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Abstract: Energy storage makes energy continuously available, programmable, and at power levels
different from the original intensity. This study investigates the feasibility of compressed-air energy
storage (CAES) systems on a small scale. In addition to the CAES systems, there are two TES (thermal
energy storage) systems for the recovery of calories and frigories. The micro-CAES + TES system is
designed for a single-family residential building equipped with a photovoltaic system with a nominal
power of 3 kW. The system is optimized as a potential alternative to battery storage for a typical
domestic photovoltaic system. The multi-objective optimization analysis is carried out with the
modeFRONTIER software. Once the best configuration of the micro-CAES + TES system is identified,
it is compared with electrochemical storage systems, considering costs, durability, and performance.
The efficiency of CAES (8.4%) is almost one-tenth of the efficiency of the most efficient batteries on the
market (70–90%). Its discharge times are also extremely short. It is shown that the advantages offered
by the application of mechanical accumulation on a small scale are mainly related to the exploitation
of the thermal waste of the process and the estimated useful life compared to the batteries currently
on the market. The studied system proves to be non-competitive compared to batteries because of its
minimal efficiency and high cost.

Keywords: CAES; TES; small-scale; battery storage; optimization

1. Introduction

The gradual depletion of fossil fuels has driven research into renewable resources [1].
Many countries have made progress in promoting renewables within their energy mix, but
obstacles remain, and further efforts are needed. Making a renewable system reliable over
time requires provision from storage systems to avoid gaps in energy supply [2]. Energy
storage is a key determinant in the energy transition process. Energy storage systems
provide greater accessibility to renewable energy sources in the power grid, ensuring
both energy savings and reduced impact on the environment [3,4], while reducing the
gap between energy supply and demand [5]. The advantages offered by storage systems
include increased stabilization of energy supply that can cope with high- and low-demand
scenarios, relief of consumer bills by reducing and shifting peak electricity demand, and
improved grid resilience [6].

The energy stored can be generated from a system (active storage) or can be stored
passively in materials exploiting climatic fluctuations. In the latter case, some materials
can store the solar energy directly in the building’s walls using a sensible or latent process,
i.e., with traditional or phase-change materials (PCMs) [7]. By the same principle, thermal
solar energy can be stored in tanks integrated with PCMs to decrease the tank discharge
time [8].

The classification of active storage systems can be made by considering the form of
secondary energy in which the primary energy is stored.
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In electrical energy storage systems (EESSs), electrical energy is converted into other
types of potential energy, such as chemical, mechanical, elastic, and magnetic energy.
Among them are the following:

• Electrochemical storage, which includes lead–acid and nickel–cadmium batteries;
• Mechanical energy storage, such as compressed-air energy storage (CAES);
• Electrical storage, such as supercapacitors or superconducting magnetic energy storage (SMES);
• Hydrogen storage coupled with fuel cells for its reconversion into electrical energy [9,10].

Although the importance of storage systems for energy efficiency is widely recognized,
the range of energy storage techniques for microscale applications is very limited, and
some mechanical and thermal energy storage systems include those that are applied in
the high-power generation sector. In addition to being expensive [11], storage systems are
often oversized [12], and their disposal and average lifespan are also challenging [13].

Electrochemical storage is currently the state of the art for small-scale energy stor-
age. However, batteries are not yet considered to be a fully mature technology either
technically or economically. The most promising technology—namely, the lithium-ion
battery—depends on a strategic material that has limited uptake and is currently not
recycled for economic reasons. However, in addition to cost reduction, technological
improvements will also need to address increasing the specific energy and lifetime of
storage batteries.

CAES technology enables the trigeneration of electrical, thermal, and cooling energy
in the energy release process. Specifically, trigeneration systems simultaneously provide
heat, power, and cooling using a single fuel source. Compared with conventional systems,
cogeneration and trigeneration systems reduce fossil fuel demand and grid losses [14].

