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Abstract: We present analyses of three families of compressed air energy storage (CAES) systems: 
conventional CAES, in which the heat released during air compression is not stored and natural gas 
is combusted to provide heat during discharge; adiabatic CAES, in which the compression heat is 
stored; and CAES in which the compression heat is used to assist water electrolysis for hydrogen 
storage. The latter two methods involve no fossil fuel combustion. We modeled both a 
low-temperature and a high-temperature electrolysis process for hydrogen production. Adiabatic 
CAES (A-CAES) with physical storage of heat is the most efficient option with an exergy efficiency 
of 69.5% for energy storage. The exergy efficiency of the conventional CAES system is estimated to 
be 54.3%. Both high-temperature and low-temperature electrolysis CAES systems result in similar 
exergy efficiencies (35.6% and 34.2%), partly due to low efficiency of the electrolyzer cell. CAES 
with high-temperature electrolysis has the highest energy storage density (7.9 kWh per m3 of air 
storage volume), followed by A-CAES (5.2 kWh/m3). Conventional CAES and CAES with 
low-temperature electrolysis have similar energy densities of 3.1 kWh/m3. 

Keywords: compressed air energy storage (CAES); adiabatic CAES; high temperature electrolysis; 
hydrogen storage; thermodynamics 

 

1. Introduction 

Large penetrations of wind and solar energies challenge the reliability of the electricity grid, 
due to their intermittency and uncertainty. Storage technologies are being developed to tackle this 
challenge. Compressed air energy storage (CAES) is a relatively mature technology with currently 
more attractive economics compared to other bulk energy storage systems capable of delivering tens 
of megawatts over several hours, such as pumped hydroelectric [1–3]. CAES stores electrical energy 
as the exergy of compressed air. Figure 1 is a simplified schematic of a CAES plant. Electricity is 
supplied by the grid to run the air compressors and charge the storage system. Waste heat is released 
during the compression phase. Air is stored for later use—often in an underground cavern. During 
the discharge phase, compressed air is combusted with a fuel, and expanded in a turbine (expander) 
to regenerate electricity. Currently, there are two commercial CAES plants in operation: Huntorf in 
Germany (since 1978) and McIntosh in USA (since 1991) [4]. Moreover, there are some smaller 
projects in operations or in construction and planning phases, most notably General Compression’s 
2 MW, 300 MWh project in Texas, USA and SustainX’s 1.5 MW, 1 MWh project in New Hampshire, 
USA [5]. 
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Figure 1. Schematic of a generic conventional compressed air energy storage (CAES) system. 

The prospects for the conventional CAES technology are poor in low-carbon grids [2,6–8]. Fossil 
fuel (typically natural gas) combustion is needed to provide heat to prevent freezing of the moisture 
present in the expanding air [9]. Fuel combustion also boosts the work output in comparison to 
solely harnessing the energy stored in the compressed air. 

We develop analytical models to assess the thermodynamics of two strategies to make CAES 
greenhouse gas (GHG) emissions-free. Both utilize the temperature increase from the air 
compression process to eliminate the need for gas combustion. This heat is generated during the 
charging phase. Because of its low temperature and correspondingly low exergy, the compression 
heat is rejected to the ambient environment in the conventional CAES setup. This heat could, in 
principle, be stored to heat the expanding air provided that the temperature of this stored heat is 
high enough. The primary method to achieve such high temperatures is to increase the operating 
pressure of the compressors and to eliminate intercooling between compression stages (i.e., 
adiabatic compression). This, however, poses practical challenges due to high operating pressures 
and temperatures of the compressors (e.g., metallurgical limits on compressor blades). 

Physical storage of the compression heat is the core of the Adiabatic CAES (A-CAES) 
concept—the first carbon-free CAES system we investigate. Chemical storage of the compression 
heat in the form of hydrogen, and combustion of hydrogen instead of natural gas during the 
discharge phase is the second strategy we analyzed. Hydrogen can be produced via electrolysis of 
steam at high temperatures (HTE) or water at low (ambient) temperatures (LTE). The HTE concept 
benefits from the lower electricity demand of the electrolysis process at higher temperatures. 
Utilizing the high-temperature heat of compression lowers the electricity demand of hydrogen 
production in the CAES-HTE system. This saving is achieved at the expense of higher electricity 
demand of the air compressor which, in CAES-HTE, operates at higher pressures with limited or no 
cooling. The CAES-LTE concept is comparable to the conventional CAES system (diabatic 
compression with the use of coolers between compressor stages). However, hydrogen is produced 
onsite with a low-temperature electrolyzer. 

Electrolysis of steam (HTE) instead of water (LTE) requires more thermal but less electrical 
energy. Figure 2 illustrates the theoretical energy requirements as functions of the electrolysis 
reaction temperature (see Appendix A for details). In a high-temperature electrolyzer, steam is 
disassociated in the cathode to produce hydrogen and O , while O  is oxidized in the anode to 
produce oxygen. The theoretical total energy demand of the electrolysis process (change in enthalpy, 
ΔH) equals the electricity demand (reversible work, i.e., change in the Gibbs free energy, ΔG) plus 
the heat demand of the reaction (change in entropy multiplied by the reaction temperature, ΔS T) 
from a source of at least as high a temperature as the reaction temperature. While the total energy 
demand (enthalpy change) of electrolyzing steam increases at higher temperatures, its electricity 
demand decreases. The savings in electricity consumption of the electrolyzer come at the expense of 
its higher heat load. Therefore, electrolysis of steam instead of water could be particularly attractive 
when electricity supply is constrained and high-temperature heat is abundant. Note that the actual 
electricity demand of the electrolyzers will be higher than the theoretical value (ΔG) because the 
electrolyzer cell efficiency is less than 100%. 
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Figure 2. Theoretical energy demand for electrolysis as a function of the reaction temperature. 

Existing literature has studied the thermodynamics of conventional CAES [10–15], A-CAES  
[16–22], and combustion of hydrogen instead of natural gas to fuel conventional CAES [23]. 
Moreover, alternative advanced CAES designs have also been studied such as isothermal CAES, 
CAES paired with cogeneration of heat and power, CAES with humidification, and trigeneration 
CAES systems [24–29]. 

With this paper, we introduce the concepts of CAES-HTE and CAES-LTE, and provide a 
comparative thermodynamic analysis of these approaches against A-CAES and conventional CAES. 
We also assess the sensitivity of our results to two key design parameters: the storage pressure of 
compressed air and the maximum discharge temperature of the high-pressure compressor. 
CAES-HTE can potentially be an alternative to A-CAES as a zero-carbon energy storage system that 
makes use of the otherwise wasted heat of compression. A-CAES stores it as high-temperature 
thermal energy whereas CAES-HTE stores it as chemical energy. This paper explores whether the 
use of the compression heat at sufficiently high temperatures could reduce the electricity demand of 
hydrogen production enough to make the efficiency of CAES-HTE competitive with A-CAES. 
CAES-LTE is analyzed to provide the most direct baseline for CAES-HTE. 

Based on our analysis, A-CAES scored the highest storage efficiency (69.6%) followed by 
conventional CAES (54.3%), CAES-HTE (35.6%, assuming an electrolyzer efficiency of 50%), and 
CAES-LTE (34.2%, assuming an electrolyzer efficiency of 50%). CAES-HTE has the highest energy 
storage density (7.9 kWh per m3 of storage volume) compared with A-CAES (5.2 kWh/m3). 
Conventional CAES and CAES-LTE have similar energy intensities (3.1 kWh/m3). The conventional 
CAES system modeled here uses natural gas at a rate of 3.97 GJ per MWh of gross (total) electricity 
generated. This corresponds to 15.27 GJ per MWh of net or incremental electricity (difference 
between electricity released and stored) delivered by the plant. Other technical figures of merit are 
introduced and evaluated as well. 

2. Materials and Methods 

We use an analytical model to compare the thermodynamics of the conventional CAES, 
A-CAES, CAES-HTE, and CAES-LTE systems. Our general strategy is applying the First and Second 
Laws of thermodynamics to the individual system components and modeling air as an ideal gas 
with temperature-independent specific heat values. We quantify the mass, energy, and exergy flows 
into and out of the storage facility. The schematics of the modeled conventional CAES, A-CAES, 
CAES-HTE and CAES-LTE systems are illustrated in Figures 3–6. 

We also assess the sensitivity of our results to two key design parameters: the storage pressure 
of compressed air and the maximum discharge temperature of the high-pressure compressor. 
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The modeled compressed air storage systems use both electrical energy (to compress air and 
possibly to generate hydrogen) and heating energy provided by natural gas (only conventional 
CAES). We use three metrics to compare their energy use: heat rate, work ratio, and roundtrip 
exergy efficiency (storage efficiency). The heat rate is defined as the external heating fuel (natural gas 
here) consumed per unit of gross (total) electricity generated by the storage plant (GJ/MWh, on a 
lower heating value basis, LHV). The heat rate of A-CAES, CAES-HTE, and CAES-LTE is zero as 
they do not use an external fuel (i.e., natural gas). We also report the heat rate based on the net 
(incremental) electricity delivered by the storage plant. This metric assists in comparing 
conventional CAES with conventional gas turbines to manage intermittency of wind and solar in 
low-carbon grids. 

