
Citation: Iliev, I.K.; Fedyukhin, A.V.;

Semin, D.V.; Valeeva, Y.S.; Dronov,

S.A.; Beloev, I.H. Prospects of

Hydrogen Application as a Fuel for

Large-Scale Compressed-Air Energy

Storages. Energies 2024, 17, 518.

https://doi.org/10.3390/en17020518

Academic Editor: Massimo

Guarnieri

Received: 20 December 2023

Revised: 9 January 2024

Accepted: 19 January 2024

Published: 20 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Prospects of Hydrogen Application as a Fuel for Large-Scale
Compressed-Air Energy Storages
Iliya K. Iliev 1,* , Alexander V. Fedyukhin 2, Daniil V. Semin 2, Yulia S. Valeeva 3 , Stanislav A. Dronov 2

and Ivan H. Beloev 4

1 Department of Heat, Hydraulics and Environmental Engineering, “Angel Kanchev” University of Ruse,
7017 Ruse, Bulgaria

2 Department of Energy Efficiency and Hydrogen Technology, National Research University Moscow Power
Engineering Institute, Moscow 111250, Russia; fediukhinav@mpei.ru (A.V.F.); sio-mindv@mpei.ru (D.V.S.);
dronovsa@mpei.ru (S.A.D.)

3 Department of Economics and Enterprise Management, Russian University of Cooperation,
Kazan 420034, Russia; valis2000@mail.ru

4 Department of Transport, “Angel Kanchev” University of Ruse, 7017 Ruse, Bulgaria; ibeloev@uni-ruse.bg
* Correspondence: iki@uni-ruse.bg

Abstract: A promising method of energy storage is the combination of hydrogen and compressed-air
energy storage (CAES) systems. CAES systems are divided into diabatic, adiabatic, and isothermal
cycles. In the diabatic cycle, thermal energy after air compression is discharged into the environment,
and the scheme implies the use of organic fuel. Taking into account the prospects of the decarboniza-
tion of the energy industry, it is advisable to replace natural gas in the diabatic CAES scheme with
hydrogen obtained by electrolysis using power-to-gas technology. In this article, the SENECA-1A
project is considered as a high-power hybrid unit, using hydrogen instead of natural gas. The results
show that while keeping the 214 MW turbines powered, the transition to hydrogen reduces carbon
dioxide emissions from 8.8 to 0.0 kg/s, while the formation of water vapor will increase from 17.6
to 27.4 kg/s. It is shown that the adiabatic CAES SENECA-1A mode, compared to the diabatic, has
0.0 carbon dioxide and water vapor emission with relatively higher efficiency (71.5 vs. 62.1%). At
the same time, the main advantage of the diabatic CAES is the possibility to produce more power in
the turbine block (214 vs. 131.6 MW), having fewer capital costs. Thus, choosing the technology is a
subject of complex technical, economic, and ecological study.

Keywords: energy storages; renewable energy sources; hydrogen; compressed-air energy storage;
peak power plant

1. Introduction

Reducing availability of fossil fuels coupled with their environmental impact are the
main drivers to introduce sustainable energy source exploitation [1,2].

Therefore, renewable energy sources such as solar radiation and wind energy plants
are spreading more and more in the electricity market, also thanks to economic concessions
introduced by policies and governments. However, some renewable energy sources, e.g.,
wind energy, are gifted with a stochastic nature, so their energy and power production
cannot be foreseen or planned both in time and space [3,4]. This is a major issue for
renewable energy introduction in the electricity grid because, at each time instant and
each spatial position, energy demand and supply must be balanced to not make the grid
collapse. Because renewable energy sources will be used more and more in the future to
have a world electrical grid without fossil fuel thermal energy plants, it is necessary to
introduce effective technologies for storing different forms of energy, such as electrical or
thermal [5–7]. If storing technology is widely used, renewable energy sources can penetrate
into the electricity market without compromising the stability of the grid. The coupling
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of storing technologies with renewable energy sources allows for the energy demand and
supply to be independent of each other; i.e., it allows for the flexible management of power
networks [8].