The trigeneration system of electrical, thermal, and refrigeration energy allows excess
energy to be stored in the form of compressed air and thermal heat, and enables refrigeration
energy to be produced through the direct expansion of compressed air. Modeling of
compressed-air energy storage systems considering network-specific requirements has
shown that optimal design leads to improved functionality and an overall reduction in
system costs [15]. CAES systems provide several advantages over other storage systems,
including high power and energy capacity, long service life, rapid response, and relatively
low capital and maintenance costs [16].

CAES can be integrated with renewable energy systems, such as wind and solar power.
This allows excess energy from renewable sources to be stored, effectively addressing
the fluctuation of renewable sources (i.e., avoiding curtailment) [17]. Several articles in
the literature have provided an overview of CAES in terms of scale, fuel utilization, and
integration with other technologies (e.g., smart grid and energy internet), emphasizing its
potential applications [18,19]. Wang et al. presented a discussion of the challenges and
prospects of using CAES systems [20]. CAES is considered to be the most cost-effective
technology, as well as being excellent for its scalability and ease of implementation when
used on a utility scale [21].

Today, CAES is mainly used on a large scale (i.e., macro-CAES)—compressed air
is stored, during the hours when the cost of energy is lowest, inside hermetically sealed
underground cavities and at pressures generally around 70–100 bar; the same high-pressure
gas is used in traditional turbo gas systems, or for pneumatic drives in production lines for
a wide variety of needs and for automation in general. These systems have a good energy
density—typically around 2–3 kWh/m3 of storage, which is almost 10 times higher than
the energy density of mechanical gravity storage used in hydroelectric power plants.

A potentially viable alternative to electrochemical systems for small-scale storage
is micro-CAES. Among the main advantages of micro-CAES coupled with TES (thermal
energy storage) is the possibility of recovering waste energy to make the micro electric
generation system more competitive. The heat developed during the compression phase
can be used for residential heating and/or domestic hot water production, while the
expanding cold air can be used for space cooling.

The potential advantages of micro-CAES systems are as follows:
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− Longer life than batteries, allowing a potentially unlimited number of charge and
discharge cycles;

− High sustainability, as they do not require the use of toxic or rare chemicals;
− Flexibility in operation and installation, allowing micro-CAES to operate independently

or in connection with the power grid, or even in combination with storage batteries.

Applications of small-scale CAES systems are not currently widespread. One reason
that residential micro-trigeneration and trigeneration have received much less attention
than large-scale systems is that small-scale applications provide a cooling load through
a reverse Rankine cycle that requires high capital cost components, such as absorption
chillers and boilers, to cool the load [22].

Cogeneration and trigeneration systems can operate more efficiently if electricity
and heat production are decoupled using thermal energy storage, where unneeded heat
is stored during the production period [23]. Achieving a highly feasible CAES system
enables the design of a flexible energy system characterized by the optimal use of fluctu-
ating renewable energy sources [24]. Different numerical and thermodynamic analyses
have been conducted in the literature to highlight and evaluate the applicability of CAES
systems [25,26]. Solutions to improve CAES systems’ performance have been proposed as
a result of optimization analyses [27]. Luo et al. [28] proposed a modeling and simulation
tool for A-CAES (adiabatic compressed-air energy storage) system optimization to identify
heat exchange and thermal storage units with suitable capacity and performance for air
compression/expansion units, and then analyze system efficiency and identify potential
improvement strategies.

Considering that the above, energy storage techniques for microscale applications
are still very limited—especially micro-CAES applications. This study proposes an opti-
mization of mechanical and thermal storage systems for small-scale trigeneration. The
objectives are to identify solutions that are economical (e.g., components with affordable
costs, technologies easily available on the market, and minimal maintenance) and adaptable
to the spaces generally available in the residential area.

The present work is an extension of previous works [29,30]; the system is designed
for a single-family residential building equipped with a photovoltaic system with a rated
power of 3 kW.

First, this paper presents the case study to which the optimization for a mechanical
and thermal storage system for small-scale trigeneration is applied. The purpose of the
optimization was to improve the efficiency of the micro-CAES + TES system, along with
attempting to simplify the structure as much as possible to make it economical and suitable
for residential spaces. Finally, a comparison with the use of battery storage systems
was conducted.