The work ratio quantifies the amount of electrical energy consumed by the compressor (and 
also the electrolyzer, when applicable) per unit of gross electrical energy generated by the expander. 
The roundtrip exergy efficiency is the ratio of the exergy delivered (i.e., turbine work) to the exergy 
provided to the storage plant. The input exergy is the summation of the compression work, the LHV 
exergy of natural gas (conventional CAES), and the electricity consumed by the electrolyzer 
(CAES-HTE and CAES-LTE). 

One of the critiques of using compressed air to store electricity at scale is its low exergy density. 
Here, we define exergy density of the storage facility as the ratio of the delivered exergy (i.e., 
expansion work) to the volume of the air storage cavern. Exergy density is especially important 
when the storage medium is scarce. 

We define the emissions intensity as the ratio of the GHG emissions from natural gas 
consumption to the gross electricity supply by the storage plant (i.e., total electricity delivered). This 
variable is zero for all systems studied except conventional CAES—the only configuration in which a 
fossil fuel is burned. As we do for the heat rate, we express the emissions intensity of conventional 
CAES based on both the gross and the net electricity delivered. 

This section summarizes our general modeling assumptions and simplifications. See Appendix 
A and nomenclature for the full thermodynamic analysis and the list of symbols. 

We model one complete charge and discharge cycle at full load of the compressor and expander 
(i.e., no part-load operations). We treat air as an ideal gas with temperature-independent specific 
heat. We ignore the fuel mass and treat the mixture of air and fuel as pure air. Equations (1)–(5) show 
the general ideal gas formulae we use. The ambient environment (subscript 0) is set at the standard 
ambient temperature and pressure of 25 °C and 101 kPa. This condition is the reference state for 
calculating the internal energy, enthalpy, entropy, and exergy throughout our analysis. = 		  mass of the air present in cavern (1) 

ℎ = ( − )  specific enthalpy of air (2) 

= ( ) − ( ) specific internal energy of air (3) 

= ln − ln  specific entropy of air (4) 

= (ℎ − ℎ ) − ( − )  specific stream exergy of air (5) 

The air storage cavern has a fixed volume. Its pressure varies between a minimum ( ) and a 
maximum ( ) during the charge and discharge processes. In order to maintain its mechanical 
integrity and to ensure high-enough flow rates for the discharging air, the cavern is not fully 
discharged in practice. The air mass remaining in the storage at the end of the discharge phase 
(when all the “working air” has been withdrawn) is called the “cushion air”. We model the cavern as 
adiabatic. Raju et al. [10], Steta [20], and Xia et al. [30] studied heat transfer between the stored air 
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and the cavern wall, which is beyond the scope of our work. The rate of heat transfer depends on 
several factors such as residence time of air in the cavern and its temperature, rock properties, 
cavern size and shape. Raju et al. estimated the rate of heat loss at the Huntorf CAES plant in the 
order of few percent of the compressor power.  

The coolers (heat exchangers) following each compression stage are assigned a fixed approach 
temperature, . This is defined as the difference between the temperature of the cooling fluid (e.g., 
water) entering the cooler ( , , set at ) and that of the cooled compressed air leaving the 
compressor cooler ( , ). This implies the inlet temperature of the cavern and the output of all the 
compressor coolers are fixed and equal to +  (see Equation (6)). = , = +  

inlet temperature of cavern and 
discharge of compressor coolers (6) 

The discharge temperature of the combustion chambers ( ) is maintained at a fixed value. 
The expander has two stages. The high-pressure (HP) and low-pressure (LP) stages, which have 
equal but variable expansion ratios (XR) and determined according to the instantaneous pressure of 
the cavern (Equation (7)). XR = XR = = √XR instantaneous expansion ratio (7) 

The temperature of the air stream leaving the storage plant during the discharge process ( ) is 
constrained to be fixed and constant. Following Osterle [13], an imaginary final heat exchanger 
(FHX) is placed at the exhaust of the storage plant to account for the exergy loss by the exhaust 
stream to the ambient environment. This heat exchanger cools down the expanded air from  to 
the ambient temperature. 

Heat flows ( ) are reckoned to be positive if they enter the system (e.g., heat added in the 
combustor). Work done by the system on the surroundings has a positive sign (e.g., expansion 
work). 

As shown in the Appendix A, the First and Second Laws of thermodynamics are applied to 
each system component to quantify the work, heat, and exergy fluxes during the charge and 
discharge processes. Once these are determined, the roundtrip exergy efficiency ( ), work ratio 
(WR), heat rate (HR), emissions intensity (GI ), and exergy density ( ) of the storage plant are 
calculated by applying Equations (8)–(12). = − + −  

(8) 

WR = − −
 (9) 

HR = LHV 3.6 GJMWh  (10) 

GI = (HR)(GI ) 
(11) 

=  (12) 

2.1. Modeling Conventional CAES 

In the conventional CAES system we modeled (Figure 3), air is compressed in a three-stage 
compressor (CM) and then stored in the cavern (CN). Each compression stage is followed by a cooler 
(CL) to reduce the compression work of the succeeding stage and to reduce the volumetric 
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requirement of air storage by increasing the density of the stored air. The compression heat is 
released to the ambient environment. 

  
Figure 3. Schematic of the conventional CAES system. The compression train (CM) is composed of 
three stages: low-, intermediate-, and high-pressure (LP, IP, and HP). The expansion train (TB) is 
made of high- and low-pressure stages (HP and LP). “Q” and “W” represent heat and work 
interactions between the system and the surroundings. The air leaving the cavern is preheated in the 
recuperator by the hot air leaving the low pressure turbine (internal heat transfer). “0” indicates 
ambient condition. CL, CN, CC, RP, and FHX stand for the cooler, cavern, combustor, recuperator, 
and final exhaust heat exchanger. 

During the discharge phase, air is first preheated in a recuperator (RP). It is then combusted 
with natural gas (NG) to generate work in the expanders (turbines, TB). We modeled a two-stage 
expander. In the recuperator, the exhaust of the low-pressure turbine preheats the air leaving the 
cavern and entering the high-pressure combustor to reduce the fuel demand. 

The compressor has three stages: low (LP), intermediate (IP), and high pressure (HP). All stages 
have variable but equal compression ratios throughout the charging process. The compression ratios 
(CR) vary according to the instantaneous pressure of the cavern. 

2.2. Modeling A-CAES 

Figure 4 illustrates the A-CAES system we analyzed. The compression heat is stored in two 
thermal energy storage systems (TS1 and TS2). Coolers between compression stages are eliminated 
in A-CAES to increase the discharge temperature of the compressors. We therefore, model a 
two-stage (LP and HP) compressor. Only one cooler (heat exchanger, between the TS2 discharge and 
the cavern inlet) exists and cools the compressed air prior to storage. 

The expansion train of A-CAES is made up of two stages (HP and LP). The withdrawn 
compressed air is heated in TS1 and TS2 before expanding and generating electricity (combustors 
are eliminated). No recuperator is considered. This is owing to the low discharge temperature of the 
LP expander. The discharge stream is cooled to the ambient temperature in the final exhaust heat 
exchanger (FHX). TS1 absorbs heat from the air leaving the low-pressure compressor and provides 
heat to the compressed air entering the high-pressure expander. TS2 interacts with the high-pressure 
compressor and the low-pressure expander. Refer to Appendix A for more details. 

Similar to the analysis of conventional CAES, the temperature of the air entering the cavern is 
set as constant. The intake temperatures of the expanders (i.e., exhaust of TS1 and TS2) are 
constrained to be constant. However, their values are dictated by the amount of heat stored during 
the charging phase. Note that the inlet temperatures of the expanders in the conventional CAES 
system were constant as well, but their values were a preset design parameter, satisfied by variable 
combustion rates. The TS1 and TS2 units are modeled as isobaric and adiabatic.  
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Figure 4. Schematic of the A-CAES system. All of the low pressure (LP) and a portion of the high 
pressure (HP) compression heat are stored in two thermal storage facilities (TS1 and TS2). The same 
heat storage units release the heat to the withdrawn compressed air prior to expansion during the 
discharge phase. “Q” and “W” represent heat and work interactions between the system and the 
surroundings. 

The maximum exit temperature of the high-pressure compressor is a preset parameter, which 
will be varied in the sensitivity analysis section. Our rationale for this design constraint is the 
following. The exit temperature of the compressor is a key parameter for determining the exergy 
supplied to and stored in thermal storage. This consequently impacts the temperature of the air 
entering the expanders. Moreover, there are technical constraints such as the stress on and the 
fatigue of compressor blades driven by the maximum exit temperature of the compressor [31,32].  

Once a full charge and discharge cycle is modeled, the overall performance of A-CAES are 
characterized with Equations (8)–(12). The heat rate and GHG emissions intensity of A-CAES are 
zero as no fuel is consumed. 

