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Abstract

Compressed Air Energy Storage (CAES) can potentially allow renewable energy sources to meet electricity
demands as reliably as coal-fired power plants. However, conventional CAES systems rely on the combustion
of natural gas, require large storage volumes, and operate at high pressures, which possess inherent problems
such as high costs, strict geological locations, and the production of greenhouse gas emissions. A novel and
patented hybrid thermal-compressed air energy storage (HT-CAES) design is presented which allows a portion
of the available energy, from the grid or renewable sources, to operate a compressor and the remainder to be
converted and stored in the form of heat, through joule heating in a sensible thermal storage medium. The HTCAES design incudes a turbocharger unit that provides supplementary mass flow rate alongside the air storage.
The hybrid design and the addition of a turbocharger have the beneficial effect of mitigating the shortcomings
of conventional CAES systems and its derivatives by eliminating combustion emissions and reducing storage
volumes, operating pressures, and costs. Storage efficiency and cost are the two key factors, which upon
integration with renewable energies would allow the sources to operate as independent forms of sustainable
energy. The potential of the HT-CAES design is illustrated through a thermodynamic optimization study,
which outlines key variables that have a major impact on the performance and economics of the storage
system. The optimization analysis quantifies the required distribution of energy between thermal and
compressed air energy storage, for maximum efficiency, and for minimum cost. This study provides a
roundtrip energy and exergy efficiency map of the storage system and illustrates a trade off that exists between
its capital cost and performance.

1. Introduction
With the rising addition of renewable energy sources in the electrical grid, the integration of these sources has
become increasingly challenging due to their intermittent nature. During surplus power generation, renewable
sources are often curtailed for the safety and integrity of the electrical grid [1-6]. A logical solution would be to
couple large-scale energy storage systems with renewable sources, which would reduce the curtailment and increase
the capacity of wind turbines and photovoltaics. A large-scale energy storage system would allow the renewable
sources to store excess power during periods of low demand, and provide the stored energy during periods of peak
electricity demand. Therefore, allowing renewable sources to provide both base-load and peak-load markets. [7-11]
Among the numerous types of energy storage technologies, Compressed Air Energy Storage (CAES) and Pumped
Hydro Storage (PHS) are most suitable for large-scale applications. However, CAES offers lower capital cost, lower
maintenance cost, and fewer geological restrictions, rendering it more appealing as compared with PHS [12-15].
Much work has been devoted to analyzing various CAES derivatives, such as diabatic, isothermal, and advanced
adiabatic CAES [16-21]. The categorization of these various CAES concepts is dictated by how heat is handled
during compression and prior to expansion of the air. The only two exiting CAES plants in the world are based on
the diabatic method, in which the heat of compression is not utilized in the system and is dissipated into the
environment [22]. Therefore, diabatic CAES requires a heat source in the discharge process to prevent condensation
and icing during expansion. The external heat source in diabatic CAES is provided by fossil fuels, therefore
releasing greenhouse gas emissions. Consequently, diabatic CAES is a combined storage and generation system
[23].
Isothermal CAES (I-CAES) aims to achieve true isothermal compression and expansion. I-CAES concepts are
typically based on piston machinery, as they provide relatively longer times for more heat transfer. Heat exchange
can be achieved through additional heat transfer surfaces and a liquid piston [24-27]. Open and closed cycle HydroPneumatic Energy Storage (HyPES) systems are one type of I-CAES where liquid, such as hydraulic oil, performs
the compression process. One major drawback of HyPES is its low energy density, which is the reason these
systems have not been built commercially, however subject to laboratory-scale investigation [28-29]. Of the more
attractive I-CAES proposals, one seeks to spray water droplets inside a reciprocating compressor to actively absorb
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the heat of compression [30]. However, such machinery has to be adjusted to endure water. Recent works
investigate the compression of foam for better heat transfer [31].
In advanced adiabatic CAES (AA-CAES), the heat of compression is stored and reused during the discharge
process. The absolute temperatures reached and stored, by the generated heat of compression in AA-CAES, have a
major influence on the system design and performance. Moreover, the cycle efficiency is dependent on and
increases with the absolute storage temperature [32-39]. Therefore, AA-CAES can be categorized into three types:
1) high temperature methods, with storage temperatures above 400C, 2) medium temperature methods, with storage
temperatures between 200C to 400C, and 3) low temperature methods, with storage temperatures below 200C. A
high temperature AA-CAES plant has two major challenges. First, increased engineering challenges arise when
designing a TES unit that is capable of handling both high-temperature and high-pressure operations. Second,
compressors capable of providing the exceedingly high temperatures are commercially unavailable [40-42]. In
addition, the limited potential market demotivates research and development efforts of such machinery [43].
Medium and low temperature AA-CAES bypass the research and development efforts associated with high
temperature compressors. In addition, the lower start-up times associated with such systems permit for involvement
in additional auxiliary markets [44]. However, medium and low temperature AA-CAES concepts suffer from lower
energy densities and lower roundtrip efficiencies [45-46].
Our novel and patented hybrid thermal and compressed air energy storage system is an extension of AA-CAES,
where the heat of compression is stored and utilized during the discharge process. However, in HT-CAES the
storage capacity is further increased by the direct conversion of electricity-to-heat in a high temperature TES unit,
through joule/resistive heating. Because discharge temperatures of available off-the-shelf compressors are
substantially lower than the maximum temperature of available TES mediums, these TES units cannot be fully
utilized in AA-CAES [47]. In addition, compressors typically require a constant input power, corresponding to their
design point, for optimal performance. Therefore, low quality, fluctuating, and highly intermittent renewable power
signals that are inapplicable for compressors can be utilized through direct conversion to heat, which further
increases the capacity of the HT-CAES system. In HT-CAES, part of the available energy is spent on operating the
compressor(s), and the rest is directly converted to heat and stored in a High Temperature Thermal Energy Storage
(HTES) medium. The HT-CAES configuration presented here also includes a turbocharger, on the discharge side,
which provides supplementary mass flow rate alongside the air storage. Through our analysis we show that the
addition of a turbocharger has the potential of drastically reducing the storage volume and pressure, which reduces
the system complexity and cost, in addition to eliminating the need for multistage compression and expansion.
Compared with advanced adiabatic systems, the hybrid design has the following advantages: 1) Assuming identical
machinery and air storage sizes, the hybrid design can provide higher output power through the additional stored
heat, which would be neglected otherwise in an advanced adiabatic design, 2) The necessary storage
volume/pressure can be reduced due to the increased capacity of the system and by the addition of the turbocharger,
which reduces the geological restrictions of the plant, 3) the complexity is reduced by mitigating the need for high
temperature compressor research and development, and by alleviating the need for multi-stage compression and
expansion, 4) it will be shown that with increased dependence on thermal storage the system cost is substantially
reduced.
In generally, the cost of thermal storage is substantially lower than the cost of air storage, per kilowatt-hour [48].
However, a heat engine is theoretically lower in efficiency than a CAES plant. Therefore, with increased reliance on
thermal storage, through the turbocharger, the HT-CAES system cost and efficiency are anticipated to decrease. The
goal of this work is to provide an efficiency and cost map of the HT-CAES system versus both the operating
pressure and the distribution of energy, between thermal and compressed air storage. This work will illustrate and
properly quantify a tradeoff that exists between the HT-CAES system cost and performance. Both roundtrip energy
and exergy efficiencies are quantified, presented, and compared. Lastly, a local optimum-line of operation, which
results in a local maximum in efficiency and a local minimum in cost, is presented.
2. Methods
Figure 1 represents the HT-CAES thermodynamic cycle that is analyzed here. During the charge process electricity
from renewable sources, or the gird, is used to operate the compressor. Simultaneously or subsequently, depending
on available power during the charge process, electricity is converted directly into thermal energy, through
joule/resistive heating, and is stored in the High Temperature Thermal Energy Storage (HTES) unit. The HTES unit
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takes advantage of the high thermal capacity of an inexpensive thermal medium to store heat that will later be used
to heat up the compressed air out of the air storage. Conversion of electricity to thermal energy can result in very
high temperatures and thus high energy densities when the energy is well contained. As a result, temperatures and
volumetric energy densities well in excess of traditional CAES and AA-CAES can be achieved, while the size of the
air storage can be reduced. The practical limit on how high a temperature can be reached in the HTES is defined by
the material properties of the storage and the electric wires. Alumina-based refractory provides service temperatures
in excess of 1700C and Nichrome wires can have a continuously operating temperature of ~ 1680C. With the
addition of an HTES unit, the workload is shifted from pure compression to investing partially in thermal storage.
This separation of energy storage between compressed air and thermal storage has the effect of expanding the
energy capacity of the compressed air system without the need to increase the air pressure or air storage capacity.
The HTES also allows the system to be dynamically scaled up or down as the load leveling demand changes without
any structural change in system configuration.
In addition to the direct electricity-to-heat conversion and storage, accomplished by the HTES, the heat of
compression is also stored separately in a Low Temperature Thermal Energy Storage (LTES), which is essentially a
two-tank system. Initially during the charge process, tank “a” is filled with a cold Heat Transfer Fluid (HTF) and
tank “b” is empty, shown in Figure 1. As the air is being compressed, tank “a” is discharged and the HTF collects
the heat of compression via the LTES charge heat exchanger. The hot HTF is then stored in tank “b” for later use
during the discharge process. During the discharge process, air is released from the cavern/tank and subsequently
maintained at a constant process pressure, via Joule-Thomson throttling, through the pressure-regulating valve. The
process pressure is herein referred to as the prime pressure. The temperature of the discharging air is then raised
through three successive stages of heating before entering the expander: LTES, regenerator, and HTES. Additionally
during the discharge process, a turbocharger is utilized which provides supplementary mass flow rate alongside the
air storage. This has multiple advantages: 1) the storage system does not purely rely on the mass flow rate provided
by the cavern 2) the necessary storage volume can be significantly reduced, which alleviates the restriction on
geological locations 3) storage pressures can be drastically reduced, which has profound impacts on the lifetime,
reliability and practicality of implementation 4) the cost of the system can be considerably reduced, as the system
cost becomes leveraged by the price of thermal storage, which is typically cheaper than CAES [49].

