp,airṁaTinlet,T1

1 − βε
T1

ηT1
− cp,airṁaTinlet,T2

1 − βε
T2

ηT2

− cp,airṁaTinlet,T3
1 − βε

T3
ηT3

= 0 (9a) 

If this balance is satisfied, the algorithm stops and returns the 
operating point of the turbine train (Fig. 3). Conversely, if this balance is 
not satisfied, a relaxed closure condition is considered. 

Pel,deficit

ηshaft
> cp,airṁaTinlet,T1

1 − βε
T1

ηT1
+ cp,airṁaTinlet,T2

1 − βε
T2

ηT2

+ cp,airṁaTinlet,T3
1 − βε

T3
ηT3

(9b) 

This equation means that the CAES provides a power lower than the 
residual power load of the district, with the remaining power is 

Table 4 
Yearly results.

Parameter Value Unit

Eel,LOAD 10.65 GWh/year
Eel,LOAD(District) 10.35 GWh/year

Eel,PV 10.80 GWh/year
Eel,fromGRID 4.36 GWh/year
Eel,toGRID 2.96 GWh/year

Eel,fromCAES 1.48 GWh/year
Eel,toCAES 2.48 GWh/year

Eel,self 6.30 GWh/year
Eel,aux 0.30 GWh/year
Eel,CH 0.30 GWh/year
Eel,P2C 0.30 GWh/year

Eth,O-HT,fromCs 1.02 GWh/year
Eth,O-HT,toTs 1.01 GWh/year
Eth,W,fromCs 1.10 GWh/year
Eth,W,rejected 1.10 GWh/year

Eth,O-MT,fromETC 0.88 GWh/year
Eth,O-MT,toTs 0.87 GWh/year

Eth,Cs 2.12 GWh/year
Eth,Ts 1.89 GWh/year

Eth,TK-a 0.04 GWh/year
Eel,self/Eel,LOAD 59.11 %

Eel,fromGRID/Eel,LOAD 40.89 %
Eel,fromCAES/Eel,LOAD 13.93 %
Eel,fromCAES/Eel,self 23.56 %

Eel,self/Eel,PV 58.32 %
Eel,toCAES/Eel,PV 23.00 %
Eel,toGRID/Eel,PV 27.42 %

ηroundrip 59.74 %
ηroundrip,overall 42.40 %
Eel,P2C/Eel,CH 98.74 %

Eth,Useful/Eth,Cs 49.88 %
Eth,O-MT,toTs/Eth,Ts 46.28 %
Eth,O-HT,toTs/Eth,Ts 53.72 %

COP 3.49 –
PERS 22.50 GWh/year
PEPS 3.04 GWh/year
ΔPE 19.47 GWh/year
PES 86.51 %

Rrenew 59.11 %
CRS 3.20 M€/year
CPS 1.52 M€/year
I 35.71 M€

IC + T/I 65.59 %
ΔC 1.68 M€/year
ΔC 52.57 %
SPB 21.25 years
NPV − 12.04 M€
PI − 0.34 –
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withdrawn from the grid, i.e. Pel,fromGRID = Pel,deficit – Pel,fromCAES.
If this equation is not satisfied, the algorithm performs all the rou

tines, changing the guessed corrected mass flow rate (ṁc,T1Fig. 3). Note 
that this guess value is still selected from the set of values Λ, Fig. 3.

If the algorithm is unable to find an operating point within the per
formance maps of the selected turbines that satisfies Eq. (8) or Eq. (9), 
the turbine train is not activated. This indicates that the given boundary 
conditions do not allow the turbines to operate. Therefore, the proposed 
model can identify and discard operating points that fall outside the 
range of operation for the selected turbines.

Once the operating point for the entire turbine train is assessed, all 
the previously discussed subroutines are recalled to explicitly determine 
all the operating parameters of the turbine train. Moreover, the pre
heating subroutines evaluate the heat exchange occurring in all the 
preheating heat exchangers (HE-6 to HE-11). Specifically, the outlet 
temperature of the oil (high-temperature oil (TTK-OIL-HT) and medium- 
temperature oil (TTK-OIL-MT)) is carefully assessed, evaluating the tem
perature of the oil returning to the oil tanks. Thus, the thermal energy 
demand of these heat exchangers is thoroughly evaluated. The tem
perature of the air significantly affects the power provided by the tur
bine train and the efficiency of the plant.