Different energy storing methods have attracted the attention of researchers all over
the world, and they offer different performances in energy applications due to differences in
size, required flexibility, efficiency, costs, environmental impact, reliability, safety, lifetime,
and characteristic time constant in the storing process [9]. We consider the following
concepts of large-scale energy storage systems:

1. Mechanical energy storage:

• Pumped hydropower storage;
• Compressed-air energy storage;
• Flywheels.

2. Electrical energy storage:

• Batteries;
• Hydrogen.

3. Thermal energy storage:

• Sensible heat storage;
• Latent heat storage;
• Thermochemical energy storage.

A generic energy storage system can be characterized by a few fundamental qualities:

• Capacity: it indicates how much energy can be stored and it is directly linked to the
size of the storage system and thermophysical properties of the storage medium.

• Power: it represents the rate at which energy can be charged to or discharged from
the storage.

• Efficiency: it is defined as the ratio of discharged energy to charged energy and it
quantifies how much energy is lost during storage or charging–discharging operat-
ing conditions.

• Storage period: it represents how long energy can be stored without losing usefulness.
• Charge and discharge time: the time needed to charge or discharge the energy storage.

It can last from a few hours to many months for daily or seasonal storage, respectively.
• Cost: it is the sum of the capital and operating costs of the energy storage system.

Operating costs strongly depend on the maintenance and lifetime of storage, i.e., they
depend on how many operating cycles the storage and the medium can support. Costs
for energy storage systems can be expressed in EUR/kWh or EUR/kW if the focus is
on the capacity or power of the storage, respectively.

• Environmental impact: energy storage systems are suitable to be coupled with renew-
ables to increase their penetration into the electricity market and reduce environmen-
tal impact.

• Primary energy consumption. A storage system must necessarily have a very low
environmental impact to not lose its main purpose when it is coupled with renewables.

Electricity production by renewable energy sources is quite difficult to predict, and
when it is available, it has to be used to not waste it. The electrical energy produced by
wind or solar energy sources can be usefully coupled with electrochemical energy storage
systems, allowing many grid functions that are fundamental to increase the penetration
of renewable sources into the energy market: peak-shaving, damping energy oscillations,
and frequency regulation. If renewable energy is used to produce hydrogen, fuel cells are
necessary to convert hydrogen into electricity and heat with high efficiency. Electrochemical
energy storage systems are usually classified considering their own energy density and
power density.

Energy density corresponds to the energy accumulated in a unit volume or mass: it
takes into account the dimensions of an electrochemical energy storage system and its
ability to store large amounts of energy [10]. On the other hand, power density indicates



Energies 2024, 17, 518 3 of 15

how an electrochemical energy storage system is suitable for fast charging and discharging
processes: renewable energy must be quickly stored when it is available and quickly
released to perform frequency regulation of the grid, so this is a fundamental property for
the integration of renewable sources into the electrical power network [11,12].

2. Relevance of the Research

Promising areas of energy storage are hydrogen storage and compressed-air energy
storage (CAES) [13]. Hydrogen energy storage systems consist of a hydrogen generation
unit (except for water electrolysis, such a unit includes water treatment, electrolysis cells,
hydrogen purification, and drying), a storage unit (tanks or receivers with hydrogen
compressed to a pressure of 35–900 bar are usually used), and an electrochemical energy
generator (in the case of solid polymer fuel cells, the output is 50–55% of electricity and up
to 35% of heat). Technologies such as flywheels and flow elevators of solid loads exist only
in the form of laboratory samples and their widespread use is still in question. Therefore,
the use of compressed-air energy storage, which is quite simple in design and has been
operating for several decades, is a promising solution. Several research teams from the
USA, Germany, India, and China are actively developing various thermal schemes of
CAES [14–17]. The global experience of operating CAES (mainly in Germany and the
USA), coupled with a noticeable trend towards the development of this area, shows a great
interest in using such peak or near-peak units [18–20]. The purpose of this publication is to
analyze the experience of application, potential, and prospects for the creation of energy
storage devices based on compressed-air energy storage and hydrogen [21,22].