2. The Case Study: Micro-CAES for Trigeneration

The micro-CAES + TES system is designed for a single-family residential building
equipped with a photovoltaic system with a nominal power of 3 kW. The average electricity
demand of a family can be estimated at about 3000 kWh/year which, divided daily, becomes
about 8.2 kWh/day. Assuming that at least 50% of household consumption takes place
in the evening or at night when the photovoltaic system does not produce energy, about
4 kWh/day must be accumulated to have a good margin of autonomy from the grid.
Therefore, on a typical day, the photovoltaic system can produce for immediate daytime
consumption, or alternatively for night-time consumption by loading the mechanical
storage system so that it can be discharged for the night.

The operation, as in any other storage technology, is divided into two phases deferred
in time according to the time-shifting of the electricity demand of domestic users—a charg-
ing phase of the CAES’s compressed air tank, with electricity absorption to the compressor,
followed by a discharge phase of the same CAES tank with electricity generation to the
expander. During the charging phase, the CAES system accumulates photovoltaic electrical
energy in the form of energy elastic mechanics in the storage tank. At the same time,
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the HTTES (high-temperature thermal energy storage) system is also charged with the
heat transfer fluid which, moving in a specially designed secondary circuit, recovers the
thermal waste from the compression. During the discharge phase, the elastic energy is
again converted into electrical energy using a turbine connected to the alternator. At the
same time, the LTTES (low-temperature thermal energy storage) system is charged through
the expanded cold air that cools the heat transfer fluid, which moves in its secondary circuit
(distinct from that of the HTTES system). The heat developed during the compression
phase can be used for residential heating and/or domestic hot water production, while the
expanded cold air can be used for room cooling.

The problem is initially analyzed from a thermodynamic point of view. When filling
the storage tank, the compressor sucks in atmospheric air and processes it to raise the
storage pressure from the minimum operating value to the maximum. This process is
non-stationary, and the type of compressor chosen must have suitable characteristics to
keep the processed flow rate as constant as possible as the compression ratio varies. From
this point of view, the best-performing compressors are the alternatives, which also offer a
wide pressure range, long life, easy maintenance, and high reliability.

The choice of the type of expander, on the other hand, falls on the pneumatic reed
motor as a technology widely used on the market and at affordable prices. It is chosen to
power a motor with a nominal power of 5 kW with compressed air at 5 bar, obtaining a
mechanical power of 3.85 kW on the shaft.

In this study, the aim was to optimize a micro-CAES system powered by a photovoltaic
solar system with a nominal power of 3 kW for a domestic user, to which an electrical
power of 3 kW was allocated through a pneumatic reed motor powered constantly at 5 bar.
The CAES was combined with a high-temperature TES system for the recovery of thermal
compression waste, which took place through a reciprocating volumetric compressor, and
a low-temperature TES system for the recovery of the cooling capacity of the expanded air.

3. Optimization Setup

The goal of optimization is to maximize efficiency measures for mechanical and
thermal storage. The charging and discharging processes of the micro-CAES were analyzed
from a thermodynamic point of view to obtain the equations governing the problem in a
previous study [29]. These equations were implemented in MATLAB and optimized with
modeFRONTIER software.

Figure 1 shows the workflow of the optimization problem carried out in modeFRON-
TIER. The inputs, outputs, and constraints applied to the optimization model are described
in detail in the following paragraphs (Sections 3.1 and 3.2).
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In the workflow, the first set of DOE (design of experiments) is a random sequence.
The chosen NSGA-II (non-dominated sorting genetic algorithm II) optimization algorithm
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is an evolutionary algorithm suitable for solving optimization problems with multiple
objectives [31,32].

3.1. Inputs

The thermodynamic equations were implemented in the MATLAB environment.
Several operational coefficients and parameters were established in the preliminary analysis,
as shown in Table 1.

Table 1. Thermodynamic coefficients and parameters that are not subject to optimization.