2.3. Modeling CAES-HTE and CAES-LTE 

As illustrated in Figure 5, the compressor of CAES-HTE is made up of two stages similar to 
A-CAES to increase the temperature of the compression heat stored, in contrast to our CAES-LTE 
and conventional CAES models with three stage compressors. A heat exchanger cools the exhaust 
stream of the LP compressor to a constant temperature before entering the HP compressor. The 
maximum discharge temperature of the HP compressor is a design parameter and is preset, similar 
to the A-CAES model. Whereas using a one stage compressor could generate higher temperature 
heat, the operating temperature of the compressor would be in excess of 1000 °C, compared to the 
500–700 °C range considered in the literature for practical reasons (e.g., mechanical integrity of 
compressor blades) [31,32]. The heat absorbed from the exhaust stream of the HP compressor is used 
to make steam, to heat up the steam to the constant temperature of the electrolyzer, and to provide 
the heating energy required for the electrolysis process. A heat exchanger follows the electrolyzer to 
further cool the compressed air to a fixed temperature before entering the cavern. The generated 
hydrogen is stored to burn and heat the air during the discharge phase. We choose not to consider 
any physical storage of heat, similar to conventional CAES and in contrast to A-CAES. This is due to 
the relatively low temperature of air upon giving its heat to the HTE system. The discharge phase of 
CAES-HTE is identical to that of conventional CAES with the distinction that hydrogen (produced 
during charging), instead of natural gas, fuels the combustors.  
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Figure 5. Schematic of the CAES-HTE system simulated. HTE stands for high temperature 
electrolyzer. “Q” and “W” represent heat and work interactions between the system and the 
surroundings. The air leaving the cavern is preheated in the recuperator by the hot air leaving the 
low pressure turbine (internal heat transfer). The air leaving the high pressure compressor provides 
the heat demand of the HTE (internal heat transfer). 

The simulated CAES-LTE system (Figure 6) has a similar configuration as the CAES-HTE 
system, with the difference that a low-temperature electrolyzer (LTE) is used instead of a HTE. 
Moreover, a three-stage compression train is used, similar to conventional CAES. This is because 
there is no need to produce high-temperature heat. Increasing the number of compression stages in 
CAES-LTE reduces the compression work compared to CAES-HTE. 

 
Figure 6. Schematic of the CAES-LTE system simulated. LTE stands for low temperature 
electrolyzer. “Q” and “W” represent heat and work interactions between the system and the 
surroundings. The air leaving the cavern is preheated in the recuperator by the hot air leaving the 
low pressure turbine (internal heat transfer). 

Analysis of CAES-LTE is similar to that of CAES-HTE. The difference is that there is no explicit 
constraint on the maximum temperature of the air leaving the HP compressor. This is because the 
utilization of a three stage compressor and coolers results in temperature below the metallurgical 
limit of the turbines blades, similar to the conventional CAES design. 

The heat rate and GHG emissions intensity of both CAES-HTE and CAES-LTE are zero because 
they burn hydrogen rather than natural gas. The storage efficiency and work ratio of the systems are 
quantified by Equations (8) and (9). CAES-HTE and CAES-LTE have higher work ratios compared to 
conventional CAES because of the work load of the electrolyzer. 
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3. Results 

This section provides a series of numerical examples based on the analytical models developed 
in Section 2 and in Appendix A. The main question being addressed is whether the chemical 
storage of the high-temperature heat of compression as hydrogen (CAES-HTE) is 
thermodynamically superior to the physical storage of the heat (A-CAES). The sensitivity of the 
results to the storage pressure and discharge temperature of the high-pressure compressor are 
discussed as well. We also discuss the thermodynamics of conventional CAES and CAES-LTE to 
benchmark performance of CAES-HTE and A-CAES. The Appendix A section also includes details 
on the temperature range of each system component over the storage cycle.  

3.1. Thermodynamic Comparison of A-CAES and CAES-HTE 

Table 1 lists the parameters used to compare the thermodynamics of A-CAES and CAES-HTE in 
the base case scenario. We consulted the design parameters of the two existing commercial CAES 
plants (Huntorf and McIntosh [10,15,33–36]), as well as literature on design of A-CAES systems 
[15,16,20,31,32,36] to choose these values. In the sensitivity analysis section, we discuss the impact of 
two key design parameters, cavern storage pressure and discharge temperature of the HP 
compressor. The simulation results are tabulated in Table 2. Refer to the nomenclature for the list of 
symbols. 

Table 1. Inputs for analysis of the A-CAES and CAES-HTE systems in the base case. The 
conventional CAES and CAES-LTE systems use the same values with the main exception that the 
maximum storage pressure is 7 MPa instead of 10 MPa. 

Parameter Value Parameter Value Parameter Value 

 1.4  0.56 Mm  LHV  120 MJ/kg 

 1.006		 kJkgK  0.287 


  114 MJ/kg 

,  10	MPa  30 °C 
,  850	°C 

,  5	MPa  85%  130	°C 

 85% ,  25 °C 
,  530	°C , ,  600	°C 

,  100 °C   

Table 2. Simulation results for the A-CAES and CAES-HTE systems simulated in the base case 
scenario. 

Variable A-CAES  CAES-HTE (100% Efficient Electrolzer) CAES-HTE (50% Efficient Electrolzer) 
 (TJ) 15.22 15.22 15.22 

 (TJ) - 7.96 7.96 
 (TJ) - 14.82 29.65 

 (TJ) 13.62 - - 
 (TJ) 10.58 15.99 15.99 
 (TJ) - 17.59 17.59 

 (%) 69.5 53.2 35.6 WR 1.44 1.88 2.81 

 (kWh/m3) 5.2 7.9 7.9 

The compression work to fully charge the cavern for both A-CAES and CAES-HTE is the same 
(15.22 TJ). This is because the compressors in both systems are identical (equal pressure, 
temperature, and mass of working air). The high temperature electrolyzer of the CAES-HTE system 
uses 14.83 TJ to produce enough hydrogen for combustion during the discharge phase. The 
electrolyzer has a heating load of 7.96 TJ to generate steam and electrolyze it. This heat is supplied by 
the thermal energy dissipated from the compressors. Therefore, about 52% of the compression work 
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is recovered and used in the HTE to produce hydrogen. In the adiabatic system, about 89% of the 
compression work is physically stored (13.62 GJ). The remainder of heat is released to the ambient 
environment. Therefore, the A-CAES system recovers and utilizes a higher portion of the energy 
supplied to the compressor (compression work). 

Because the temperature of the expanding air is higher in the CAES-HTE configuration (due to 
the combustion of hydrogen), the generated work (15.99 TJ) is larger than that of the A-CAES system 
(10.58 TJ). The heat load of CAES-HTE combustors is 17.59 TJ. This is while the heat transferred to 
the expanding air in the A-CAES system is 13.62 TJ (equal to the stored heat). 

The A-CAES system is thermodynamically more efficient than the CAES-HTE system based on 
our analysis. Physical storage of the compression heat leads to an overall storage efficiency of 69.5% 
(A-CAES) compared to 35.6% for its chemical storage in the form of hydrogen (CAES-HTE, 
assuming a 50% efficient electrolyzer). The simulated CAES-HTE system uses 29.65 TJ more 
electricity (to produce hydrogen in the electrolyzer) compared to A-CAES (both systems have the 
same compression work of 15.22 TJ). The CAES-HTE system however, produces 5.41 TJ of additional 
work because it combusts hydrogen and the expanding air has a higher temperature. Therefore, for 
each unit of excess electrical energy used by the CAES-HTE system, roughly 0.18 unit of excess 
electrical energy is generated. This relatively large gap lowers the overall efficiency of CAES-HTE. 

The performance of CAES-HTE would be less attractive in the real world due to the 
inefficiencies of the electrolyzer itself. The energy efficiency of the electrolysis process can be defined 
as the ratio of the theoretical electricity demand (ΔG) to the actual use. No commercial large-scale 
HTE facility currently exists to our knowledge. The efficiency of the laboratory-scale systems are 
reported as about 50% (at operating temperatures of about 850 °C [37]). To estimate the upper bound 
of the CAES-HTE performance, we also run the simulation with an ideal electrolyzer (100% 
efficient). This would halve the work load of the electrolyzer to 14.82 TJ. This decrease in energy 
consumption improves the roundtrip efficiency of the CAES-HTE system to 53.2% from 35.6%. 

The storage requirements of hydrogen are likely to degrade the performance of CAES-HTE too. 
One would need to compress the hydrogen for storage and use later during the discharge phase in 
CAES-HTE. We have ignored this additional work load in our analysis. 

The hydrogen-based system benefits, however, from a higher exergy density (7.9 kWh/m3) 
compared to A-CAES (5.2 kWh/m3). This is because the CAES-HTE system stores energy both as 
mechanical energy (compressed air) and as chemical energy (hydrogen). Thus A-CAES would 
require 52% more cavern volume to generate the same amount of work in our analysis. 

3.2. Sensitivity of A-CAES and CAES-HTE to Exit Temperature of the HP Compressor 

We treat the maximum exit temperature of the HP compressor ( , , ) as a key design 
parameter for A-CAES and CAES-HTE. Tables 3 and 4 present the sensitivity of the results to this 
parameter (all other parameters are similar to the base case scenario, Table 1). 

Table 3. Sensitivity of the CAES-HTE results to the maximum exit temperature of the HP compressor 
( , , ). Results are based on an ideal electrolyzer. 