There is a considerable amount of different CAES cycles that are developed, and each
has its own technical and design features. The stations are divided into diabatic (D-CAES),
adiabatic (A-CAES), and isothermal cycles (I-CAES) [23–26]. In the diabatic cycle, thermal
energy after air compression is discharged into the environment, and the flowsheet implies
the use of organic fuel. In the adiabatic systems, the thermal energy of compression is
stored in intermediate devices—thermal energy storage devices. There are known concepts
without the use of thermal energy storage. Unlike D-CAES and A-CAES, in I-CAES, the
formation of thermal energy during compression should be minimized or absent [27,28].

The leading countries in the integration of large electric network storage include the
USA, China, and Germany. Currently, the main technology for storing energy in large
volumes is hydroaccumulation. In the USA, the first pumped hydropower storage (PHS)
was commissioned in the late 1960s; today, the total capacity of the PHS in this country is
20 GW. Germany’s power grid has over 6 GW of PHS capacity, while the country’s largest
CAES systems (Huntorf and Stassfurt) have an installed capacity of 290 and 200 MW,
respectively. In 2022, a CAES system with a capacity of 100 MW was launched in the
Zhangjiakou City District in northern China. Notably, the station is positioned as adiabatic
(A-CAES), i.e., in which fuel is not burned as it is implemented in the fuel schemes of large
diabatic CAES (D-CAES) systems. The world’s largest CAES (350 MW) system is planned
to be built in 2024 in the Shandong Province. It is reported that there are plans to build
several dozen CAES systems in China with a total capacity of about 40 GW by 2030.

The purpose of the current study is to model and compare the technical parameters of
a few D-CAES projects, as well as to conduct a prospect analysis of hydrogen’s application
as a fuel for large-scale D-CAES.

3. Materials and Methods
3.1. Comparison of the D-CAES Technological Scheme

It is proposed to consider D-CAES for storing energy in large volumes, since there are
lower capital costs for basic equipment compared to A-CAES with the same power. Typical
D-CAES projects represented in technical literature will be considered below: United
Technologies (UT) [29], Matagorda [29], SENECA-1A [30], Huntorf [29], and McIntosh [29].

CAES project developed by United Technologies (UT) proposed the concept of un-
derground storage operating with constant air pressure (Figure 1). The capacity of the
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system is designed to work for 20 h in generation mode. The constant pressure storage is
67 bar, and it is maintained by the pressure of the water column. To do this, stone dams
9 m high formed a surface pond reservoir, the volume of which was slightly larger than
the volume of the accumulator (by 10–15%). The pond is connected to an underground
reservoir, the depth of which is chosen so that the pressure of the water column is equal
to the air pressure. The water from the pond fills the battery and changes its volume as
the air is discharged and is forced back into the pond when it is charged. In principle, the
scheme is similar to the CAES McIntosh project: low- and high-pressure axial compressors
and turbines are located on the same shaft as the main electric generator. According to the
project, the installation is situated in a machine room about 150 m long. The entire CAES
system with a pond and fuel storage is situated on a site 360 × 540 m.
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Figure 1. Technological scheme of CAES UT: 1—compressed air storage, 2—air coolers, 3—high-
pressure compressors, 4—gear box, 5—flexible couplin g, 6—low-pressure compressors, 7—electric
generator/motor, 8—low-pressure turbines, 9—electric generator, 10—high-pressure combustion
chamber, 11—fuel pipeline, 12—high-pressure turbines, 13—low-pressure combustion chamber,
14—regenerator, 15—flue gas pipeline, and 16—pond, light green line—fuel, blue/red line—air in
compressor/turbine unit, dark green light—water.