3.3. Compressed air tank model

The charging phase of a compressed gas tank is featured by an in
crease in the temperature of the gas stored in the tank. When considering 
the tank as a control volume, the gas inflow leads to a positive enthalpy 
flow, which increases the internal energy of the tank (U), causing a rise 
in the tank temperature (see Eq. (11) and Fig. 4). Conversely, during the 
discharging phase, the mass flow rate withdrawn from the tank leads to 

a negative enthalpy flow, reducing the internal energy of the tank (U) 
causing a decrease in the tank temperature (see Eq. (11) and Fig. 4). 
These phenomena are well known and analyzed in several works 
available in the scientific literature (Zhao et al., 2021; Couteau et al., 
2022; Li et al., 2022b; Melideo et al., 2017).

Since the temperature of the air in the compressed air tank (TTK-A see 
Fig. 1) is a key variable in a CAES plant, the compressed air tank is 
carefully modelled. According to the literature, the compressed air tank 
is assumed to be a closed system with only one inlet (charging mode 
Fig. 4 above) or outlet (discharging mode Fig. 4 below). The governing 
equations for such a system are summarized by the following systems. 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

dM
dt

= ṁ

dU
dt

= ṁh
charging

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

dM
dt

= − ṁ

dU
dt

= − ṁh
discharging

(10) 

Assuming ideal gas behavior for the air inside the tank, the system of 
equations can be rearranged as follows. 

TTK− A(i)=
(
cv,air

/
cp,air

)
⋅TTK− A(i − 1)MTK− A(i − 1) + Tfeed,a(i)ṁΔt

MTK− A(i − 1) + ṁΔt
(11) 

Fig. 7. Dynamic results for a typical winter day: above power results, below tank trends.
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TTK− A(i)=
(
cv,air

/
cp,air

)
⋅TTK− A(i − 1)MTK− A(i − 1) − Twithdrawn,a(i − 1)ṁΔt

MTK− A(i − 1) − ṁΔt
(12) 

At each time step (Δt), eq. (11) allows one to evaluate the tempera
ture inside the tank (TTKa(i)) during the charging phase (see Fig. 4
below), while eq. (12) assesses the temperature inside the tank (TTKa(i)) 
during the discharging phase (see Fig. 4 below). MTK-A represents the 
mass of gas stored into the tank.

The tank is also equipped with a heat exchanger designed to heat the 
tank during the discharging phase when the temperature of the tank 
decreases. As described in the System Layout section (Fig. 1), the heat 
exchanger is only activated when the tank temperature (TTK-A) drops to 
20 ◦C.

When the tank temperature approaches 20 ◦C, the water is delivered 
to the heat exchanger installed on the air tank. The temperature of the 
tank is evaluated according to the following system of equations. 

This system of equations represents the energy balance for the 
compressed air tank and the heat exchanger installed on the tank. The 
heat exchange phenomena are modelled using the logarithmic mean 

temperature difference approach (Stewart and Stewart, 2014). Note that 
the results returned by such model are validated against the ones 
returned by the software Refprop (Lemmon et al., 2007).

3.4. Thermoeconomic model

The energy performance of the proposed system (see System Layout) 
and of the reference system (RS) are evaluated according to the 
following equations. 

PERS =
Eel,fromGRID ,RS

ηel
(14a) 

PEPS =
Eel,fromGRID,PS − Eel,toGRID

ηel
(14b) 

PES=
PERS − PEPS

PERS
(14c) 

Where Eel,fromGRID represents the electricity withdrawn from the grid, 
and Eel,toGRID the electricity delivered to the grid. Both the reference and 
the proposed system are fully electric users, which will be clearly 

Fig. 8. Dynamic results for a typical summer day: above power results, below tank trends.

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ṁcv ,airTTK− A(i) = ṁcp,airTTK− A(i) + UA ln
[ (

Tw,in(i) − TTK− A(i)
)
−
(
Tw,out(i) − TTK− A(i)

)

ln
[(

Tw,in(i) − TTK− A(i)
)/(

Tw,out(i) − TTK− A(i)
)]

]

UA ln
[ (

Tw,in(i) − TTK− A(i)
)
−
(
Tw,out(i) − TTK− A(i)

)

ln
[(

Tw,in(i) − TTK− A(i)
)/(

Tw,out(i) − TTK− A(i)
)]

]

− ṁwcp,water
[
Tw,in(i) − Tw,out(i)

]
= 0

(13) 
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discussed in the Case Study section.
The economic performances are assessed as follows. 