Figure 1: Patented Hybrid Thermal and Compressed Air Energy Storage Process Diagram [50]

Throughout this paper, the prime pressure, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , is defined as the minimum air storage pressure and the discharge
operating/process pressure, adjusted by the pressure-regulating valve. Hence, the prime pressure delineates the
expansion and compression ratios of the turbine and turbocharger compressor, which dictates their exhaust
temperatures 𝑇𝑇14 , 𝑇𝑇17 shown in Figure 1. Therefore, the placement order of the regenerator, LTES discharge heat
exchanger, and turbocharger junction on the discharge side of Figure 1 is one possible configuration. In this analysis
however, depending on the chosen prime pressure, the configuration order of the LTES discharge heat exchanger,
regenerator, and junction, is rearranged such that successive heating is always attained.
2.1 Problem Statement
As described, the novel hybrid storage system presented here allows a portion of the available energy, from the grid
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or renewable sources, to operate a compressor and the remainder to be converted and stored directly in the form of
heat by the HTES. The premise of this paper is to optimize this distribution of energy between compressed air
energy storage and thermal energy storage for maximum efficiency, and for minimum cost. To properly quantify the
distribution of energy between thermal and compressed air energy storage we define the variable β, which represents
the fraction of energy converted and stored in the form of heat through the HTES, Q HTES , over the total amount of
energy stored in the system; the energy of compression, WComp , plus electricity-to-heat conversion and storage,
Q HTES .
Q HTES
β=
(1)
WComp + Q HTES
The optimization analysis is achieved through a parametric study of the energy allocation fraction, defined by β, and
examining its effects on the performance, cost, component sizing, and various other parameters that characterize the
hybrid storage system. In addition to β, the prime pressure is also investigated as its variation leads to important and
conclusive design guidelines.
2.2 Assumptions
Pressure losses within the pipes were not taken into account and all components, besides the air storage and HTES,
are assumed to operate quasi-steadily during charge and discharge. The rational is that the residence time within
these components is much shorter than charge and discharge time scales, indicated in Table 1. Also, heat capacities
are assumed to be temperature independent and isentropic component efficiencies are incorporated. Table 1
summarizes the additional constants used throughout the investigation presented here.
Table 1: Thermodynamic Constants

Property
P1
T1
P2
T4
T12
Tmin
Tmax
tcharge
tdischarge
Woutput
εd,LTES
εc,LTES
ηc
ηDcomp
ηt
ηr
c HTES
R
cv
cp

Value
1
300
20
300
1000
1000
1600
6
6
100
0.8
0.8
0.75
0.75
0.8
0.8
0.88
0.287
0.718
1

Units
Bar
K
Bar
K
K
K
K
Hours
Hours
MW
kJ/kg K
kJ/kg K
kJ/kg K
kJ/kg K

Description
Atmospheric Pressure
Atmospheric Temperature
Maximum Air Storage Pressure
LTES Inlet HX Temperature During Charge
Turbocharger Inlet Temperature
HTES Primed/Initial/Minimum Temperature
HTES Maximum Temperature (End of Charge)
Charge Time
Discharge Time
Power Output Provided by the System
LTES Discharge Heat Exchanger Effectiveness
LTES Charge Heat Exchanger Effectiveness
Compressor Isentropic Efficiency
Turbocharger Compressor Isentropic Efficiency
Turbine Isentropic Efficiency
Regenerator Effectiveness
Specific Heat Capacity of HTES
Specific Gas Constant of Air
Specific Heat Capacity of Air at Constant Volume
Specific Heat Capacity of Air at Constant Pressure

It is imperative to note that the maximum air storage pressure, P2=20bar, assumed in this analysis is considerably
lower than that of conventional (~70bar) and advanced adiabatic (>70bar) compressed air energy storage systems. A
detailed outline of the calculations made for each component in the cycle is presented next; this includes all
significant equations and any component specific assumptions.
3. Calculations
The general mass and energy balance equations together with the calorically perfect gas equations of state are given
below:
𝑑𝑑𝑑𝑑
= 𝑚𝑚̇𝑝𝑝𝑖𝑖 − 𝑚𝑚̇𝑜𝑜𝑜𝑜𝑜𝑜
(2)
𝑑𝑑𝑑𝑑
𝑑𝑑𝐸𝐸
= 𝑚𝑚̇𝑝𝑝𝑖𝑖 ℎ𝑝𝑝𝑖𝑖 − 𝑚𝑚̇𝑜𝑜𝑜𝑜𝑜𝑜 ℎ𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑄𝑄̇ − 𝑊𝑊̇
(3)
𝑑𝑑𝑑𝑑
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𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑀𝑀𝑇𝑇