Parameters Description Values

cp Specific heat at constant dry air pressure 1005 J/kgK
k Ratio of specific heats in dry air 1.4

n Characteristic exponent of polytropic process in the
compression cycle 1.25

p0 Atmospheric pressure 1 bar
pmin Minimum operating pressure 5 bar
PE Electric power generated by the alternator 3 kW
PM Power delivered by the pressure-fed reed motor 3.85 kW
R Specific constant for dry air 287.05 J/kgK
T0 Atmospheric temperature 20 ◦C
T0′ Temperature of the air leaving the LTTES heat exchanger 10 ◦C
TS Temperature of the air stored in the CAES tank 20 ◦C

Vexp Air consumption of the reed motor (FAD) 80 L/s
ηal Minimum alternator efficiency 0.78
ηe Efficiency of the electric motor of the compressor 0.8
ηg Global compression efficiency 0.7
ηis Isoentropic expansion efficiency 0.8

The optimization analysis was based on the variation, within a fixed range, of the pa-
rameters shown in Table 2. By simulating the variables in appropriate ranges, it is possible to
obtain, among all possible combinations, those that optimize the predetermined objectives.

Table 2. Input variables.

Input Variable Description Lower/Upper Limit Step Number of Inputs Generated

tc Relative charging time 1/5 h 1 5
βmax Maximum compression ratio 10/35 5 6
VS Volume of the CAES tank 1/10 m3 1 10

For the maximum compression ratio (βmax ) the lower limit of 10 was chosen, since for
pressures below 10 bar the air compression has insignificant temperature variations, which
would not justify the installation of the HTTES system. The upper limit, on the other hand,
was taken to be 35, because the datasheets of manufacturers of reciprocating compressors
show that with a maximum installed motor power of 3 kW (equal to the nominal power
of the photovoltaic system) it is possible to compress air up to a maximum of 35 bar. The
storage volume of the compressed air (VS) had an upper limit of 10 m3 for space and cost
reasons. Finally, the duration of the charging phase of the CAES (tc) must be consistent
with the hours during which the solar photovoltaic system can operate during the day;
for this reason, the upper limit of 5 h was set. The possible values assigned to each input
variable result in up to 300 different experiments to be conducted.

3.2. Outputs

The storage efficiency of the system was optimized from both the mechanical and the
thermal points of view. For the CAES system, the final purpose is electrical generation; the
efficiency of mechanical energy storage (ηms) is defined as the ratio between the electrical
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energy generated during the discharge phase (Le,exp) and the electrical energy spent on the
compressor during the charging phase (Le,med).

ηms =
Le,exp

Le,med
(1)

For the HTTES system, the final purpose is the recovery of the thermal waste from the
compressor, for which the coefficient of performance (COP) in calorific storage is defined as
the ratio between the thermal energy stored in the system (Qheating) and the net electrical
energy spent for storage

(
Le,med − Le,exp

)
.

COP =
Qheating

Le,med − Le,exp
(2)

For the LTTES system, the final purpose is the recovery of cooling capacity, so the
energy efficiency ratio (EER) in refrigerated storage is defined as the ratio between the
cooling capacity stored in the system (Qcooling) and the net electrical energy spent to
produce it

(
Le,med − Le,exp

)
.

EER =
Qcooling

Le,med − Le,exp
(3)

For all three systems, the maximum electrical power consumption (Pe,med) was con-
strained, as shown in Table 3.

Pe,med =
Pmax

ηg ∗ ηe
(4)

Table 3. Output variables and optimization choices in the workflow.

Output Variable Objective Type

Pe,max <3 kW
ηms Maximize

COP Maximize
EER Maximize

td Maximize

For the CAES, the discharge time (td) was maximized.

td =
Macc

Gexp
(5)

where Macc is the mass stored during the charging process and Gexp represents the mass
flow rate of expanded air processed by the turbine [29].

The study of the optimization of the micro-CAES + TES system is not limited to simply
maximizing the accumulation efficiency parameters; it is also necessary to combine other
requirements that arise from the installation of such a system within a home unit, as follows:

• Reduce the space occupied by the facility, with particular reference to the CAES tank,
which is the bulkiest element;

• Simplify the structure as much as possible to make it economical to purchase and maintain;
• Limit the maximum operating pressures to ensure greater safety;
• Power the households as long as possible so that the system is functional even in the

evening hours when the PV system is not producing energy.