Variable 
, ,  (°C) 

500 600 700 800 

 (TJ) 14.20 15.22 16.24 17.25 

 (TJ) 7.24 7.96 8.70 9.45 

 (TJ) 15.19 14.83 14.45 14.07 
 (°C) 460 555 650 745 	(%) 54.4 53.2 52.1 51.1 

For CAES-HTE, setting a higher exit temperature for the HP compressor translates to a higher 
inlet temperature for this compressor and a lower cooling load for the LP cooler (because the 
compression ratio is constant). This provides more thermal energy for the electrolysis process, which 
reduces its electricity demand to produce the same amount of hydrogen. Nevertheless, as the 
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maximum discharge temperature of the high pressure compressor ( , , ) increases from 500 °C 
to 800 °C, less cooling by the LP cooler increases the work load of the HP compressor (because of the 
higher inlet temperature of the HP compressor). As shown in Table 3, the net effect of a higher 
compression work and a lower electrolysis work is an increase in the exergy demand of CAES-HTE 
to charge the cavern. The total input exergy (summation of work of compressor and electrolyzer) 
increases from 29.39 TJ to 31.32 TJ. The discharge phase is insensitive to these changes in our model. 
Storage efficiency of the CAES-HTE system drops from 54.4% to 51.1% across this range. Results are 
presented for a CAES-HTE system with an ideal (100% efficient) electrolyzer. 

Table 4. Sensitivity of the A-CAES performance to the maximum discharge temperature of the 
high-pressure compressor ( , , ). 

Variable 
, ,  (°C) 

500 600 700 800 

 (TJ) 14.20 15.22 16.24 17.25 

 (TJ) 12.60 13.62 14.63 15.65 

 (TJ) 10.43 10.58 10.61 10.88 

 (%) 73.4 69.5 65.4 63.1 , ,  (°C) 54 26 −8 −31 , ,  (°C) 142 181 217 259 

In the A-CAES system, raising , ,  increases the compression work too. This is because 
less cooling is done in the low pressure cooler and consequently, the inlet temperature to the HP 
compressor is elevated. At the same time, more heat is stored in TS2 from the air leaving the HP 
compressor. The turbine’s total work increases by about 4% (from 10.43 to 10.88 TJ) as , ,  is 
raised from 500 to 800 °C. This small increase in the expansion work despite a much higher (24%, 
from 12.60 to 15.65 TJ) increase in the total thermal energy stored ( ) occurs because the thermal 
energy stored in TS1 ( ) and, consequently, the heat given to the air entering the HP turbine and 
the work generated by the HP turbine, ought to decrease to allow higher temperatures for the 
intake and thus discharge of the high pressure compressor. Note that TS1 precedes the HP 
compressor and HP expander (see Figure 4). 

The net effect of increasing , ,  is lowering the storage efficiency of A-CAES. Its 
efficiency decreases from 73.4% to 63.1% when , ,  increases from 500 to 800 °C. Comparing 
Table 3 with Table 4 shows that storage efficiency of A-CAES is more sensitive to the temperature 
of air stream leaving the compressor, compared with that of CAES-HTE. 

An important design consideration in our model is the discharge temperature of the expander. 
This variable needs to remain above the freezing point of water to avoid mechanical damage to the 
expanders. Referring to Table 4, the exit temperature of the HP turbine drops as , ,  
increases. Because less heat can be stored in TS1 and then released to the compressed air entering 
the high pressure expander. This temperature drops below the freezing point when , ,  
reaches 700 °C in our analysis. Designing A-CAES in the real world would need to include a 
detailed analysis to optimize the performance of the plant and avoid freezing concerns. For 
instance, although they are constrained to be equal in our model, the HP expander can be designed 
to have a lower expansion ratio than the LP expander. This will raise and lower the discharge 
temperatures of the HP and LP expanders, respectively. 

3.3. Sensitivity of A-CAES and CAES-HTE to Storage Pressure 

The storage pressure of air is our second key design parameter. The sensitivity of the 
CAES-HTE and A-CAES results to the maximum storage pressure are shown in Tables 5 and 6. All 
parameters are from Table 1. The maximum cavern pressure is varied in the range of 7–12 MPa, 
compared to 10 MPa in the base case. The minimum storage pressure is kept at 5 MPa in all cases. 
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Table 5. Sensitivity of the CAES-HTE model to maximum storage pressure. Results are based on an 
ideal electrolyzer. 

Variable 
(MPa) 

7 8 10 12
 (TJ) 5.88 8.93 15.22 21.73 

(TJ) 3.15 4.75 7.96 21.15 
(TJ) 5.72 8.69 14.82 22.79 

 (°C) 578 569 555 544 
 (TJ) 6.18 9.39 15.99 22.79 
 (TJ) 6.82 10.35 17.60 25.03 

 (%) 53.3 53.3 53.2 53.1 
 (kWh/m3) 3.1 4.7 7.9 11.3 

Table 6. Sensitivity of the A-CAES model to the maximum storage pressure. 

Variable 
(MPa)

7 8 10 12 
 (TJ) 5.88 8.93 15.22 21.73 
 (TJ) 5.24 7.97 13.62 19.48 
 (TJ) 3.90 6.00 10.58 15.36 

 (%) 66.3 67.2 69.5 70.7 
 (kWh/m3) 1.9 3.0 5.2 7.6 , ,  (°C) 5 11 26 33 

For the CAES-HTE system, the compression work and hydrogen demand increase at higher 
storage pressures. This is because more air needs to be stored and heated. The operating 
temperature of the electrolyzer slightly decreases at higher pressures since we keep the maximum 
discharge temperature of the high-pressure compressor fixed. Higher cavern pressures translate to 
higher compression ratios. Keeping the , ,  constant requires a lower inlet temperature for 
the HP compressor at higher cavern pressures. Therefore, TS1 (preceding the HP compressor) needs 
to absorb more heat from the compressed air leaving the LP compressor and entering the HP 
compressor. A lower discharge temperature for the HP compressor decreases the temperature of 
the air entering the electrolyzer, and thus the electrolysis reaction temperature. This temperature 
drops from 578 to 544 °C as the maximum storage pressure of air ( , ) is raised from 7 to 12 MPa 
for a CAES-HTE system with an ideal electrolyzer. 

The expansion work increases at higher cavern pressures because more compressed air is 
handled, and at higher pressures. The net impact of higher cavern pressures on the storage 
efficiency is negligible (slightly negative). Increased work loads for the compressor and the HTE 
cancel out the higher expansion work. The exergy density of the cavern increases ~2.7 times as the 
maximum storage pressure increases from 7 to 12 MPa. Therefore, increasing the cavern pressure 
substantially improves the exergy density of the plant while it marginally degrades the storage 
efficiency. In the real world, however, the storage efficiency is likely to degrade more compared to 
the scenario pictured here. For example, we have assumed a fixed isentropic efficiency for the 
compressors whereas their efficiency is likely to degrade at higher compression ratios [38]. 

For the A-CAES system, higher cavern pressures translate to higher compression work as well. 
At the same time, more waste heat recovery opportunities are available. The expansion work also 
increases as a larger mass of air and at a higher pressure is expanded. The net effect of higher 
compression work, recovered heat, and expansion work is positive on the storage efficiency of 
A-CAES. It rises from 66.3% to 70.7% as the cavern pressure is lifted from 7 to 12 MPa. The exergy 
density of the cavern at 12 MPa is almost 4 times that of 7 MPa, as more air is stored in the same 
cavern, and at higher pressures. Finally, the exit temperature of the HP expander is also raised, due 
to more stored heat despite the higher expansion ratios. This is beneficial in addressing the 
concerns with freezing of vapor in the expanding air and damaging the turbine blades. 

3.4. Thermodynamics of Conventional CAES and CAES-LTE 
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In Table 7, we present the results for thermodynamics of conventional CAES and CAES-LTE 
systems. For the most part, we use the same input parameters as for A-CAES and CAES-HTE  
(Table 1), such as air storage temperature, minimum cavern pressure, and discharge temperature of 
the final heat exchanger. This is to benchmark the performance of A-CAES and CAES-HTE. The 
primary difference is that the compression train of CAES and CAES-LTE is made up of three stages. 
This is because there is no need to generate high temperature heat in these designs. Therefore, more 
intercooling can be performed to lower the compression work, similar to the McIntosh and Huntorf 
CAES plants. Moreover, the maximum storage pressure of the cavern is set at 7 MPa instead of 10 
MPa, again as high temperature heat is not needed. As the number of compression stages increases 
and their compression ratio drops, energy losses during the compression (charging) phase decrease. 
This is because the compression process gets closer to an isothermal instead of an adiabatic process.  

Table 7. Simulation results for the conventional CAES and CAES-LTE systems.  

Variable CAES-LTE (100% Efficient Electrolzer) CAES-LTE (50% Efficient Electrolzer) CAES 
 (TJ) 4.56 4.56 4.56 

 (TJ) 1.38 1.38 - 
 (TJ) 6.47 13.48 - 

 (TJ) 6.18 6.18 6.18 
 (TJ) 6.82 6.82 6.82 

 (%) 54.7 34.2 54.3 WR 1.83 2.92 0.74 

 (kWh/m3) 3.1 3.1 3.1 

The storage efficiency of the CAES-LTE system with a 50% efficient electrolyzer is 34.2%, which 
is comparable to that of the CAES-HTE system. This indicates that the lower electricity demand of 
the electrolyzer in CAES-HTE system is offset by its higher compression work. Using an ideal (100% 
efficient) electrolyzer instead of a 50% efficient electrolyzer leads to an overall storage efficiency of 
54.7% for CAES-LTE. 