(4)

𝐸𝐸 = 𝑑𝑑𝑀𝑀
𝑀𝑀 = 𝑐𝑐𝑣𝑣 𝑇𝑇
ℎ = 𝑐𝑐𝑝𝑝 𝑇𝑇

(5)
(6)
(7)

Where

Where e and h are the specific energy and enthalpy, and M is the mass of air. The isentropic relation, for an ideal
and calorically perfect gas, relating pressure and temperature is below
𝑃𝑃2
𝑇𝑇2
=� �
𝑇𝑇1
𝑃𝑃1

𝑘𝑘−1
𝑘𝑘

(8)

3.1 Compressor
A constant compression ratio and flow rate is assumed in the compressor model. Additionally, adiabatic conditions
are assumed, which result in a constant compression power with a mass flow rate given by equation (9). The
compression mass flow rate, given by equation (9), is obtained by utilizing an energy balance, equation (3), and the
calorically perfect and ideal gas relation given by equations (7) and (8).
𝑚𝑚̇𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 =

𝜂𝜂𝑐𝑐
𝑘𝑘−1
𝑃𝑃2 𝑘𝑘

𝑐𝑐𝑝𝑝 𝑇𝑇1 �� �
𝑃𝑃1

𝑊𝑊𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝

(9)

− 1� 𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝

Where 𝜂𝜂𝑐𝑐 is the isentropic compressor efficiency, k is the ratio of specific heats for air, 𝑃𝑃2 and 𝑃𝑃1 are the maximum
air storage and ambient pressures respectively, 𝑇𝑇1 is the ambient temperature, 𝑐𝑐𝑝𝑝 is the specific heat of air at constant
pressure, and 𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 is the charge time. Lastly, 𝑊𝑊𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝 is the total allocated compression energy, which is a function
of β; therefore, the charge mass flow rate, given by equation (9), is also a function of β. The coefficient of 𝑊𝑊𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝 in
equation (9) is a constant, the value of which can be obtained through the constants in Table 1. The compressor
exhaust temperature is obtained by utilizing the isentropic compressor efficiency, defined as the ratio of isentropic
work over actual work, the isentropic relation given by equation (8), and the calorically perfect gas equation (7),
resulting in equation (10)

𝑇𝑇2 =

𝑃𝑃
𝑇𝑇1 �� 2 �
𝑃𝑃1

𝑘𝑘−1
𝑘𝑘

𝜂𝜂𝑐𝑐

− 1�
+ 𝑇𝑇1

(10)

3.2 LTES
The Low Temperature Thermal Energy Storage (LTES), as explained previously, is a two-tank system containing
and circulating a Heat Transfer Fluid (HTF), which collects the heat of compression during charge, and withdraws
the heat during the discharge process. Tank ‘a’ is assumed in thermal equilibrium with the environment and tank ‘b’
is assumed adiabatic, shown in Figure 1. Utilizing the constant heat exchanger effectiveness, 𝜀𝜀𝑐𝑐,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 , provided by
Table 1, and an energy balance, through equation (3) and (7), the inlet and exit LTES heat exchanger temperature
streams, corresponding to points 3 and 5 in Figure 1, can be obtained and are given by equations (11) and (12)
𝑇𝑇3 = 𝑇𝑇2 − 𝜀𝜀𝑐𝑐,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑇𝑇2 − 𝑇𝑇4 )
𝑚𝑚̇𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 𝑐𝑐𝑝𝑝
𝑇𝑇5 =
(𝑇𝑇 − 𝑇𝑇3 ) + 𝑇𝑇4
𝑚𝑚̇𝑐𝑐,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑐𝑐𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 2

(11)
(12)

Where 𝑚𝑚̇𝑐𝑐,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the LTES charge mass flow rate and 𝑐𝑐𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the specific heat of the HTF. All subscripts
correspond to the process diagram in Figure 1. The heat capacity rate of the air and LTES HTF are assumed equal.
Moreover, tank ‘b’ is assumed adiabatic, therefore 𝑇𝑇5 =𝑇𝑇7 in Figure 1. The temperatures in the vicinity of the LTES
discharge heat exchanger and the regeneration component are calculated similarly, by applying an energy balance,
assuming adiabatic conditions, and considering the heat exchanger effectiveness provided in Table. 1.
3.3 Air Storage
The air storage volume is calculated through an energy balance assuming an adiabatic, ideal, and calorically perfect

5

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.

gas. Utilizing equations (3)-(6) it can be shown that during the charge process the necessary air storage volume,
which operates at a specified pressure swing, ∆𝑃𝑃 = 𝑃𝑃2 − 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , is
𝑃𝑃𝐴𝐴𝑝𝑝𝑝𝑝 𝐿𝐿𝑜𝑜𝑜𝑜𝑝𝑝𝑎𝑎𝑎𝑎𝑝𝑝 =

𝑘𝑘𝑀𝑀𝑇𝑇3 𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝
𝑚𝑚̇
𝑃𝑃2 − 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝

(13)

Where 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the minimum storage pressure and 𝑃𝑃2 is the maximum storage pressure, given in Table 1. The
calculated results given by equations (9) and (11) are used to determine the air storage volume in equation (13). The
mass flow rate, given by equation (9), is a function of the energy fraction, β, therefore the air storage volume,
specified by equation (13), is also a function of β. The air storage discharge mass flow rate is determined through an
energy balance assuming an adiabatic, ideal, and calorically perfect gas. Utilizing equation (3)-(6), where 𝑑𝑑𝑜𝑜 is the
initial stored air mass determined through the ideal gas equation (4), it can be shown that
1

𝑚𝑚̇𝑑𝑑𝑝𝑝𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝

𝑑𝑑𝑜𝑜 + 𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 𝑚𝑚̇𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝
𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑘𝑘
=
�1 − �
� �
𝑑𝑑𝑑𝑑𝑝𝑝𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝
𝑃𝑃2

(14)

The air storage is initially assumed at a specified prime pressure, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , and ambient temperature. The air storage is
inherently transient therefore the time dependent temperatures and pressures must be calculated as the discharging
air passes through the various downstream components. Through the mass and energy balance, equations (2) and
(3), together with the calorically perfect gas equations of state, given by equations (4)-(7), the following discretized
equations are used to determine the time dependent temperature and pressure of the discharging air
𝑑𝑑(𝑑𝑑)𝑢𝑢(𝑑𝑑) 𝑑𝑑(𝑑𝑑 + ∆𝑑𝑑) − 𝑑𝑑(𝑑𝑑)
+
ℎ(𝑑𝑑)
𝑑𝑑(𝑑𝑑 + ∆𝑑𝑑)
𝑑𝑑(𝑑𝑑 + ∆𝑑𝑑)
𝑢𝑢(𝑑𝑑 + ∆𝑑𝑑)
𝑇𝑇(𝑑𝑑 + ∆𝑑𝑑) =
𝑐𝑐𝑣𝑣
𝑃𝑃(𝑑𝑑 + ∆𝑑𝑑) = 𝜌𝜌(𝑑𝑑 + ∆𝑑𝑑) ⋅ 𝑀𝑀 ⋅ 𝑇𝑇(𝑑𝑑 + ∆𝑑𝑑)