4. Results

The results show that of the 300 experiments generated, less than 34% meet the
constraints imposed by the workflow. Unacceptable solutions were discarded from the
design space table.
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Figures 2 and 3 provide an estimation of the relationships between input and output
factors. A positive value (red bar) indicates a direct relationship, while a negative value
(blue bar) indicates an inverse relationship. In particular, Figure 2 represents the correlation
between the maximum power absorbed by the compressor Pe,max and the input variables
(Vs, βmax, tc), while Figure 3 shows the correlation between the CAES discharge time (td)
and the input variables.

Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

where 𝑀  is the mass stored during the charging process and 𝐺  represents the mass 
flow rate of expanded air processed by the turbine [29]. 

Table 3. Output variables and optimization choices in the workflow. 

Output Variable Objective Type 𝑃 ,  <3 kW 𝜂  Maximize 𝐶𝑂𝑃 Maximize 𝐸𝐸𝑅 Maximize 𝑡  Maximize 

The study of the optimization of the micro-CAES + TES system is not limited to 
simply maximizing the accumulation efficiency parameters; it is also necessary to com-
bine other requirements that arise from the installation of such a system within a home 
unit, as follows: 
• Reduce the space occupied by the facility, with particular reference to the CAES 

tank, which is the bulkiest element; 
• Simplify the structure as much as possible to make it economical to purchase and 

maintain; 
• Limit the maximum operating pressures to ensure greater safety; 
• Power the households as long as possible so that the system is functional even in the 

evening hours when the PV system is not producing energy. 

4. Results 
The results show that of the 300 experiments generated, less than 34% meet the 

constraints imposed by the workflow. Unacceptable solutions were discarded from the 
design space table. 

Figures 2 and 3 provide an estimation of the relationships between input and output 
factors. A positive value (red bar) indicates a direct relationship, while a negative value 
(blue bar) indicates an inverse relationship. In particular, Figure 2 represents the correla-
tion between the maximum power absorbed by the compressor 𝑃 ,  and the input 
variables 𝑉 , 𝛽 , 𝑡 , while Figure 3 shows the correlation between the CAES discharge 
time 𝑡  and the input variables. 

 
Figure 2. Relationship between the maximum power absorbed by the compressor 𝑃 ,  and the 
input variables 𝑉 , 𝛽 , 𝑡 . 

Figure 2. Relationship between the maximum power absorbed by the compressor Pe,max and the
input variables (Vs, βmax, tc).

Energies 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 3. Relationship between the discharge time 𝑡  and the input variables 𝑉 , 𝛽 , 𝑡 . 

To present the relationship between the mechanical energy storage efficiency 𝜂  
and the input variables, a 4D bubble chart (Figure 4) was used. This is particularly useful 
because it allows the values obtained from optimization for the four variables to be 
shown. In particular, the x and y axes represent 𝛽  and 𝜂 , respectively, while the 
diameter indicates the 𝑡  and the color indicates the 𝑉 . 

 
Figure 4. The x and y axes of the 4D bubble chart represent 𝛽  and 𝜂 , respectively, while the 
diameter indicates the 𝑡  and the color indicates the 𝑉 . 

The correlation matrix (Figure 5) summarizes all of the relationships concerning the 
mechanical accumulation system between the input factors (𝑉 , 𝑡 , 𝛽 ) and the output 
variables (𝑃 , , 𝑡 , 𝜂 ). 

 
Figure 5. Correlation matrix to summarize the results referring to CAES. Values close to +1 indicate 
that the two variables are positively correlated, while values close to −1 indicate a negative corre-
lation. If the value is close to 0, the variables are not correlated. 

Figure 3. Relationship between the discharge time (td) and the input variables (Vs, βmax, tc).