The efficiency of the conventional CAES system is 54.3%, which is lower than that of A-CAES 
(69.5%) and similar to the hydrogen-fueled CAES systems with ideal electrolyzers (53.2% for HTE 
and 54.7% for LTE). The conventional CAES system has the lowest work ratio (0.74) because it burns 
natural gas with a heat rate of 3.97 GJ per MWh of gross electricity generated, or 15.27 GJ per MWh 
of net electricity. 

4. Discussion 

Our analysis shows that the A-CAES system has the highest exergy storage efficiency, 
followed by conventional CAES, and then the hydrogen based CAES systems. High exergy losses in 
electrolyzers constitute a key contributor to the overall low storage efficiency of CAES-HTE and 
CAES-LTE. 

Current literature has identified A-CAES as a potentially important component of low carbon 
grids with large penetration of renewable energies from an economic point of view. This paper 
builds on the same premise and provides further insight into thermodynamic performance and 
competitiveness of A-CAES. 

The economics of conventional CAES are likely to be more attractive compared to the other 
systems studied here unless significant GHG emissions restrictions are in place. The emissions 
intensity of the conventional CAES system modeled is 262 kgCO2e/MWh of gross electricity 
generated whereas the other three systems emit no greenhouse gases. The emissions of the 
electricity consumed to charge these plants are not included for this calculation. However, if 
emissions per unit of net rather than gross electricity generated by the CAES plant (generation 
minus consumption, equal to 1 −WR) is considered, the corresponding emissions intensity is 1,008 
kgCO2e/MWh. In other words, the conventional CAES plant would emit 1 metric ton of CO2e per 
incremental MWh of electricity it adds to the grid supply. This is almost 50% higher than that of a 
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simple gas combustion turbine (679 kgCO2e/MWh, using an efficiency of 35% and heat rate of 10.26 
GJ/MWh), which competes with storage for filling in the gaps in the supply of intermittent 
renewables. This high emissions level highlights the shortcoming of the conventional CAES systems 
in carbon-constrained grids. 

Assessing the competitiveness of these storage technologies to support integration of renewable 
energies into low-carbon grids requires a comprehensive analysis, including both thermodynamics 
and the economics of practical implementation. Precise thermodynamic assessment of these systems 
in the real world calls for complex numerical analyses due to their complexities, which is beyond the 
scope of this paper. Here we offer a few insights into the thermodynamic and economic trade-offs of 
these systems in the real-world. 

Our thermodynamic analysis indicates that prospects for hydrogen-based CAES systems are 
likely weaker than those of A-CAES due to the lower storage efficiency. Even assuming an ideal 
electrolyzer leads to storage efficiencies in the lower 50% range as the high end for the CAES-HTE 
and CAES-LTE configurations studied here, compared to around 70% for A-CAES. Using a currently 
more realistic electrolyzer efficiency of 50% lowers the overall efficiency of the hydrogen-fueled 
systems to the mid 30% range. Although thermal losses would decrease the efficiency of A-CAES, 
they would not be as significant as the electrolyzer losses. 

Capital and operating costs of these CAES systems are different, with conventional CAES 
currently being the most mature and inexpensive for large scale adoption, in the absence of tight 
emissions restrictions. The design and operation of A-CAES plants are complicated by the need for 
high-pressure and high-temperature compressors, thermal stores, and high-pressure turbines [31]. 
In contrast, the engineering and economic complications of high-temperature electrolyzers and 
hydrogen storage and combustion complicate the CAES-HTE systems. The design and operations of 
a CAES-LTE system would be simpler because can operate at pressures and temperatures of 
conventional CAES systems. 
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Nomenclature 

A-CAES Adiabatic compressed air energy storage 
CAES Compressed air energy storage 
CAES-HTE Compressed air energy storage paired with a high-temperature electrolyzer 
CAES-LTE Compressed air energy storage paired with a low-temperature electrolyzer 

 Combustor ℎ Charge process 
 Cooler (heat exchanger) following compressor stages 

 Latent heat of evaporation (kJ/kg) CM Compressor 
 Cavern for air storage coolant Cold stream of compressor cooler ,  Specific heat at constant pressure and volume (


) 

 Compression ratio ℎ Discharge process 
 Voltage applied to electrolyzer (volts) 
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 State of depleted cavern 
 Exhaust stream of the storage plant FHX Heat exchanger located at exhaust of the plant 
 State of fully charged cavern 
 Gibbs free energy (kJ) GI GHG emissions intensity of plant or fuel (kgCO2e/MWh or kgCO2e/GJ, 

respectively) 
h Specific enthalpy (kJ/kg) ℎ  Standard enthalpy of formation (kJ/kg) HP High-pressure equipment HR Heat rate (GJ/MWh) 
HTE High temperature electrolysis/ electrolyzer 

 Inlet conditions IP Intermediate-pressure equipment 
 Isentropic process IX Exergy loss (kJ) LHV Lower heating value (kJ/kg) LP Low-pressure equipment LTE Low-temperature electrolysis/ electrolyzer 

 Mass of air or fuel (kg) 
 Molar mass (kg/kMole) 

 Molar coefficient NG Natural gas 
 Outlet conditions 

 Pressure (kPa) 
 Thermal energy (kJ) 

 Ideal gas constant (


) 

 Recuperator 

 Specific entropy (


) 

 Standard entropy (


) 

 Entropy (kJ) 
 Sensible heat (kJ/kg) 

 Temperature 
 Approach temperature TB Turbine (expander) TS Thermal energy storage unit 

 Specific internal energy (kJ/kg) 
 Internal energy (kJ) 
 Volume of air storage (m3) 
 Work (kJ) WR Work ratio 

 Specific exergy (kJ/kg) 
 Exergy (kJ) XR Expansion ratio of turbine 
 Exergy density of cavern (kWh/m3) 
 Specific heat ratio of air 
 Efficiency (%) 
 Exergy of air stream (kJ/kg) 0 Standard conditions 
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Appendix A 

We here discuss the details of the analytical models developed to assess the thermodynamics of 
the compressed air energy storage systems. 

We use the following general assumptions and simplifications. One complete charge and 
discharge cycle is analyzed (without part-load operation). Air is modeled as an ideal gas with 
temperature-independent specific heat. Mass of the fuel is assumed negligible compared to the 
compressed air and the mixture of air and fuel is treated as pure air. Equations (A1)–(A5) list the 
general ideal gas formulae used. The ambient environment (subscript 0) is at standard conditions 
( = 101 kPa and  =25 °C). This condition is also the reference state for calculating the internal 
energy, enthalpy, entropy, and exergy in our analysis. =  (A1) 

ℎ = ( − )  (A2) 

= ( ) − ( ) (A3) 

= ln − ln  (A4) 

= (ℎ − ℎ ) − ( − )  (A5) 

In our model, similar to Huntorf and McIntosh CAES plants, the cavern has a fixed volume. 
Cavern’s pressure varies between a minimum pressure ( ) and a maximum ( ). In order to 
maintain its mechanical integrity and to ensure high-enough flow rates of the withdrawn air, the 
cavern is not fully depleted. The air mass remaining in the cavern at the end of the discharge phase 
(when all the “working air” has been withdrawn to generate electricity) is called the “cushion air”. 

The cavern and thermal storage units are modeled as adiabatic. The coolers (heat exchangers) 
following each compressor stage are constrained to have a fixed approach temperature ( ), defined 
as the difference between temperature of the cooled compressed air leaving the heat exchanger 
( , ) and temperature of the coolant ( , ). This implies the inlet temperature of the cavern 
and the discharge of all the compressor coolers is constant through the charging process (Equation 
(A6)). = , = + , = +  (A6) 

During the discharge phase, we constrain the exit temperature of the combustors at a fixed 
value (e.g., through controlling fuel combustion). The expander (turbine) has two stages; 
high-pressure (HP) and low-pressure (LP). These stages are constrained to have equal but variable 
expansion ratios (Equation (A7)), according to the instantaneous pressure of the cavern. = = = √  (A7) 

Temperature of the air stream leaving the storage plant ( ) is set to be fixed. An imaginary 
heat exchanger (FHX) is placed at the exhaust of the storage plant to account for the exergy loss of 
the exhaust stream to the ambient environment. This heat exchanger cools the air leaving the LP 
turbine or recuperator, from  down to the ambient temperature (see Figure 3). 

The heat flows ( ) are reckoned to be positive if they enter the system (e.g., heat added in the 
combustor, ) and negative if they leave the system (e.g., heat dissipated in the compressor 
coolers, ). The work ( ) done by the system on the surroundings has a positive sign (e.g., 
expansion work, ) whereas the work done on the system has a negative sign (e.g., compression 
work, ). 
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A.1. Thermodynamic Modeling of Conventional CAES 

In the conventional CAES system (Figure 3), air is compressed in a multi-stage compressor 
(CM) and then stored in the cavern (CN). Each compression stage is followed by a heat exchanger 
(cooler, CL) to reduce compression work of the succeeding stage and to reduce the volumetric 
requirements for air storage. The compression heat (heat absorbed by the coolers) is rejected to the 
ambient environment. 