𝑢𝑢(𝑑𝑑 + ∆𝑑𝑑) =

(15)
(16)
(17)

The initial temperature of the discharging air is found by incorporating the ideal gas law given the specified
maximum pressure in Table 1, the calculated volume from equation (13), and the total stored mass. The air storage
is discharged until the specified prime pressure, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , is reached.
3.4 Turbocharger
The purpose of the turbocharger is to provide supplementary mass flow rate, at the junction in Figure 1, in addition
to the discharging cavern/tank flow rate. The total discharge flow rate, which enters the HTES and turbine, is
therefore the sum of both discharging cavern/tank mass flow rate plus supplementary mass flow rate provided by the
turbocharger. Through an energy and mass balance, on a control volume containing the turbocharger and power
turbine, the total necessary discharge mass flow rate is obtained and is given by equation (18)
𝑚𝑚̇𝑜𝑜 =

𝑊𝑊̇𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 − 𝑚𝑚̇𝑑𝑑𝑝𝑝𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 𝑐𝑐𝑝𝑝 (𝑇𝑇17 − 𝑇𝑇1 )
𝑐𝑐𝑝𝑝 (𝑇𝑇12 − 𝑇𝑇14 ) − 𝑐𝑐𝑝𝑝 (𝑇𝑇17 − 𝑇𝑇1 )

(18)

Where 𝑊𝑊̇𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 , 𝑇𝑇12 , 𝑇𝑇1 and 𝑐𝑐𝑝𝑝 are constants specified by Table 1, and 𝑚𝑚̇𝑑𝑑𝑝𝑝𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 is given by equation (14). The
compressor and turbine exhaust temperatures, 𝑇𝑇14 and 𝑇𝑇17 , are obtained by employing the isentropic compressor and
turbine efficiencies given in Table 1, similar to the procedure which arrived at equation (10).
3.5 HTES
The high temperature thermal energy storage (HTES) is inherently a transient component. However, the HTES can
be designed to deliver a constant temperature, necessary for optimal operation of a turbo-expander, through
bypassing a portion of the cold inlet air with the hot flow exiting the HTES, as shown in Figure 1. Applying the
energy and mass balance to the point where the bypass line mixes with the hot flow out of the HTES, the bypass
mass flow rate, 𝑚𝑚̇𝑏𝑏𝑝𝑝 (t), can be obtained as a function of 𝑇𝑇20 (𝑑𝑑) and 𝑇𝑇12 :
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𝑚𝑚̇𝑏𝑏𝑝𝑝 (𝑑𝑑) = 𝑚𝑚̇𝑜𝑜

𝑇𝑇20 (𝑑𝑑) − 𝑇𝑇12
𝑇𝑇20 (𝑑𝑑) − 𝑇𝑇11 (𝑑𝑑)

(19)

Where 𝑇𝑇20 (𝑑𝑑) is the time dependent temperature of the HTES. For simplicity, and as a first order approximation, a
lumped capacitance approximation is used to model the HTES, where no temperature gradients exist within the
HTES. Additionally, it is assumed that at each instant of time during the discharge process the exit air temperature is
equal to the instantaneous HTES temperature. The amount of energy allocated to the HTES, 𝑄𝑄𝛽𝛽,𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 , is used to size
its mass such that its maximum specified temperature is reached at the end of charge as follows
𝑑𝑑𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 =

𝑄𝑄𝛽𝛽,𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿
𝑐𝑐𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 (𝑇𝑇𝑝𝑝𝑎𝑎𝑚𝑚 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑖𝑖 )

(20)

The total energy that must be stored by the hybrid storage system, to deliver the constant energy output specified in
Table 1, must be iteratively solved at each specified β. This is because the sought-after efficiency of the system is
inherently a function of β as made clear by equation (21)
𝐸𝐸𝑝𝑝𝑖𝑖𝑝𝑝𝑜𝑜𝑜𝑜 (𝛽𝛽) =

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜
𝜂𝜂𝐼𝐼 (𝛽𝛽)

(21)

The first law efficiency, or equivalently the roundtrip energy efficiency, 𝜂𝜂𝐼𝐼 , is defined as the total output energy over
the total input energy, thermal plus compression. 𝐸𝐸𝑝𝑝𝑖𝑖𝑝𝑝𝑜𝑜𝑜𝑜 and 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 are the total input and output energies. The
bisection method is used to iteratively solve for the necessary input energy, such that the final HTES temperature, at
the end of discharge, reaches precisely the minimum value specified in Table 1.
3.6 Roundtrip Energy and Exergy Efficiencies
The roundtrip energy efficiency (1st law efficiency) of the system is defined on an energy basis as the total output
over total input energy as shown by equation (22).
𝜂𝜂𝐼𝐼 =

∫ 𝑊𝑊̇𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑
̇
∫ 𝑊𝑊𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑 + ∫ 𝑄𝑄̇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 𝑑𝑑𝑑𝑑

(22)

Similarly, the roundtrip exergy efficiency (2nd law efficiency) is defined as the total output over total input exergy,
as shown by equation (23).
𝜂𝜂𝐼𝐼𝐼𝐼 =

∫ 𝑊𝑊̇𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑
∫ 𝑊𝑊̇𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑 + ∫(1 − 𝑇𝑇𝑜𝑜 /𝑇𝑇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 )𝑄𝑄̇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 𝑑𝑑𝑑𝑑

(23)

The exergy associated with compression and expansion is equivalent to their energy values, assuming adiabatic
conditions. However, the exergy associated with heat transfer in the HTES is determined by the second term in the
denominator of equation (23). For simplicity, assuming no temperature gradients within the HTES and a constant
input electrical signal, the exergy associated with heat transfer can be calculated by first determining the HTES
temperature, 𝑇𝑇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 , during the charge process using the energy balance equation (3). Performing the Integration in
equation (23) and utilizing the 1st law efficiency and β definitions, through equation (22) and (1), results in equation
(24)
𝜂𝜂𝐼𝐼
𝜂𝜂𝐼𝐼𝐼𝐼 =
(24)
1 − 𝑇𝑇𝑜𝑜 𝛽𝛽ln(1 + 𝛿𝛿/𝑇𝑇min )/𝛿𝛿
Where 𝑇𝑇𝑜𝑜 is the ambient temperature, 𝑇𝑇min is the minimum HTES temperature, and 𝛿𝛿 is the maximum HTES
temperature difference, 𝛿𝛿 = 𝑇𝑇max − 𝑇𝑇min . The 2nd law efficiency of the system, equation (24), is presented
conveniently as a function of the 1st law efficiency, 𝜂𝜂𝐼𝐼 , the energy distribution fraction, 𝛽𝛽, and the HTES periphery
temperatures. By observing the 2nd law efficiency, equation (24), it becomes immediately apparent that all variables
in the denominator are positive. Therefore, the 2nd law efficiency is always greater than or equal to the 1st law
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efficiency, 𝜂𝜂𝐼𝐼𝐼𝐼 ≥ 𝜂𝜂𝐼𝐼 , which is consistent with the exergy efficiency of heat engines.
3.7 Cost Functions
The following cost functions, based on thermodynamic variables, are used to determine the purchase price of the
compressors and turbines [51], [52].
Ξcompressor = c1
Ξturbine = c1