To present the relationship between the mechanical energy storage efficiency (ηnm)
and the input variables, a 4D bubble chart (Figure 4) was used. This is particularly useful
because it allows the values obtained from optimization for the four variables to be shown.
In particular, the x and y axes represent βmax and ηnm, respectively, while the diameter
indicates the tc and the color indicates the Vs.
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The correlation matrix (Figure 5) summarizes all of the relationships concerning the
mechanical accumulation system between the input factors (VS, tc, βmax) and the output
variables (Pe,max, td, ηms).
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The results were also plotted with reference to TES—specifically, the 3D bubble chart
in Figure 6 shows the relationships between COP, EER, and βmax.
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Figures 7 and 8 show the parallel coordinate charts of the COP and EER output
variables, respectively, in the optimized case. This is a particularly useful tool for plotting
the input and output variables of each design simultaneously.
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5. Discussions

This section presents a discussion of the optimization process. As shown in Figure 2,
the expanded charge times (tc) reduce the power absorption to the compressor. Instead,
there is a direct relationship between the power absorption to the compressor and the
storage volumes (Vs) and compression ratios (βmax). Figure 3 indicates that the CAES
discharge time (td) is directly related to all three input factors. The most influential factor
is the volume of the CAES tank (Vs). It is beneficial to have the longest possible discharge
times (td) in order to have a functional mechanical storage system for the power supply of
the residential building.

Furthermore, increasing the storage volume (Vs) can be useful within certain limits, as
it can be seen that as this factor increases, the power consumption to the compressor also
increases significantly. Increasing the charging time (tc) to the upper limit of 5 h, on the
other hand, has a twofold positive effect: a reduction in power consumption and an increase
in the discharge interval (the second most important factor after the storage volume).

It was assumed that the consumption of the building taken as a case study is concen-
trated in the evening hours, so during the day it accumulates electrical energy in elastic
form for 5 h, and in the evening this energy is reconverted into electrical form to supply
domestic users.

The maximum compression ratio (βmax) is almost irrelevant to the discharge time, but
it is the second most important factor in terms of incidence with respect to the increase in
compressor power. Therefore, within appropriate limits related to the space of the building
and the purchase costs of the tanks, it is convenient to work with larger storage rather than
higher storage pressures.

In Figure 4, it is possible to notice the inverse relation between ηnm and βmax. Therefore,
in order to maximize the ratio between electrical energy produced during the discharge
phase of the CAES system and electrical energy spent for the charge, it is necessary to
reduce the compression ratio to a minimum. The reduction in the maximum pressure
under which the CAES operates is a need in line with the considerations made previously
for the other output variables. The efficiency of mechanical energy storage is substantially
independent of the other input factors; it is not by chance that no trend emerges due to
the diameter or color of the bubbles. With fixed βmax, there is the same efficiency for any
combination of the factors Vs and tc, provided that the relative experiments have not been
discarded from the design table. For this reason, in the low-yield zone of the graph and,
thus, at the high pressures of the CAES, only a few combinations of the two factors are
possible (blue bubbles with large diameters, which indicate low storage volumes with
extended charge times). The high-yield zone is the one to focus on for further analysis. This
zone is also the one that offers the most choice in the configuration of the optimal setup
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for the system (bubbles of different colors with diameters of various sizes, meaning wider
ranges of values in which to try to combine the input factors).

The resulting optimized CAES configuration, consistent with the interval thresholds
set in the workflow of the problem, provides the following input factors for the solution:

• VS = 10 m3;
• tc = 5 h;
• βmax = 10.

Figure 6 highlights the fact that COP and EER are inversely proportional to the
compression ratio. Therefore, for HTTES and LTTES systems, it is also convenient to work
with βmax = 10.

To maximize COP and EER, a pair of VS and tc values is not specifically required, but
it is essential that the compression ratio is set to a minimum. Therefore, the configuration
adopted to optimize the CAES problem is also suitable for HTTES and LLTES systems. The
fact that the trends of mechanical and thermal storage systems are not in contrast with one
another is a very positive aspect. The input factor values of the experiment optimized for
CAES can be confirmed for HTTES and LLTES systems as well.

The qualitative analysis of the trends allows us to define the optimized configuration
for the micro-CAES + TES system under study.