CRS = jel,fromGRIDEel,fromGRID ,RS (15a) 

CPS = jel,fromGRIDEel,fromGRID,PS − jel,toGRIDEel,toGRID (15b) 

ΔC=
CRS − CPS

CRS
(15c) 

SPB=
Ctot

ΔC
(15d) 

Where the investment cost of the proposed system is evaluated accord
ing to the following equation. 

Ctot = JCs + JTs + JCH + JCT + Jpumps + JTKs + JTKA + JHEs + JETC + JPV

(16) 

Note that Table 1Table 1 in detail reports all the cost figures.
Finally, the following parameters are calculated in order to better 

analyze the performance of the proposed plant. Rrenew represents the 
share of the user load matched by means of renewable electricity. 

Rrenew =1 −
Eel,fromGRID ,PS

Eel,fromGRID ,RS
(17) 

The performance of the CAES is assessed by means of the average 
efficiency of the compressors train (ηC,average) the average efficiency of 
the turbines train (ηT,average) and the round-trip efficiency (ηroundtrip). 

ηC,average =

PC1,iso
/

ηC1
+ PC2,iso

/
ηC2

+ PC3,iso
/

ηC3
Pel,available

(18a) 

ηT,average =

PT1,iso
/

ηT1
+ PT2,iso

/
ηT2

+ PT2,iso
/

ηT2
Pel,produced

(18b) 

ηroundtrip =
Eel,fromCAES

Eel,toCAES + Eel,toCH + Eel,toCT
(19a) 

ηroundtrip ,overall =
Eel,fromCAES

Eel,toCAES + Eel,toCH + Eel,toCT + Eth,sol
(19b) 

Where, PCi,iso and PTi,iso are the compressor and turbine isentropic power, 
respectively. Eel,fromCAES is the electricity delivered from the CAES to the 
residential district, Eel,toCAES is the electricity delivered to the CAES, Eel, 

toCH and Eel,toCT are the electricity supplied to the electric chiller and to 
the cooling tower for cooling the cooling circuit of the CAES.

4. Case study

The proposed renewable plant is designed to serve a residential 
district, consisting of 50 buildings, and located in Naples, Southern Italy. 
The main features regarding such district are available in Ref. (Calise 
et al., 2020, 2023a, 2024). For detailed information on the methodology 
used for collecting the data needed to model this district, refer to Ref 
(Calise et al., 2020). For brevity, only a brief description of the district is 
here provided. The selected residential district includes buildings that 
were built during the same era, so they are assumed to have similar 
thermophysical properties, see Table 2 (Calise et al., 2020). The selected 
residential district is considered to be fully electric, where the space 
heating and cooling demands are met by independent air-to-air heat 
pumps. The thermal energy demand for domestic hot water (DHW) is 
met by an air-to-water heat pump (ANK-050 Aermec) (Calise et al., 
2023a).

The reference system (RS) consists of the fully electric residential 
district described above, where the power demand is met by electricity 
withdrawn from the grid.

The proposed system (PS) integrates this residential district with a 
6.30 MW PV field and an AA-CAES system designed to shave the peaks of 
the district power demand and renewable power production. This AA- 
CAES plant is designed to increase the residential district self- 
sufficiency.

The CAES system includes a train of three intercooled compressors, 
with a total capacity of 3.50 MW. The first two compressors are cen
trifugal compressors, obtained by scaling the map of the ASME 95-GT-79 
(Figaj, 2021; Xu et al., 2021; Calise et al., 2007; Wang et al., 2017) 
compressor according to the required plant capacity. The third 
compressor is a piston compressor. Fig. 5 displays the performance map 
of the scaled compressors C1 and C2 included into the compressors train.

The CAES includes a train of interheated turbines, with a rated ca
pacity of 1.50 MW. The turbines of such trains are designed by scaling 
the map of the radial turbine NASA-CR-174646 (Mehigan et al., 2022; 
Calise et al., 2007, 2019a) according to the plant requirement. Fig. 6
shows the maps of the scaled turbines.

Table 3 lists the main design data for the main components included 
in the proposed layout, namely: PV field, evacuated tube collectors 
(ETC), heat exchangers, compressors, turbines, chiller, and tanks. The 
size of the oil and water tanks were properly designed to maximize 
thermal energy storage. In particular, such tanks are capable of storing 
nearly 4 h of waste heat generated by the compressors. The PV fields and 
the ETC are designed with a very high capacity with the aim of maxi
mizing the contribution of renewable solar energy. The compressed air 
tank is featured by a maximum pressure of 350 bar and a volume of 250 
m3, being able to store almost 7.00–9.00 MWh of energy in terming of 
electric energy.