We model the compressor of conventional CAES system to have three stages: low-pressure 
(LP), intermediate-pressure (IP), and high-pressure (HP). All the stages have variable but equal 
compression ratios and a fixed isentropic efficiency throughout the entire charging process. The 
compression ratio (CR) varies to match the instantaneous pressure of the cavern ( ) (see Equation 
(A8)). 

= = = = √  (A8) 

During the discharge phase, air is preheated in a recuperator. It is then combusted with natural 
gas (NG) and generates work in the expanders (TB). We model a two-stage expander. In the 
recuperator, the exhaust of the low-pressure (LP) turbine preheats the air entering the high-pressure 
(HP) combustor. 

The two existing commercial CAES plants (Huntorf and McIntosh) have a similar configuration 
as the one modeled here, except that the Huntorf facility does not utilize a recuperator. 

A.1.1. Charge Phase of Conventional CAES 

At the beginning of each charging phase, the initial temperature ( ) and pressure ( ) of 
the cavern are known from the previous storage cycle. Therefore, the mass of the cushion air is 
calculated by applying the ideal gas equation of state. The relationship between changes in the mass 
of air present in the cavern ( , ) and its instantaneous pressure ( ) is found by applying the 
First Law of thermodynamics to the control volume of the cavern (Equation (A9)). − = − ℎ , ,  (A9) 

Since the cavern is adiabatic and has a fixed volume, 	 = = 0. Using Equations (A1)–(A3), 
the above equation is transformed into Equation (A10). 

, = V
 (A10) 

Because the inlet temperature of the cavern ( ) is fixed and known, Equation (A10) is 
integrated to find the total mass of working air ( , ) as the cavern is charged and its pressure 
raises from  to  (Equation (A11)). Once the mass of air in the fully charged cavern ( , ) is 
determined (Equation (A12)), its temperature ( , ) is calculated by applying the ideal gas equation 
of state (Equation (A13)). 

, = −
 (A11) 

, = , + ,  (A12) 

, = + −  
(A13) 

The compression work for charging the cavern is quantified by applying the First Law of 
thermodynamics to each compression stage and summing them up (Equation (A14)). Work of the 
low-pressure compressor is formulated in Equation (A15). A similar equation is applicable to the 
intermediate-pressure and high-pressure compressors. The inlet temperature of each stage is fixed 
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and known. The instantaneous discharge temperature of each compressor stage is determined by 
applying the isentropic compression formulae (see Equation (A16) for the LP compressor). = ∫ , + , + ,  (A14) 

, = 	 	 	 , − , ,  (A15) 

, = , − , − ,,  (A16) 

,, = , ( )/   

The total compression heat is determined by applying the First Law of thermodynamics to each 
compressor cooler and integration (Equation (A17)). As a case in point, Equation (A18) quantifies an 
increment of heat dissipated by the cooler of the HP compressor. Note the inlet temperature of each 
cooler equals the discharge temperature of the preceding compression stage. The discharge 
temperature of the coolers is set to be fixed (Equation (A6)). = ∫ , + , + ,  (A17) 

, = 	 	(	 , − , ) ,  (A18) 

Once the initial (em) and final (fl) states of the cavern over the charging phase in addition to the 
compression work are determined, the change in internal energy ( ), entropy ( ), and exergy 
( ) of the cavern as well as the exergy loss ( ) are calculated with Equations (A19)–(A22). = , − ,  (A19) 

= , − ,  (A20) 

= −  (A21) 

= − − + , ,  (A22) 

Since air entering the system is at ambient conditions, , = 0. 

A.1.2. Discharge Phase of Conventional CAES 

Similar to the charging process, we use the First Law of thermodynamics to find the 
relationship between the instantaneous temperature and changes in the mass and pressure of the air 
present in the cavern during the discharge phase (Equation (A23)). 

, =  (A23) 

Using Equation (A23) and the state equation for ideal gas, mass of air left in the cavern at the 
end of the discharge process (cushion air, , ) and total mass of air withdrawn (working air, , ) are calculated via Equations (A24) and (A25). ,, =   

, = ,  (A24) 
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, = , − , = + − 1 −  (A25) 

Now that mass of the cushion air is known (Equation (A24)), the state equation is applied to 
determine the instantaneous and final temperature of the compressed air in the cavern (Equations 
(A26) and (A27)).  

, = ( )/
 (A26) 

= ( )/
 (A27) 

The initial temperature of air in the fully discharged cavern is set to  (i.e., temperature of the 
air in cavern at the beginning of the very first cycle). This temperature eventually reaches asymptotic 
limits after many cycles, regardless of the initial temperature we choose. Simulation is run until this 
asymptotic limit is reached and all the results are reported then.  

Temperature of the air entering the low- and high-pressure turbines ( ,  and , ) is set 
fixed and constant in the analysis. However, the discharge temperature varies according to the 
instantaneous expansion ratio, which is itself a function of the instantaneous cavern pressure. The 
First Law of thermodynamics is applied to each expander stage to find the work generated 
(Equations (A28) and (A29)). The instantaneous discharge temperature of the high-pressure 
expander is quantified by Equation (A30), based on the isentropic expansion formulae. A similar set 
of equations can be written for the low-pressure turbine. We use a fixed isentropic efficiency for all 
stages. = ∫ , + ,  (A28) 

, = 	 	 , − , ,  (A29) 

, = , + ( ,, − , ) (A30) 

,, = , ( )/   

Once the instantaneous exit temperature of the high-pressure expander ( , ) is quantified, 
total heat added in the low-pressure combustor is determined by applying the First Law of 
thermodynamics (Equation (A31)). Note that , = ,  and , = , . 

, = ∫ 	 	( , − , ) ,  (A31) 

The instantaneous temperature of air entering the high-pressure combustor is expressed as a 
function of the cavern’s pressure by applying the First Law of thermodynamics to the recuperator 
(Equation (A32)). Similar to the low-pressure combustor, the heat added in the high-pressure 
combustor is quantified by applying the First Law of thermodynamics (see Equation (A33)). Note 
that , = ,  and , = , . Tet is the fixed temperature of the exhaust stream of 
the plant, which is leaving the recuperator (RP) and entering the final heat exchanger (FHX). , = , + , −  (A32) 

, = ∫ 	 	( , − , ) ,  (A33) 

Once the heat added in the combustor is known, the total mass and exergy of the fuel (natural 
gas) are quantified (Equations (A34) and (A35)).  
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= , + ,  (A34) 

=  (A35) 

The First Law of thermodynamics is applied to quantify the heat recovered in the recuperator 
and the heat dissipated in the final heat exchanger (Equations (A36) and (A37)). = ∫ 	 	 − , ,  (A36) 

= ∫ 	 ( − ) ,  (A37) 

Finally, the change in internal energy, entropy, and exergy of the cavern as well as exergy lost 
over the discharge process are calculated (Equation (A38) to Equation (A41)). The exergy of air 
stream leaving the storage plant ( , ) is zero, similar to the exergy of air entering the plant 
( , ). This is because both air streams are at ambient conditions. = , − ,  (A38) 

= , − ,  (A39) 

= −  (A40) 

= − − + − , ,  (A41) 

A.1.3. Roundtrip Analysis of Conventional CAES 

Once the work, heat, and exergy fluxes during the charge and discharge processes are 
quantified, the storage efficiency, work ratio and heat rate of the storage plant are calculated 
(Equation (A42) to Equation (A44)). The GHG emissions intensity of the plant and cavern exergy 
density are determined by using Equations (A45) and (A46). = − + −  (A42) 

WR = − −
 (A43) 

HR = LHV 3.6 GJMWh  (A44) 

GI = (HR) (GI ) (A45) 

=  (A46) 

We use an emissions intensity of 66 kgCO2e/GJ for natural gas to account for upstream 
emissions in addition to combustion emissions [2].  

Figure A1 illustrates the temperature range for each system component over the full charge and 
discharge cycle. In parentheses by each component are the minimum and maximum temperatures in 
°C as the plant goes through a full charging and discharge cycle. For instance (39,70) at the discharge 
of the cavern indicates the temperature of the fully discharged cavern (39 °C at 5 MPa) and fully 
charged cavern (70 °C at 7 MPa). If only one number is shown (e.g., discharge of the HP combustor), 
then the temperature is constant throughout the cycle. 
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Figure A1. Temperature range of the conventional CAES system in the base case scenario. Values in 
each bracket show minimum and maximum temperature. The cavern operates between 5 and 7 MPa. 
All compression stages and expansion stages have equal pressure ratios.  

A.2. Thermodynamic Modeling of Adiabatic CAES (A-CAES) 

Figure 4 illustrates schematics of the A-CAES system simulated in this paper. The compression 
heat is stored in two thermal energy store facilities (TS1 and TS2). The coolers (heat exchangers) 
between the compressor stages are eliminated in order to increase the temperature of the 
compression heat available for thermal energy storage. Only one cooler is used, between TS2 and 
cavern, to lower temperature of the air prior to storage in the cavern. 

The compressors have two stages, low-and high-pressure. The LP and HP stages have variable 
but equal compression ratios. The instantaneous compression ratio in the A-CAES system is 
therefore, given by Equation (A47).  = = = √  (A47) 

The expansion train of A-CAES is made up of two stages as well, LP and HP. The withdrawn air 
is heated in TS1 and TS2 before expansion and power generation (no combustor exists in A-CAES). 
The final heat exchanger (FHX) cools the discharge stream of the low-pressure expander to the 
ambient temperature. 