In accordance with the equations reported in [29], starting from CAES, a single-stage
reciprocating compressor (N = 1) is required to process an airflow rate of Gmin = 11.88 kg/h
≈ 2.75 L/s (FAD) to a maximum pressure of 10 bar. The compressor requires a 1.5 kW
electric motor. A comparison of the results with real models from manufacturers’ catalogues
was carried out, and the reliability of the study model was confirmed. The compressor
takes 5 h to fill the CAES tank from the initial pressure of 5 bar to the final pressure of
10 bar, consuming about 6 kWh of electricity supplied by the solar photovoltaic system
in the process. The compressed air storage tank has a volume of 10 m3, equivalent to an
overall length of 5.2 m by 1.65 m in diameter. During the loading phase, a total of almost
60 kg of air is stored to be used later for expansion.

Since the compressor is single-stage (N = 1), the HTTES system recovers the thermal
waste from the charging phase exclusively through a heat exchanger located downstream
of the compressor. The maximum temperature of the compressed air leaving the stage is
estimated at about 190 ◦C, and the total heat recoverable in one charge is 8.6 MJ.

Moving on to the discharge phase of the CAES, this involves emptying the tank in
order to supply the previously selected pneumatic reed valve motor, in order to deliver
an electrical power of 3 kW to the user. The motor is supplied at a constant pressure of
5 bar, thanks to a pressure reducer installed downstream of the tank. Once this pressure
threshold is reached in storage, the reducer interrupts the flow, and a mass of air equal to
that discharged remains trapped in the CAES tank, i.e., about 60 kg. The discharge lasts a
total of 0.17 h (≈10 min). The minimum air temperature at the end of the expansion is just
below −66 ◦C, and the cooling capacity that can be recovered through the heat exchanger
of the LTTES system is about 4.6 MJ.

The mechanical and thermal storage values used for the optimized configuration
return ηms of 8.4%, COP of 0.43, and EER of 0.23.

Preliminary Analysis of Costs

Finally, a preliminary investigation of the system is presented, with the analysis of
costs and relative comparison with the most common electrochemical storage systems on a
small scale. Table 4 shows the purchase costs of the main components of the micro-CAES +
TES system studied.



Energies 2022, 15, 6232 11 of 14

Table 4. The purchase costs of the main components of the micro-CAES + TES system.

Component Cost

Tank (10 m3–10 bar) EUR 8000
Compressor (10 bar–1.5 kW) EUR 500

Air heat exchangers EUR 250 × 2 = EUR 500
Pneumatic reed motor EUR 1800

Alternator (3 kW) EUR 300
Total EUR 11,100

To make the comparison with battery storage systems, it was considered that the
average household consumption in the evening hours for a household amounts to approxi-
mately 4.5 kWh. Thus, for batteries, the cost analysis is summarized in Table 5.

Table 5. The purchase costs of storage batteries.

Battery Cost

Lithium battery (5.7 kWh) EUR 5000
Lead–acid battery (9 kWh) EUR 2500
Lead-gel battery (9 kWh) EUR 3000

For lead–acid and lead-gel batteries, it should be noted that about 50% of energy is
retained in the charge–discharge cycle to avoid damaging them. For this, a 9 kWh battery
is used. For lithium-ion technology, on the other hand, 80% of use is considered to be
5.7 kWh. In terms of purchase cost, the micro-CAES system is also cheaper than batteries.

Given that the CAES system under consideration can generate 0.51 kWh of electrical
energy to the user at a constant power of 3 kW, it was determined what configuration the
CAES system should have in order to generate a significant amount of energy, taking into
account the purchase cost and available space.

To obtain 3 kWh from the discharge, it would be necessary for the discharge to last
for 1 h. At this point, there are two options: increase the maximum compression pressure,
which compromises the already low efficiency of mechanical energy storage; or increase
the storage tank size.

In the first case, a compressor with a maximum air pressure of 35 bar and a 13 kW
motor is required, which is incompatible with the nominal power of a typical domestic
photovoltaic system. In addition, the mechanical energy storage efficiency would drop
to 6.16%.