Fig. 9. Monthly results: electricity performance. Above electricity flux. Below 
electric energy ratios.
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5. Results

This section presents the results achieved by the proposed model of a 
residential district integrated with a 6.30 MW photovoltaic (PV) system 
and a compressed air energy storage (CAES) of approximately 7.00–9.00 
MWh. The simulation was performed using a PC equipped with an AMD 
Ryzen 7 5700G (3.80 GHz) as CPU and a 16.0 GB RAM. Each single 
simulation takes about 30–40 h.

5.1. Overall system performance

The proposed system achieves promising energy results with a 
renewable energy factor (Rrenew eq. (16)) of 59 % (Table 4). This is 
mainly due to the high self-consumption of renewable electricity (Eel, 

self), which meets nearly 59 % of the residential district electricity de
mand (Eel,LOAD), accounting for roughly 6.30 GWh/y, as shown in 
Table 4. The CAES system plays a crucial role in enhancing the share of 
self-consumed energy. In fact, the CAES provides about 1.48 GWh/y, 
meeting 14 % of the district annual demand (see Eel,fromCAES/Eel,LOAD in 
Table 4) and contributing by 24 % to the self-consumed energy (Eel, 

fromCAES/Eel,self, see in Table 4). Despite these trends, the excess electricity 
not used by the district and exported to the grid (Eel,toGRID/Eel,PV in 
Table 4) accounts for 27 % of the produced renewable photovoltaic 
electricity (Eel,PV).

Figs. 7 and 8 clearly justify such results. During the central part of the 
day, when the PV power production (Pel,PV) exceeds the residential 
district power demand (Pel,LOAD), the excess electricity is used to activate 
the CAES system (Pel,toCAES), i.e., the compressors, storing the electricity 
as compressed air (Figs. 7 and 8). From 09:00 to 13:00, nearly 3.20 MW 
of power is delivered to the compressors (Pel,toCAES), both for typical 
winter and summer days (Figs. 7 and 8). The tank pressure (ψ) reaches 
the maximum allowed value of 350 bar around 13:00, enabling the 
system to store surplus electricity for nearly 4 h. During the charging 

phase, the tank temperature increases due to the positive enthalpy flow 
associated with the mass flow rate delivered to the tank (Figs. 7 and 8).

The electricity used to run the compressors significantly fluctuates. 
Sometimes, the excess electricity is delivered to the grid (Pel,toGRID) 
instead of the compressors, even if the tank is not fully charged. When 
the tank pressure increases, the minimum power needed to activate the 
compressors also increases due to the higher overall compression ratio 
and the corresponding increase in work required by the compressors. 
This aspect highlights that the model can discard operating points that 
fall outside the compressors performance maps. Moreover, this result 
clearly remarks that the main challenge regarding the CAES relies on the 
management of the compressors. The compressors are featured by a 
limited range of operation. For this reason, the compressors significantly 
limit the flexibility of such a system. Nonetheless, the CAES system 
effectively smooths the peaks of surplus electricity, Figs. 7 and 8.

In the evening, starting from 17:00, the turbines are activated to 
meet part of the Pel,LOAD (Figs. 7 and 8). The power supplied by the 
turbines (Pel,fromCAES) decreases as the tank pressure drops (Figs. 7 and 
8). As the tank pressure decreases, the enthalpy of the compressed air at 
the turbines inlets also decreases, reducing the generated electricity. 
Unlike the compressors, the turbines operate continuously, providing all 
the power they can to meet a certain amount of the load (see Pel,fromCAES 
Figs. 7 and 8). The power load (Pel,LOAD) never falls below the minimum 
power produced by the turbines. The turbines provide power ranging 
from 1.50 MW to 0.70 MW (Figs. 7 and 8). During the tank discharge, 
the tank temperature decreases due to the emptying process (Figs. 7 and 
8).