The TS1 unit absorbs heat from the air leaving the low-pressure compressor and provides heat 
to air entering the high-pressure expander. TS2 interacts with the high-pressure compressor and the 
low-pressure expander. TS2 stores heat at higher temperatures compared to TS1 since it is in contact 
with the high temperature air leaving the HP compressor (see Figure A2). Therefore, in our design, 
TS2 is set to release its high temperature heat to the compressed air entering the LP compressor so 
that the temperature of air leaving the turbine remains above freezing, to avoid damaging turbine 
blades (the temperature and amount of heat stored in TS1 are not sufficient for this purpose).  

The temperatures of the air entering the expanders (i.e., exhaust of TS1 and TS2) during the 
discharge phase are constrained to be constant. However, their values are dictated by amount of the 
heat stored. Note that the inlet temperatures of expander in the conventional CAES system were 
constant as well but their values were a design parameter (i.e., preset). The thermal energy storage 
units (TS1 and TS2) are modeled isobaric and adiabatic.  

A.2.1. Charge phase of A-CAES 

Equations (A6) and (A10) remain applicable to determine the temperature and mass of 
compressed air entering the cavern over the charging period. Similarly, Equations (A11)–(A13) 
quantify changes in the mass and temperature of compressed air in the cavern. 

The compression work of A-CAES is calculated by applying the First Law of thermodynamics 
to the LP and HP compressors and summing them up (Equation (A48)). The work and discharge 
temperature of the LP compressor are quantified by Equations (A49) and (A50). Similar formulae 
can be written for the HP compressor. 
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= ∫ , + ,  (A48) 

, = 	 	 	 , − ,  (A49) 

, = , − , − ,,  (A50) 

,, = , ( )/   

The maximum exit temperature of the high-pressure compressor is a preset parameter, which 
will be varied in the sensitivity analysis section. Our rationale for this design constraint is the 
following. The exit temperature of the compressor is a key parameter for determining the exergy 
supplied to and stored in thermal storage. This consequently impacts the temperature of the air 
entering the expanders during the discharge phase. Moreover, there are technical constraints such as 
the stress on and the fatigue of compressor blades driven by the maximum temperature of the 
compressor. 

Thermal storage units (TS1 and TS2) are constrained to have a constant discharge temperature 
over the charging period. The constant exit temperature of TS2 (succeeding the HP compressor) is 
preset ( , ). The constant exit temperature of TS1 (preceding the HP compressor) is, however, 
dictated by the value chosen for maximum discharge temperature of the HP compressor 
( , , ). Solving the system of equations composed of Equations (A51)–(A53) finds the fixed 
inlet temperature of the high-pressure compressor ( , ) that limits its maximum exit temperature 
to the preset value of , , . Note that ,  is equal to , . 

, = =  (A51) 

, , = , + ,, , − ,
 (A52) 

,, , = , ,  (A53) 

Equation (A54) gives the total heat stored in TS2 during the charging phase. The inlet 
temperature of TS2 is equal to the exit temperature of the high-pressure compressor and is a function 
of the instantaneous compression ratio (see Equations (A55) and (A56)). The exit temperature of TS2 
( , ) is constrained to be constant throughout the charging process. Equations (A57)–(A59) show 
similar formulae for TS1 absorbing and storing the heat from compressed air leaving the LP 
compressor.  

, = ∫ 	 	 , − , ,  (A54) 

, = , − , − ,,  (A55) 

,, = , ( )  (A56) 

, = ∫ 	 	 , − , ,  (A57) 
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, = , − , − ,,  (A58) 

,, = , ( )  (A59) 

Exergy of the heat stored in TS1 and TS2 is similarly quantified (Equations (A60) and (A61)). 
The exergy of the air stream is calculated according to Equations (A2), (A4) and (A5) since the inlet 
and outlet temperature and pressure of TS1 and TS2 are known. 

, = ∫ , − , ,  (A60) 

, = ∫ 	 , − , ,  (A61) 

Air stream leaving TS2 is further cooled in the aftercooler prior to entering the cavern. Equation 
(A62) quantifies the heat rejected to the ambient in the aftercooler. Equation (A63) expresses the total 
heat that is dissipated by the compressor, equal to the heat stored by TS1 and TS2 plus the heat 
rejected to the ambient environment by the aftercooler. = ∫ 	 	 	 − , ,  (A62) 

= + , + ,  (A63) 

Equations (A19)–(A21) remain applicable for quantifying the changes in the internal energy, 
entropy, and exergy of the air stored in the cavern of A-CAES. Exergy destroyed over the charging 
period is shown in Equation (A64). = − − + − Δ , − Δ ,  (A64) 

A.2.2. Discharge Phase of A-CAES 

Changes in the mass and temperature of compressed air present in the cavern of A-CAES 
during the discharge period are expressed by Equations (A23)–(A27), similar to the conventional 
CAES model.  

We assume perfect storage of heat, i.e., all the thermal energy stored during the charging phase 
is released back to the expanding air without any losses. The exit temperature of TS1 and TS2 is 
assumed to remain constant over the discharge period. 

The First Law of thermodynamics is applied to perform a series of trials and errors in order to 
find the fixed (but unknown) exit temperature of TS1 so that the heat released by TS1 during the 
discharge period (Equation (A65)) becomes equal to the heat previously stored in it during the 
charge period (Equation (A57)). 

, = ∫ 	 , − , ,  (A65) 

,  is the instantaneous temperature of air leaving the cavern (Equation (A26)). 
Once the exit temperature of TS1 is calculated, work and discharge temperature of the 

high-pressure expander are found through applying the First Law of thermodynamics to the 
high-pressure expander (Equations (A66) and (A67). The instantaneous expansion ratio is expressed 
by Equation (A7). 

, = ∫ 	 	 , − , ,  (A66) 

, = , + ( ,, − , ) (A67) 
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,, = , ( )/   

Upon determining the intake temperature of TS2 during the discharge phase (equal to , ), 
we again use the First Law of thermodynamics to express heat of TS2 during the discharge phase 
(Equation (A68)). The same trial and error procedure explained for TS1 is applied to Equations (A68) 
and (A54) to find the exit temperature of TS2.  

, = ∫ 	 	 , − , ,  (A68) 

The changes in the exergy stock of TS1 and TS2 are quantified by Equations (A69) and (A70). 
Since we model the thermal storage systems as ideal (no losses), the exergy released by TS1 and TS2 
is equal to the exergy stored during the charging phase. 

, = ∫ 	 , − ,  (A69)) 

, = ∫ 	 , − , ,  (A70) 

Now that the inlet temperature of the low-pressure turbine is determined (equal to discharge 
temperature of TS2), the First Law of thermodynamics is used to determine the work of the 
low-pressure turbine (Equation (A71)) and its exit temperature (Equation (A72)). 

, = ∫ 	 	 , − , ,  (A71) 

, = , + ( ,, − , ) (A72) 

,, = , ( )/   

Finally, we quantify the heat dissipated by the final exhaust heat exchanger via Equation (A73). = ∫ − , ,  (A73) 

Equations (A38)–(A40) remain applicable to calculate the changes in the internal energy, 
entropy, and exergy of cavern over the discharge phase. Equation (A74) quantifies the total exergy 
loss during the discharge phase of A-CAES. = − − − , , − , − ,  (A74) 

A.2.3. Roundtrip Analysis of A-CAES 

Equations (A42)–(A46) are applicable for the performance of the A-CAES system. Since no fuel 
is consumed, the heat rate and GHG emissions intensity of A-CAES are zero. 

Similar to Figure A1, Figure A2 shows the temperature range for each A-CAES system 
components over the storage cycle. 
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Figure A2. Temperature range of the A-CAES system in the base case scenario. Values in each 
bracket show minimum and maximum temperature. The cavern operates in 5–10 MPa range. The 
compressor and expander stages have equal pressure ratios.  

A.3. Modeling CAES Paired with a High-Temperature Electrolyzer 

The compressor of the CAES-HTE system simulated has two stages (similar to A-CAES). A 
cooler (heat exchanger) lowers the temperature of the exhaust stream of the LP compressor to a 
fixed value before entering the high-pressure compressor. The maximum discharge temperature of 
the high-pressure compressor is a design parameter and is preset, similar to A-CAES. The discharge 
of the HP compressor is fed into a high-temperature electrolyzer. Its heat is used to boil water, to 
heat up the generated steam to the constant temperature of the electrolyzer ( ), and to provide 
the heating energy required for the electrolysis process.  

A cooler follows the electrolyzer, lowering temperature of the compressed air to a fixed value 
( , ) before storage in the cavern. The generated hydrogen is stored separately to combust and 
heat the expanding air during the discharge phase. No physical storage of heat is performed, in 
contrast to the A-CAES configuration.  

The discharge phase of CAES-HTE is identical to that of the conventional CAES in our model, 
with the distinction that hydrogen fuels the combustors instead of natural gas. 

The heating loads of the high-pressure and low-pressure combustors during the discharge 
phase determine the amount of hydrogen fuel needed and consequently the energy demand of the 
electrolyzer during the charge phase. We therefore, discuss the discharging phase first and then the 
charging phase. 