39.5 𝑚𝑚̇
𝑟𝑟 ln(𝑟𝑟𝑐𝑐 )
0.9 − 𝜂𝜂𝑐𝑐 𝑐𝑐

266.3 𝑚𝑚̇
ln(𝑟𝑟𝑝𝑝 )(1 + exp(0.036𝑇𝑇inlet − 54.4𝑐𝑐2 ))
0.92 − 𝜂𝜂𝑜𝑜

(25)
(26)

Where 𝑟𝑟𝑐𝑐 and 𝑟𝑟𝑝𝑝 are the compression and expansion pressure ratios and the constants, c1 =1.051 𝑐𝑐2 =1.207, reflect
costs reported by the Gas Turbine World Handbook [51], [52]. The cost of air storage through an above ground tank
typically scales with volume and pressure, however, with a fixed maximum pressure throughout this study, the cost
function for a tank as a function of volume, based on multiple vendors (Fjords Processing, KS Industries, Modern
Custom Fabrication Inc.), is below
(27)
ΞAir Storage = 1000 𝑃𝑃𝑜𝑜𝑎𝑎𝑖𝑖𝑘𝑘
The cavern cost function, based on volume, is shown below [23]
ΞAir Storage = 3.75 × 107 + 62 𝑃𝑃𝑐𝑐𝑎𝑎𝑣𝑣𝑝𝑝𝑝𝑝𝑖𝑖

(28)

In this analysis the cheapest air storage architecture, based on the above cost functions, is utilized. Lastly, the HTES
is an alumina-based refractory with a material purchase cost, based on mass and determined through various vendors
(Resco Products, Harbison-Walker Refractories), given by the cost function below
ΞHTES = 2.2𝑑𝑑𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

(29)

In addition to the above cost functions, a factor of 1.25 is multiplied to account for the remaining heat exchangers,
pipes, valves, LTES HTF and tanks. The total system capital cost per kilowatt-hour is given below
𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑 �

(Ξcompressor−1 + Ξcompressor−2 + Ξturbine−1 + Ξturbine−2 + ΞAir Storage + ΞHTES ) × 1.25
$
�=
𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜
𝑘𝑘𝑊𝑊ℎ

(30)

Where two compressor and turbine cost functions are considered, as evident by Figure 1. The denominator
represents the total delivered energy, obtained by multiplying the total discharge time by the constant output power,
as specified in Table 1.
4. Results
As stated in the Problem Statement section 2.1, the premise of this study is to investigate the performance and cost
of the hybrid energy storage system as the energy distribution between thermal and compressed air energy storage is
varied. The distribution of energy is quantified through the variable β, equation (1). The extreme case of β=100%
results in pure thermal energy storage, as no energy is allocated towards compression, and the air storage does not
receive or provide any air mass flow. Therefore, in the case where β=100% the process diagram, in Figure 1,
becomes a regenerative Brayton cycle. Conversely, the case of β=0% results in pure compressed air energy storage,
with no energy allocated to the HTES. In addition to analyzing the ramifications of β on the performance and cost of
the system, the prime pressure is also investigated. The prime pressure, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , represents the minimum air storage
pressure and the discharge operating pressure, which is adjusted through the pressure-regulating valve, as shown in
Figure 1. The two variables under investigation β and 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are of particular interest as their variation lead to
noteworthy and definitive design guidelines.
4.1 Roundtrip Energy and Exergy Efficiencies
The roundtrip energy efficiency (1st law efficiency) map of the HT-CAES system, and its corresponding contour
plot, is provided in Figure 2. As stated previously, in the extreme limit of β=100%, where the energy is stored purely
in the form of heat through the HTES, the hybrid storage system becomes a regenerative Brayton cycle. Moreover,
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in a regenerative Brayton cycle, with a constant power output and turbine inlet temperature, there exists an optimum
operating pressure (prime pressure, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) leading to maximum energy efficiency. This is equivalent to, and
validates, the profile in Figure 2 at β=100%.

Figure 2: HT-CAES roundtrip energy efficiency map as a function of the energy distribution fraction, β, and the prime pressure, Pprime.
The dotted line represents the direction of increasing efficiency (efficiency gradient, 𝛁𝛁𝜼𝜼(𝜷𝜷, 𝑷𝑷𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)), which begins at the optimum design
point of a regenerative Brayton cycle (at 𝜷𝜷 = 𝟏𝟏𝟏𝟏𝟏𝟏%).

As the operating pressure increases, at β=100%, eventually regeneration becomes ineffective as the turbine exhaust
temperature falls below the turbocharger compressor exhaust temperature. At which point regeneration is
disengaged and a classical Brayton cycle is employed at higher operating pressures, resulting in slightly higher
efficiencies, nevertheless, eventually leading to zero efficiency. A Brayton cycle at a constant turbine inlet
temperature of 1000K, power output of 100MW, and isentropic efficiencies corresponding to the constants in Table
1, reaches an efficiency of zero at an operating pressure of 11.3bar and is not operational for higher operating
pressures. In general, the efficiency of the hybrid storage system increases with decreasing β; as the reliance on
compressed air storage increases. This is because a hybrid CAES system is theoretically more efficient than its
corresponding Brayton cycle counterpart. Additionally, CAES systems are generally not bound by the Carnot
efficiency, as is the case for heat engines. Furthermore, as β increases, a larger fraction of the discharge flow rate is
provided by the turbocharger, which introduces additional isentropic component efficiencies that impede the
roundtrip energy efficiency of the system. The efficiency of the hybrid storage system increases with the operating
pressure at the lower end of the β spectrum, corresponding to higher compressed air storage dependence, as
illustrated in Figure 2. The reason behind the monotonic increase in efficiency with operating pressure, at lower β
values, stems from the accompanying decrease in throttling losses and exhaust temperatures.
At β values below 40%, the amount of energy allocated towards the HTES becomes too low for proper operation.
This is because the HTES mass, which is calculated based on the specified temperature swing in Table 1, decreases
with decreasing β; as the energy allocated for thermal storage decreases. Eventually, the HTES mass becomes too
low and drops below the minimum specified temperature at the end of discharge, and therefore cannot bear the total
discharging flow rate. Hence, β values below 40% are not investigated. Beginning with the optimum prime pressure
of a regenerative Brayton cycle, at β=100% in Figure 2, and moving along the direction of increasing efficiency or
efficiency gradient, results in the dotted line shown in Figure 2. Any perpendicular deviation along this efficiency
gradient results in a lower efficiency than otherwise achievable. The significance of this efficiency gradient curve
will be demonstrated and revisited when discussing the capital cost of the system, in section 4.3.
The roundtrip exergy efficiency (2nd law efficiency) contour map of the HT-CAES system is provided in Figure 3.
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Figure 3: HT-CAES roundtrip exergy efficiency contour map as a function of the energy distribution fraction, β, and the prime pressure.