In the second case, a 60 m3 tank would need to be filled to 10 bar in 5 h using a 9 kW
compressor, and the efficiency (a function of βmax) would remain fixed at 8.4%.

The efficiency of CAES (8.4%) is almost one-tenth of the efficiency of the most efficient
batteries present on the market (70–90%).

The only advantages that a micro-CAES + TES system such as the one studied can
offer compared to state-of-the-art batteries lie in its longer service life and the possibility
of recovering the thermal waste to be used for heating/cooling the building. The years of
service life for the system studied, as shown in Table 6, can be estimated by taking into
account the average life of the compressor, which is the component that is potentially the
most prone to failures and which, moreover, requires more attention for maintenance.

Table 6. Comparison of estimated service life years for different storage systems.

Accumulation System Estimated Service Life

Micro-CAES 20 years
Lithium-ion battery 10 years
Lead–acid battery 3 years
Lead-gel battery 5 years
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6. Conclusions

This study investigated the feasibility of compressed-air energy storage (CAES) sys-
tems, with the objective of carrying out the optimization of mechanical and thermal storage
systems for small-scale trigeneration, designed for a single-family residential building
equipped with a photovoltaic system with a rated power of 3 kW.

When dealing with a multi-objective optimization problem, the optimal solution
obtained is never unique. The results identify a set of potentially optimal solutions. Among
these, it is up to the decision-maker to choose which objective to favor in the optimization
strategy. In particular, for this case study, the best configuration for the CAES was obtained
under the following conditions:

• Reduced compression ratios (βmax). This allows for maximizing the mechanical accu-
mulation efficiency of the CAES and reducing the maximum power absorption to the
compressor, which is a very important aspect in the case of storage systems powered
by domestic photovoltaic systems, as in this case study. Finally, it is true that the
discharge time td is reduced, but the effect is marginal when compared to VS and tc.
This means that βmax can still be lowered, compensating for the effect on the discharge
time by pushing slightly more on the other two input factors.

• High charging time (tc). The power absorption is contained at compression, and the
discharge time of the CAES is increased.

• High storage volumes (VS). As this is the main factor influencing the increase in the
discharge time of the CAES, even if the power consumption increases, the effect is still
compensated by the choice to work with low compression ratios.

The results of the optimization showed some critical issues. A very small percentage
of the electrical energy stored in elastic form is again convertible into electrical energy. The
efficiency of CAES is nearly one-tenth of that of the most efficient batteries on the market,
and the discharge times are also extremely short. At the same time, for TES systems, only
43% of the net electrical energy expended is recoverable as heat in the HTTES system, with
the hot source (compressed air) at 190 ◦C; in the LTTES system, the recoverable cooling
capacity reaches about 23% in relation to the net electrical energy expended, with the cold
source (expanded air) at a temperature of −66 ◦C. A tank with a volume of 10 m3 is not
easy to install in a residential building.

The micro-CAES + TES system studied is inefficient, and is more expensive than
batteries. The only advantages that micro-CAES + TES systems offer compared to batteries
lie in their longer service life and in the possibility of recovering the thermal waste to
be used for heating/cooling the building. The critical aspect of the system, optimized as
much as possible in its configuration, can be attributed to the disproportion between the air
consumption of the reed motor in the discharge phase and the flow rate that the compressor
is able to process during the charging phase. The use of air motors, as widely accessible
devices, has proven to be unsustainable for a micro-CAES system, even if optimized.

Therefore, in the future, this micro-CAES + TES system for small-scale trigeneration
could be improved as a result of the optimization carried out in this work. If experimen-
tation with new expanders is able to reduce the consumption of compressed air during
discharge, the system could be configured as a viable alternative to batteries for the accu-
mulation of photovoltaic energy. This is because the system offers indisputable advantages
linked, as seen, to the exploitation of the thermal waste of the process to be used to heat/cool
the building. Furthermore, the estimated useful life is double or even triple compared to
some types of batteries currently on the market.

An interesting implementation of this study could involve the possibility of coupling
the proposed system with an air–ground heat exchanger.
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