A seasonal trend is clearly detected: as PV electricity production 
increases, the self-consumed energy also rises (Fig. 9). From April to 
July, self-consumed energy meets around 75 % of the residential district 
load (see Eel,self/Eel,LOAD in Fig. 9). In August, an increase in excess 
electricity (Eel,toGRID) is observed, due to high PV production (Eel,PV equal 
to 1200 MWh/month) and reduced load, as most residents are on 

Fig. 10. Compressors dynamic performance: above heat transfer rate below hot oil loop results.
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vacation.
From an economic perspective, the system yields moderate results. It 

reduces the district operating costs by 53 %, from 3.20 M€/year to 1.52 
M€/year. However, the Simple Payback Period (SPB) is significantly 
high, at 21.3 years, mainly due to the high capital cost of some com
ponents such as turbines and compressors, which account for 66 % of the 
total investment cost.

5.2. Compressed air energy storage performance

The performance of a CAES system in terms of electric energy storage 
and provision deeply depends on the thermal management of the entire 

plant. The thermal energy recovered from the compressors, exploited for 
driving the turbines (Eth,O-HT,toTs), accounts for 1.01 GWh/y, matching 
almost 54 % of the thermal energy supplied to the turbines (see ratio Eth, 

O-HT,toTs/Eth,Ts in Table 4). Moreover, the system is able to utilize almost 
47 % of the waste heat from the compression work (see the ratio Eth,O-HT, 

toTs/Eth,Cs in Table 4). This result is mainly due to the proposed plant 
reliance on two cooling loops: an oil-driven cooling loop and a water- 
driven cooling loop (see Fig. 1 in System Layout section). The oil- 
driven cooling loop is designed to maximize the temperature of the oil 
exiting the heat exchangers (HE-1 and HE-3 Fig. 1). This oil is used to 
increase the temperature, i.e., the enthalpy, of the air at the inlet of the 
turbines. The water-driven loop is designed to cool the air at the com
pressors inlet close to ambient temperature (HE-2, HE-4, and HE-5 in 
Fig. 1). According to Fig. 10, on average, 50 % of the waste heat is 
discharged into the oil loop (see Qth,HE1 and Qth,HE3), and 50 % into the 
water loop (see Qth,HE2, Qth,HE4 and Qth,HE5). The heat transfer rate dis
charged into both loops is roughly 1.60 MW each (Fig. 10). Note that the 
Toil, inlet,HEs refers to the diathermic oil temperature at the feeding side of 
the both oil driven heat exchangers HE1 and HE3.

As noted, these heat exchanges succeed in limiting the temperature 
at the compressors inlet (Fig. 11). This results in a very high efficiency of 
the compressors, with all compressors operating at around 80.0 ± 2.5 % 
isentropic efficiency, and the overall average isentropic efficiency of the 
compression train reaching almost 81.0 ± 3.0 %. These values are ob
tained from the compressors performance map, depending on the time 
dependent boundary condition, i.e. the available power and the coolant 
fluids temperature. These trends mimic the real operation of the selected 
compressor under off-design conditions.

The fluctuating trend observed for the compressors is due to the 
increasing pressure inside the tank, which raises the minimum power 
needed to activate the entire compression train. This point is discussed 
in the previous section. The temperature at the compressors inlet rises 
because the coolant fluids temperature increases during operation, due 
to the heat discharged by the compressors.

The thermal energy recovered and stored into the high temperature 
oil loop (tank TK-O-HT) is used for heating the air before it enters the 
turbines. The air entering the turbines is preheated by solar oil (medium 
temperature oil) and further heated by high-temperature oil heated by 
the compressors waste heat. Both loops, high-temperature and medium- 
temperature, contribute almost equally to heating the air before it enters 
the turbines, with medium temperature oil providing 47 % of the ther
mal energy delivered to the turbines (see Eth,O-MT,toTs/Eth,Ts in Table 4) 
and high-temperature oil providing 53 % of the thermal energy supplied 
to the turbines (see Eth,O-HT,toTs/Eth,Ts in Table 4). This heating process is 
crucial for increasing the enthalpy of the air entering the turbines, 
thereby enhancing turbine efficiency.

Fig. 12 is consistent with these trends, showing that medium tem
perature oil provides about 1.20 MW, and hot oil also provides about 

Fig. 11. Compressors train dynamic results: above efficiency of the single 
compressors and average efficiency of the compressors train, below tempera
ture at the inlet of the compressors.

Fig. 12. Turbine train dynamic results: heat transfer rates.
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1.20 MW. The heat provided by both loops decreases as the mass flow 
rate of air to the turbines decreases when the tank pressure drops 
(Fig. 13). Fig. 14 summarizes the heating system performance, showing 
that the plant maintains the air temperature at the turbines inlet at 

Fig. 13. Dynamic mass flow rate of the compressor train (left) and turbine train (right).