The HT-CAES exergy efficiency is always greater than its energy efficiency, a result that is consistent with heat
engines. The energy and exergy efficiencies become coincident in the limiting case of a very large HTES
temperature swing, 𝛿𝛿 = 𝑇𝑇𝑝𝑝𝑎𝑎𝑚𝑚 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑖𝑖 , as indicated by equation (31).
lim 𝜂𝜂𝐼𝐼𝐼𝐼 = 𝜂𝜂𝐼𝐼

(31)

𝛿𝛿→∞

Therefore, the minimum exergy efficiency is equal to its corresponding energy efficiency, 𝜂𝜂𝐼𝐼𝐼𝐼,𝑝𝑝𝑝𝑝𝑖𝑖 = 𝜂𝜂𝐼𝐼 . This is due
to the increase in internal irreversibilities associated with mixing losses in the HTES at a high temperature swing; a
result that is undetected through the first law analysis and efficiency. Conversely, the largest difference in 1st and 2nd
law efficiencies (in other words, the maximum exergy efficiency for a given energy efficiency) occurs in the limit of
a very low HTES temperature difference, meaning the HTES remains isothermal, and internal irreversibilities
associated with mixing losses are eliminated, as shown by equation (32)
𝜂𝜂𝐼𝐼

lim 𝜂𝜂𝐼𝐼𝐼𝐼 =

𝛿𝛿→0

1 − 𝛽𝛽

𝑇𝑇𝑜𝑜

(32)

𝑇𝑇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

Further increase in their difference occurs for 1) high 𝛽𝛽 values, and 2) at lower HTES temperatures. Since the
exergy efficiency is defined as a comparison of the system performance to the ideal case, at high 𝛽𝛽 values the
system is utilizing a lower quality of energy (heat), therefore for the same energy efficiency the result is higher
exergy efficiencies. In the limit that 𝛿𝛿 = 𝑇𝑇𝑝𝑝𝑎𝑎𝑚𝑚 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑖𝑖 = 0, by definition this means the HTES remains isothermal,
𝑇𝑇𝑝𝑝𝑝𝑝𝑖𝑖 = 𝑇𝑇𝑝𝑝𝑎𝑎𝑚𝑚 = 𝑇𝑇𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿 . As a mathematical consequence, with a lower HTES temperature the second term in the
denominator of equation (23) is at a minimum, which leads to maximum exergy efficiency for a given energy
efficiency. However, the physical meaning can be explained as follows: at a low HTES temperature the system is
utilizing a lower quality of heat, therefore for the same energy efficiency the result is higher exergy efficiencies.
4.2 Component Sizing
The various mass flow rates of the system, the air storage volume, and the thermal storage mass are presented in this
section. The charge and discharge mass flow rates into and out of the cavern/tank are plotted, in Figure 4, as
functions of the prime pressure and the energy distribution fraction. The charging mass flow rate, into the air
storage, is identically zero at β=100% as no energy is allocated and stored in the form of compression, Figure 4. In
general, the charge mass flow rate increases with decreasing β as more energy is allocated towards compressing and
storing air. In addition, at higher roundtrip efficiencies the amount of output power per kilogram of air is also higher;
meaning, for a constant power output the necessary mass flow rate is lower. Consequently, at the lower end of the β
spectrum, the charge mass flow rate decreases with prime pressure, as a result of the increase in efficiency, as
evident by Figure 2 and 3. The discharging mass flow rate provided by the air storage is nearly identical to the
charge mass flow rate, as the air storage is assumed adiabatic. Therefore, the trends of the discharging mass flow
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rate, as a function of β and the prime pressure, are the same as those described previously for the charging flow rate.
The analysis performed here is of the first cycle, however after several cycles the air storage no longer experience
cyclic variations, at which point the charge and discharge mass flow rates become identical.

Figure 4: HT-CAES air storage, charge and discharge, mass flow rates as a function of the energy distribution, β, and the prime pressure

The turbine and turbocharger mass flow rates are plotted in Figure 5 as functions of the energy distribution fraction
and the prime pressure. As depicted by Figure 5, the turbine mass flow rate generally decreases with decreasing β.
Moreover, the turbine mass flow rate, at the higher β spectrum, reaches a minimum value as a function of the prime
pressure and decreases with increasing prime pressure at the lower β spectrum. The turbine mass flow rate resembles
the opposite trend depicted by the roundtrip efficiency. This is because the total and necessary mass flow rate
through the turbine is largely influenced by the roundtrip efficiency of the system. The total mass flow rate is
inversely proportional to the roundtrip storage efficiency, since the total power output per kilogram of air is higher at
regions of higher efficiency, which for a constant power output results in lower mass flow rates. Conversely, the
total power output per kilogram is lower at regions of lower efficiency, which for a constant power output results in
higher necessary mass flow rates.

Figure 5: HT-CAES turbine and turbocharger, mass flow rates as a function of the energy distribution, β, and the prime pressure

The necessary turbocharger mass flow rate, in general, decreases with decreasing β values. By definition, as β
decreases the reliance of the flow rate on the turbocharger decreases as the air storage provides a larger fraction of
the total flow rate. The turbocharger mass flow rate map is largely influenced by the total turbine mass flow rate, as
it is defined as the difference between the total and the stored air discharge mass flow rate.
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Figure 6: HT-CAES air storage volume and thermal storage mass as a function of the energy distribution, β, and the prime pressure

The air storage volume, Figure 6, generally increases with decreasing β; this is because the reliance on the
compression energy increases with decreasing β. At β=100%, the air storage volume is identically zero, as the
system evolves into a regenerative Brayton cycle. As β values decrease from 100%, the volume increases with the
prime pressure and the total compression energy, as depicted by equation (13). The compression energy, for a fixed
β value, is inversely proportional to the roundtrip efficiency of the system. Therefore, the air storage volume, at
constant β, is proportional to the prime pressure and inversely proportional to the roundtrip efficiency of the system.
The competition between the efficiency of the system and its prime pressure leads to a minimum air storage volume
illustrated in Figure 6, for a fixed β value, particularly at the lower β spectrum.
The HTES mass is plotted in Figure 6 as functions of the prime pressure and β. More energy is allocated towards
thermal storage with increasing β. Therefore, in general, the HTES mass increases with β in order to achieve the
specified and constant HTES temperature swing in each cycle, as shown in Figure 6. For a fixed value of β, at the
higher end of its spectrum, the HTES mass given in Figure 6 reaches a minimum as a function of the prime pressure.
The prime pressure leading to a minimum HTES mass coincides with that of maximum efficiency, in Figure 2. As
the prime pressure increases, the HTES mass also increases due to the decrease in system efficiency; therefore, more
energy must be stored as higher turbine mass flow rates are employed to obtain the constant output energy during
each cycle. Inversely, at the lower end of the β spectrum, the efficiency of the system increases with prime pressure,
therefore the total discharge flow rate and the total necessary HTES mass decrease with increasing prime pressure.
4.3 Capital Cost
The total cost of the storage system per unit of delivered energy, equation (27), is shown in Figure 7. The roundtrip
efficiency and air storage price have a dominant influence on the system capital cost, as the air storage price per unit
volume is much higher than the HTES cost per unit mass, and the efficiency dictates the necessary storage sizes.
Therefore, in general, the cost increases with decreasing efficiency and increasing storage volume. At β=100%,
where the air storage volume is identically zero, the cost is purely that of the HTES and its corresponding machinery
cost per kilowatt-hour. As the system efficiency decreases, with increasing prime pressure at β=100%, the necessary
HTES mass and flow rates, Figure 5 & 6, increase drastically resulting in higher cost. As β decreases, the air storage
price begins to influence the system cost as its necessary volume increases. At β values very near 100%, a tank is
more cost effective than a cavern, however caverns become more cost effective very quickly as β is decreased from
100%.
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Figure 7: HT-CAES cost ($/kWh), equation (27), as a function of the energy distribution, β, and the prime pressure. The dotted line
represents the direction of increasing efficiency (given in Figure 2), which begins at the optimum prime pressure of a regenerative
Brayton cycle (at 𝜷𝜷 = 𝟏𝟏𝟏𝟏𝟏𝟏%).