A.3.1. Discharge Phase of CAES-HTE 

Equations (A23)–(A27) remain applicable for quantifying the changes in the mass and 
temperature of the compressed air remaining in the cavern during discharge. Similar to the 
conventional CAES system, the inlet temperatures of the low-pressure and high-pressure turbines 
( ,  and , ) are preset. Therefore, Equations (A28)–(A30) quantify the expansion work and 
the instantaneous exit temperature of the turbines (expanders). The heat load of the low-pressure 
and high-pressure combustors are determined by applying Equations (A31), (A33) and (A75). 
Finally, the mass and exergy of the hydrogen fuel needed are calculated via Equations (A76) and 
(A77). = , + ,  (A75) 

=  (A76) 

=  (A77) 

Equations (A38)–(A40) remain applicable for quantifying the changes in internal energy, 
entropy, and exergy of the compressed air present in the cavern. The exergy lost during the 
discharge phase is quantified by Equation (A78). = − −W + − , ,  (A78) 
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A.3.2. Charge Phase of CAES-HTE 

Charging phase of CAES-HTE is similar to that of conventional CAES with the key difference 
that exhaust stream of the HP compressor transfers some of its heat to an electrolyzer to generate 
hydrogen and the rest to the ambient in an aftercooler. As with the A-CAES simulation, the 
maximum discharge temperature of the HP compressor is preset. This parameter dictates the exit 
temperature of the LP cooler (a constant but unknown parameter). 

Equation (A9) to Equation (A13) remain valid for quantifying changes in the mass and 
temperature of compressed air in the cavern during the charge period. Work by the LP compressor 
and its discharge temperature are calculated by applying the First Law of thermodynamics to the 
low-pressure compressor (Equations (A79) and (A80)). 

, = ∫ 	 , − , ,  (A79) 

, = , − , − ,,  (A80) 

,, = , ( )/   

The next step after quantifying the inlet temperature of the LP cooler (equal to exit temperature 
of the LP compressor, Equation (A80)) is finding its discharge temperature, which is same as the 
inlet temperature of the HP compressor. This temperature is constrained to remain constant during 
the charging period. Its value, however, is dictated by another design parameter: the maximum exit 
temperature of the HP compressor. Similar to the A-CAES model, solving the system of equations of 
Equations (A51)–(A53) finds the inlet temperature of the high-pressure compressor ( , , which is 
equal to , ). 

Once the inlet temperature of the HP compressor is known, its work and instantaneous exit 
temperature are determined by applying Equations (A81) and (A82). 

, = ∫ 	 , − , ,  (A81) 

, = , − , − ,,  (A82) 

,, = , ( )/   

As illustrated in Figure 2, the energy demand of the electrolyzer depends on the reaction 
temperature. For the sake of simplicity, we assume a fixed electrolysis temperature, equal to the 
average exit temperature of the HP compressor over the charge process. 

Since the instantaneous inlet temperature of the electrolyzer is known as a function of the 
compression ratio (equal to , , Equation (A82)), one can apply the First Law of thermodynamics 
to the electrolyzer to find its exit temperature ( ), which results in the desired heat load of the 
electrolyzer ( , , quantified in the next paragraphs and expressed by Equation (A97)). A trial 
and error process is used (similar to the A-CAES system) to find . 

Total heat demand of the electrolyzer ( , ) is dictated by the mass of hydrogen needed to 
fuel the combustors during the discharge process. This heating load is made up of four components: 
sensible heat load to bring water to 100 °C ( , ), latent heat load to boil it ( , ), sensible 
heat load to bring the steam from 100 °C to the electrolysis temperature ( , ), and the heat 
required for the electrolysis process itself ( ).  

In a high-temperature electrolyzer, steam is disassociated in the cathode to produce hydrogen 
and O2− while O2− gets oxidized in the anode producing oxygen (Equations (A83)–(A85)). H O + 2 → H + O  (A83) 
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O → 12O + 2  (A84) 

H O → H + 12O  (A85) 

One mole of hydrogen and half a mole of oxygen are generated per mole of water. The 
relationship between mass of hydrogen and water are shown in Equation (A86). =  (A86) 

The sensible heat load of water, sensible heat load of steam, and the latent heat are quantified 
by Equations (A87)–(A89). 

, = ( − ) (A87) 

, = ( − ) (A88) 

, =  (A89) 

For the electrolysis process itself, the total energy requirement (Δ ), the change in entropy (Δ ), 
and the electricity demand (change in the Gibbs free energy, ΔG) are determined by Equations 
(A90)–(A92) as a function of the reaction temperature ( ). ( ) = 	 ℎ ( ) + ℎ ( ) − ℎ ( ) (A90) 

( ) = 	 ( ) + ( ) − ( ) (A91) 

( ) = ( ) − ( ) (A92) 

The changes in specific enthalpy (Δℎ) and entropy (Δ ) of the reactant and products are 
expressed by Equations (A93) and (A94), respectively. Symbols Δℎ  and  represent the standard 
specific enthalpy of formation and the standard specific entropy. Specific heat ( ) is itself a function 
of temperature. The values for the standard enthalpy of formation, standard entropy, and specific 
heat of water and steam are shown in Table A1. ℎ( ) = ℎ + ( )  (A93) 

( ) = + ( )
 (A94) 

We therefore, use Table A1 and Equations (A90)–(A94) to quantify the heat and work load of 
the electrolyzer, as shown in Equations (A95) and (A96). = Δ (@ ) (A95) 

= Δ (@ ) (A96) 
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Table A1. Thermodynamic properties used to quantify energy demand of electrolysis [39,40]. 

Component 	(kJ/mol) 	(kJ/kmolK) (kJ/kmolK) 	(kJ/mol) ( ) 0 131 
27.28 + 0.00326+ 50,000⁄ - 1 

( ) 0 205 
29.96 + 0.00418− 167,000⁄ - 0.5 ( ) −285.83 70 75.44 40.7 1 ( ) −241.82 189 
30 + 0.01071+ 33,000⁄ - 1 

Finally, the total heat load of the electrolyzer ( , ) is determined by Equation (A97). This 
variable is used to find the discharge temperature of the electrolyzer ( ) through the trial and 
error procedure explained earlier.  

, = , + , + , +  (A97) 

The First Law of thermodynamics is applied to each cooler to determine the heat dissipated by 
the LP and HP coolers (Equations (A98)–(A100)). Note that the discharge temperature of the HP 
cooler is preset to the approach temperature plus the ambient temperature ( + ), same as the 
conventional CAES model. The intake temperature of the high-pressure compressor ( , ) is equal 
to the exit temperature of the LP cooler. The total compression heat is equal to the heat dissipated in 
the compressor coolers (Equation (A98)) plus the heat load of the electrolyzer (Equation (A97)), as 
shown in Equation (A101). = ∫ , + ,  (A98) 

, = 	 	 , − , ,  (A99) 

, = 	 , − ,  (A100) 

= + ,  (A101) 

Equations (A19)–(A21) remain valid for quantifying the changes in the internal energy, entropy, 
and exergy of the compressed air in the cavern. The exergy lost over the charging process of 
CAES-HTE is calculated by Equation (A102). = 	 + − − −  (A102) 

A.3.3. Roundtrip Performance of CAES-HTE 

Equations (A42)–(A46) remain applicable for expressing the roundtrip performance of the 
CAES-HTE system. Since no fuel is consumed, the heat rate and GHG emissions intensity of 
HTE-CAES are zero. 

The temperature range of the components of the CAES-HTE system in the base case are 
illustrated in Figure A3. 
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Figure A3. Temperature range of the CAES-HTE system in the base case scenario. Values in each 
bracket show minimum and maximum temperature. The cavern operates in 5–10 MPa range. The 
compressor and expander stages have equal pressure ratios. 

A.4. Modeling CAES Paired with a Low-Temperature Electrolyzer (CAES-LTE) 

The CAES-LTE system modeled is similar to the CAES-HTE system in the sense that hydrogen 
is produced onsite to fuel combustors during the discharge phase. However, water instead of steam 
is electrolyzed in a low-temperature electrolyzer. 

Similar to the conventional CAES system and in contrast to CAES-HTE, we do not impose any 
constraint on the maximum discharge temperature of the high-pressure compressor ( , , ). 
Additionally, the exit temperature of the compressor coolers is constant and preset to the ambient 
temperature plus the approach temperature, similar to the conventional CAES model. 

We model a three-stage compressor for CAES-LTE since there is no need for producing 
high-temperature heat in this system (electrolysis occurs at the ambient temperature). Using three 
stages reduces the work requirements of the compressor, as discussed for conventional CAES. The 
compression ratio in the CAES-LTE system is given by Equation (A8). 

Equations (A42)–(A46) are used to characterize performance of the CAES-LTE system. Similar 
to the CAES-HTE system, the CAES-LTE design does not consume natural gas, therefore its heat rate 
and GHG emissions are zero.  

Similar to Figure A3, Figure A4 shows the temperature range for each CAES-LTE system 
components in the base case scenario. 

Figure A4. Temperature range of the CAES-LTE system in the base case scenario. Values in each 
bracket show minimum and maximum temperature. The cavern operates in 5–7 MPa range. The 
different stages of the compression and expansion trains have equal pressure ratios. 
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