Fig. 14. Turbine train dynamic results: heating system dynamic performance.

Fig. 15. Turbines train dynamic results: efficiency of the single turbine.

Fig. 16. Monthly round-trip efficiency.
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280 ◦C. As described in the System Layout section, this system is managed 
by a feedback controller that selects the proper oil mass flow rate to 
achieve an inlet air temperature of 280 ◦C. This system is crucial for 
ensuring the turbines operate at their highest efficiency, with the tur
bines train achieving an overall efficiency of around 80.0 ± 2.5 % (see 
Fig. 15).

The high isentropic efficiency of the turbine and compressor trains is 
crucial for improving the system round-trip efficiency. The proposed 
CAES system round-trip efficiency, assessed according to eq. (19), is 59 
% annually (Table 4). However, this value shows a seasonal trend. 
During the summer months, when solar availability is higher, the round- 
trip efficiency reaches 61 %. Conversely, in winter, it drops to 59 % 
(Fig. 16). This is because, in summer, the available power is greater, 
allowing the compressors to operate under more favorable conditions 
according to their performance map.

6. Conclusions

The proposed research presents a co-simulation model for simulating 
the time dependent performance of a renewable plant equipped with a 
compressed air energy storage system driven by renewables. In partic
ular, such paper provides a completely novel model for mimicking the 
off-design performance of a compressed air energy storage system, based 
on the performance map approach. In addition, the proposed model also 
includes a proper compressed air tank model, taking into account the 
temperature rise/decrease in charging/discharging phase. The simula
tion model of the compressors train, turbines trains and compressed air 
tank are developed in MATLAB. These models are connected to the 
renewable plant and users developed in TRNSYS by means of the type 
155. Note that the provided model pays particular attention to the heat 
exchange phenomena occurring in the developed plant. In fact, this 
plant is also equipped with a waste heat management system for 
recovering the waste heat during the compression phase to reduce the 
temperature of the air at the inlet of each compressor. Such heat is used 
for preheating the compressed air delivered to the turbines, increasing 
the air enthalpy at the inlet of the turbines.

This plant is designed for operating as electric energy storage system 
to shave the peak of power demand and power production of a resi
dential district, equipped with a renewable power plant. The selected 
user is a residential district, including 50 buildings located in Naples, 
southern Italy. Such district is supposed to be fully electric: the energy 
for building space heating and cooling are met by means of reversible 
air-to-air heat pumps, the domestic hot water is produced by means of 
individual air-to-water heat pumps. Thus, the electricity withdrawn 
from the grid balances the district load, also including the electricity for 
running heat pumps.

The proposed system includes a photovoltaic field of 6.30 MW a 
compressor train of rated capacity of 3.5 MW a turbine train of rated 
capacity of 1.5 MW and a tank of 250 m3 and 350 bar. The compressors 
train includes two centrifugal compressors and one piston compressor. 
The turbines train includes three radial turbines. Moreover, to further 
increase the thermal energy delivered to the turbines such plant also 
includes an evacuated collector field of 2000 m2, i.e. 1.30 MW at rated 
conditions. The main results achieved by this research are summarized 
below. 

• The proposed plant reduces the primary energy consumption of the 
considered residential district by nearly 60 %.

• The compressed air energy storage system plays a crucial role in 
increasing the district self-consumption, in fact it accounts for 23 % 
of the self-consumed energy, meeting 13 % of district load.

• The evacuated collectors solar field provides almost 50 % of the 
thermal energy delivered to the turbines.

• The system achieves a quite high round trip efficiency, i.e. 59 %. This 
result is mainly due to the waste heat management system. The 
proposed system succeeds in limiting the temperature at the 

compressors inlet and at the same time such system is able to steer 
the temperature of the air at the inlet of the turbines. For these 
reasons turbines and compressors operate with high isentropic 
efficiency.

• The proposed plant achieves poor economic performance, i.e. a 
payback period of almost 21 years, because the high capital cost of 
the technologies involved.

The proposed layout successfully simulates the time dependent off- 
design performance of the proposed compressed air energy storage 
system. In particular such research highlights that the main limitation of 
a compressed air energy storage system is the compressors train. In fact, 
the compressors are featured by a very limited operation domain. In 
other words, the compressors features limit the flexibility of a com
pressed air energy storage system. Further analyses should be performed 
in order to study if other compressor technology could better suit the 
operation of a compressed air energy storage system.
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