Revisiting the efficiency gradient in Figure 2, and overlapping the efficiency gradient on the cost map results in the
dotted line, labeled “Efficiency gradient”, in Figure 7. As was demonstrated by Figure 2, any perpendicular
deviation from this efficiency gradient results in a lower efficiency than otherwise achievable. Additionally,
however, the cost map given by Figure 6 demonstrates that perpendicular deviations from this efficiency gradient
also result in a higher cost. Therefore, the efficiency gradient provides a local optimum design region resulting in
maximum efficiency and minimum cost. Any deviation perpendicular to the efficiency gradient line results in a
higher cost and lower efficiency than otherwise achievable, therefore areas away from this line can be regarded as
poor design regions that should be avoided.
In general, the cost of the hybrid storage system increases along the efficiency gradient, or along the local optimum
line of operation. In other words, as the reliance on thermal energy storage is increased the cost of the system is
decreased, as the system cost becomes leveraged by the cheap thermal energy storage cost. The addition of the
turbocharger provides a means of heavily relying on thermal storage, as its additional mass flow rate reduces the
reliance on the air storage. Therefore, there exists an inherent trade-off in the hybrid storage cost and efficiency as a
function of the energy distribution. The desired point of operation along the efficiency gradient, or the local
optimum line of operation, depends on the specific energy application, which the hybrid storage system must
integrate with. Energy application priorities are not unique; these priorities may include cost, efficiency and
footprint. The efficiency gradient line provides a means of adjusting the system characteristics to meet various
application priorities without a change in system capacity. However, tradeoffs between efficiency, cost, and
footprint are inherent in the system and quantified through the efficiency, size, and cost maps provided by Figures 2,
6, and 7. A lower system cost and footprint results in a lower efficiency, corresponding to higher thermal energy
storage allocation (large β values). On the contrary, higher system efficiency requires a higher capital cost and a
larger footprint, corresponding to higher compressed air energy storage allocation (lower β values).
It is imperative to note the existence of a local minimum and maximum in cost along the efficiency gradient, at the
lower end of the β spectrum, given by Figure 7. This is caused by the local minimum in storage volume, shown in
Figure 6, as a function of the prime pressure at lower β values. The slopes in the vicinity of the local minimum and
maximum in cost are quite gradual. Additionally, any further increase in efficiency at β=40%, at the lower end of the
efficiency gradient in Figure 7, would require an increase in the prime pressure which would further increase the
cost of the system. Therefore, the optimal global maximum and minimum in cost and efficiency reside at the ends of
the local optimum line of operation.
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4.4 Sensitivity Analysis & Off-Design Performance
This section provides an assessment of the off-design performance pertaining the HT-CAES system. In particular,
the sensitivity of the HT-CAES roundtrip efficiency on the various design parameters, presented in Table. 1, is
reported and compared with a baseline, defined by the parameter values in Table. 1. The off-design performance and
sensitivity analysis is performed on two points (β=50%, and β=90%) along the HT-CAES local optimum line of
operation, illustrated in Figures. 2 and 7. These two points are of particular interest as they represent two extremes
of the HT-CAES operational spectrum, where β=90% and β=50% characterize a higher TES and CAES dependence,
respectively. The percent change in the HT-CAES roundtrip efficiency from the baseline (where the baseline
efficiency is given by Figure. 2 at the respective β value, along the optimum operation line) as a function of the
percent change in the various parameters from the baseline, given by Table. 1, is shown in Figure. 8. As shown by
Figure. 8, the parameters under investigation include the maximum storage pressure, the HTES temperature (or
turbine inlet temperature), the compressor and turbine isentropic efficiencies, and the ambient temperature.

Figure. 8: Percent change in efficiency from baseline (given by the corresponding optimal operation in Figure. 2) vs. percent change in
parameters from baseline (given by Table. 1) at two different β values along the optimum line of operation presented in Figure. 2 and
Figure. 7.

As depicted by Figure. 8, each plot represents the two β values under investigation, and the same general efficiency
sensitivity trends are exhibited in both plots by each parameter. However, the degree of efficiency sensitivity (slope)
from each parameter differ quite substantially between both β values. The roundtrip efficiency of the HT-CAES
system generally increases with the HTES temperature and isentropic turbine and compressor efficiencies. However,
the system efficiency decreases with ambient temperature. As a consequence, the HT-CAES system inherently
performs better in winter conditions. Additionally, the roundtrip efficiency of the system decreases with increasing
maximum storage pressure. The degree of sensitivity on the efficiency by each parameter is largely dependent on the
β value of operation. At higher β values, where the system is more dependent on thermal storage, the efficiency is
more sensitive to HTES temperature changes as compared with that of lower β values. Conversely, at lower β
values, where the system is more dependent on compressed air storage, the efficiency is more sensitive to maximum
storage pressure changes as compared with that of higher β values. In the extreme case of β=100% and the system
results in a pure Brayton cycle, the efficiency becomes insensitive to maximum storage pressure changes.
As illustrated in Figure. 8 at β=50%, the efficiency decreases with increasing maximum storage pressure, which is
primarily due to the turbocharger. The optimal operation of a stand-alone turbocharger, essentially a Brayton cycle,
is depicted by Figure. 2 at β=100%, illustrating a relatively low optimum operating pressure value of 2.53bar.
Moreover, As the maximum storage pressure in the system is increased, the prime pressure (or operating pressure)
must also increase in order to minimize throttling losses, however this removes the turbocharger function from its
optimal operation. Therefore, the HT-CAES system is best designed to operate at lower maximum storage pressures,
thereby allowing the turbocharger to operate at its near-optimal conditions. In other words, the turbocharger is
utilized most efficiently at a lower maximum storage pressure.

14

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.

5. Discussion
In this section, a comparison between the HT-CAES system and other energy storage methods is provided and
discussed from both a performance and cost perspective. Conventional CAES systems have been studied extensively
in the literature and a summary of their reported performance and cost ranges are provided in Table. 2. The upper
and lower conventional CAES performance ranges correspond to the cases with and without waste heat utilization
respectively. The analysis performed for an AA-CAES is similar to previous works [38], where a comparable
configuration given by Figure. 1 is utilized, however the cycle excludes the turbocharger and HTES, and includes a
two-stage compressor with inter and after cooling. The same cost methodology applied to the HT-CAES system is
also implemented on the AA-CAES system, and the analysis assumes the same output power and isentropic
efficiencies provided in Table. 1.

Figure 9: Efficiency and cost of an AA-CAES system as a function of the prime pressure.

Since an AA design stores all energy in the form of compressed air, the variable β=0% by definition and the system
is investigated as a function of the prime pressure only. The AA-CAES system cost and efficiency curves are given
in Figure. 9b, and illustrate an optimum prime pressure leading to a maximum efficiency of 27.9% and a
corresponding cost of 316.3$/kWh. The AA-CAES results assume a heat capacity rate ratio (heat capacity rate of air
over that of the heat carrier fluid) of 5. A minimum heat capacity rate ratio of unity results in the highest possible
efficiency, 47%, however impractical due to the excessively high compressor exhaust temperatures [38]. A summary
of the results associated with the conventional, AA, and HT-CAES system is provided in Table. 2.
Table 2: A summary of the costs and efficiencies corresponding to the various CAES systems

CAES System
Conventional CAES [53]
AA-CAES
HT-CAES

Roundtrip Efficiency (%)
42 - 55
27.9 - 47
24.5 – 57.5

Cost ($/kWh)
249 - 330
316.3
65 - 200

Although the performance of a HT-CAES is comparable to that of a conventional system, the HT-CAES system
eliminates combustion emissions, drastically reduces storage and operating pressures, provides additional storage
volume/footprint flexibility, and is substantially lower in cost as it operates on lower pressures, which mitigates the
need for multi stage compression and expansion. Lastly, the HT-CAES system offers an additional degree of cost
freedom, which permits the system to reach costs as low as 65$/kWh. Additionally, as demonstrated by Figure 8, the
HT-CAES system performance can be further improved with increasing storage temperature, and decreasing storage
pressure.
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The capital costs of various other energy storage systems are widely available in the literature. Table. 3 provides a
summary of the minimum, average, and maximum reported capital cost values of various available energy storage
technologies, along with the calculated HT-CAES system cost for comparison.
Table 3: Reported capital costs of various energy storage systems, from the literature [53], and calculated HT-CAES Cost

Energy Storage
Technology
CAES
Flywheel
Li-ion battery
Supercapacitors
Hydrogen
HT-CAES

Capital cost, per unit of storage capacity ($/kWh)
Minimum
Average
Maximum
249
312
330
2,201
5,701
29,808
546
649
666
822
910
1,018
474
642
927
65
200

The minimum hybrid thermal-compressed air energy storage (HT-CAES) system capital cost, in Table 2 and 3,
corresponds to β=100%, which results in pure thermal storage. The maximum HT-CAES capital cost value
corresponds to β=40%, where the turbocharger is essentially turned off and the system resembles that of a
conventional CAES design with the combustor replaced by the HTES. Moreover, the performance of a conventional
CAES system is similar to that of an HT-CAES system at β=40%, assuming a similar storage pressure and turbine
inlet temperature. As evident through Table 3, the HT-CAES system is reasonably competitive from a capital cost
perspective, as the HT-CAES system cost is leveraged by the cheap thermal storage. The cost of an advanced
adiabatic CAES system is typically higher than that of a conventional system due to its need for multistage
compression and expansion [38]. Additionally, the performance of an AA-CAES is typically lower in efficiency
than that of hybrid system, assuming throttling losses exist, due to its strong dependence on the temperatures
captured by the generated heat of compression. In the presence of throttling losses and internal irreversibilities,
realistic AA-CAES efficiencies range from 27.9%-47% depending on the temperature limit provided by the
generated and stored heat of compression [38]. Therefore, the HT-CAES system provides a competitive design
compared to conventional CAES systems and its advanced adiabatic derivative. Moreover, HT-CAES provides a
means of adjusting to various footprint and cost requirements, without compromising the storage capacity. It is
important to note that further performance improvements, in the HT-CAES system, are possible. As noted in the
capital cost section 4.3, the HT-CAES system cost is dominated by the air storage price. Therefore, incorporating
intercooling and reheating components can reduce the necessary compression power and increase the potential for
regeneration. Thereby improving the performance of the HT-CAES system without a substantial increase in its
capital cost per unit of storage capacity.
Although batteries, flywheels, and supercapacitors generally have higher energy efficiencies, their costs are
substantially higher than CAES systems. In addition, their lifetime, energy capacity and discharge times are
typically lower than CAES systems. These parameters, among others, play a key role in determining the suitable
applications that an energy storage technology may provide within the electrical grid. With their unique strengths
and weaknesses, it is unlikely that a sole energy storage technology will provide a universal solution. On the
contrary, each available energy storage technology may provide an exclusive solution to a specific grid/renewableintegration application. A good metric for comparing various forms of energy storage is the levelized cost of
electricity (LCOE), as it considers the energy efficiency, lifetime, capital cost, and maintenance cost of the system.
Therefore, in future work, further insight can be gained by comparing the HT-CAES system with various other
forms of energy storage from an LCOE perspective.
6. Conclusion
A novel hybrid thermal and compressed air energy storage configuration is developed which has the potential of
eliminating combustion emissions and drastically reducing the storage pressure, volume, and cost as compared with
conventional CAES and its derivatives. The addition of both thermal energy storage and a turbocharger have the
effect of significantly leveraging the cost of the system, as supplementary mass flow rate is provided alongside the
stored air, and the cost of thermal storage is considerably cheaper than air storage. The reduced system cost,
however, comes at the expense of a reduced efficiency, as the performance of heat engines are bound by the Carnot
limit and compressed air energy storage, theoretically, has no such constraint. The hybrid system provides the
flexibility of adjusting to a myriad of storage volumes based on available geological restrictions. In addition, the
hybrid storage system performs best at low storage pressures, which reduces the complexity as it alleviates the need
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for multistage compression and expansion. The thermodynamic optimization results provide the operational
efficiency, cost and storage sizing (thermal and air volume) maps, which can be used as a reference in future
development endeavors. In addition, all mass flow rate maps are provided, which dictate the necessary machinery
sizes. The operational flexibility of HT-CAES is particularly useful as the priorities of various energy applications
are not unique, these priorities may include cost, efficiency, and footprint. The hybrid CAES system possesses a
wide range of possible operations, without a compromise in its storage capacity, which may prove useful as we
move towards a sustainable future.
Nomenclature
HT-CAES
HTES
𝑟𝑟𝑝𝑝
𝛽𝛽
𝑊𝑊
𝑊𝑊̇
𝑄𝑄
𝑄𝑄̇
𝑃𝑃
𝑇𝑇
𝜌𝜌
𝑑𝑑
𝑚𝑚̇
𝑑𝑑
𝑐𝑐𝑣𝑣
𝑐𝑐𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜂𝜂𝐼𝐼

Hybrid Thermal Compressed Air Energy Storage
High Temperature Thermal Energy Storage
Expansion Pressure Ratio
Energy Distribution (equation 1)
Energy of Compression or Expansion
Power of Compression or Expansion
Heat Energy
Heat Power
Pressure
Temperature
Density
Mass
Mass Flow Rate
Time of Charge or Discharge
Specific Heat of Air at Constant Volume
Specific Heat of the LTES HTF
Roundtrip Energy Efficiency (1st Law Efficiency)

LTES
HTF
𝑟𝑟𝑐𝑐
𝜂𝜂
𝜀𝜀
𝑘𝑘
𝑃𝑃
𝑀𝑀
𝐸𝐸
𝑀𝑀
ℎ
𝑢𝑢
Ξ
𝑐𝑐𝑝𝑝
𝑐𝑐𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑
𝜂𝜂𝐼𝐼𝐼𝐼

Low Temperature Thermal Energy Storage
LTES Heat Transfer Fluid
Compression Pressure Ratio
Component Efficiency
Heat Exchanger Effectiveness
Ratio of Specific Heat of Air
Volume
Ideal Gas Constant of Air
Energy
Specific Energy
Specific Enthalpy
Specific Internal Energy
Component Cost Function
Specific Heat of Air at Constant Pressure
Specific Heat of the HTES
Charge or Discharge Time
Roundtrip Exergy Efficiency (2nd Law Efficiency)
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