Matagorda CAES system is an example of a project in which the compressor and
turbine blocks are separate (Figure 2). This solution increased the flexibility of the CAES in
conditions of changing load schedules. The air from the atmosphere is compressed in low-,
medium-, and high-pressure compressors with three intermediate and final air cooling. The
compressors are driven by their electric motor. Additional heat is removed by circulating
water. The turbines and the electric generator are located on a separate shaft. The scheme
includes heat regeneration as well as UT CAES. In addition, the combustion chambers were
technically simplified, which made it possible to abandon the use of liquid fuel.



Energies 2024, 17, 518 5 of 15

Energies 2024, 17, 518 5 of 16 
 

 

Matagorda CAES system is an example of a project in which the compressor and 
turbine blocks are separate (Figure 2). This solution increased the flexibility of the CAES 
in conditions of changing load schedules. The air from the atmosphere is compressed in 
low-, medium-, and high-pressure compressors with three intermediate and final air cool-
ing. The compressors are driven by their electric motor. Additional heat is removed by 
circulating water. The turbines and the electric generator are located on a separate shaft. 
The scheme includes heat regeneration as well as UT CAES. In addition, the combustion 
chambers were technically simplified, which made it possible to abandon the use of liquid 
fuel. 

 
Figure 2. Technological scheme of CAES Matagorda: 1—compressed air storage, 2—adjustable hy-
draulic coupling, 3—cooling tower, 4—air cooler, 5—high-pressure compressor, 6—medium-pres-
sure compressor, 7—air intercooler, 8—electric motor, 9—low-pressure compressor, 10—water 
pump, 11—electric generator, 12—high-pressure turbine, 13—low-pressure turbine, 14—high-pres-
sure combustion chamber, 15—low-pressure combustion chamber, 16—fuel pipeline, and 17—re-
generator, light green line—fuel, blue/red line—air in compressor/turbine unit, dark green light—
water. 

The unit of the American NYSEG SENECA project can be considered a high-power 
CAES priority scheme [30]. The project was commissioned by the US Department of En-
ergy from NYSEG for subsequent construction in New York State. At the stage of the pre-
design study, specialists developed 2 technological schemes that differ in the composition 
and nominal characteristics of the included equipment. The SENECA-1 scheme was nom-
inally designed for 136 MW of electrical power during unloading, and the SENECA-1A 
scheme was designed for 210—220 MW. Both SENECA 1/1A technologies were developed 
by Dresser-Rand Corporation engineers and conceptually represent a significantly up-
graded McIntosh CAES system built in Alabama in 1991. NYSEG evaluated two scheme 
solutions, and the SENECA-1A scheme was considered the priority according to technical 
and economic indicators (Figure 3). 

Among the features of the scheme, the developers noted the following: the possibility 
of starting compressors using a frequency-controlled drive to minimize the impact of the 
starting load on the power supply system; high mobility of the installation (the ability to 
switch operating modes, i.e., from compression mode to generation or vice versa within 
10 min); and the use of upgraded steam turbines capable of operating on compressed air. 
Unfortunately, to date, this decision has not been physically implemented due to the 

Figure 2. Technological scheme of CAES Matagorda: 1—compressed air storage, 2—adjustable hy-
draulic coupling, 3—cooling tower, 4—air cooler, 5—high-pressure compressor, 6—medium-pressure
compressor, 7—air intercooler, 8—electric motor, 9—low-pressure compressor, 10—water pump,
11—electric generator, 12—high-pressure turbine, 13—low-pressure turbine, 14—high-pressure com-
bustion chamber, 15—low-pressure combustion chamber, 16—fuel pipeline, and 17—regenerator,
light green line—fuel, blue/red line—air in compressor/turbine unit, dark green light—water.

The unit of the American NYSEG SENECA project can be considered a high-power
CAES priority scheme [30]. The project was commissioned by the US Department of
Energy from NYSEG for subsequent construction in New York State. At the stage of
the pre-design study, specialists developed 2 technological schemes that differ in the
composition and nominal characteristics of the included equipment. The SENECA-1
scheme was nominally designed for 136 MW of electrical power during unloading, and the
SENECA-1A scheme was designed for 210—220 MW. Both SENECA 1/1A technologies
were developed by Dresser-Rand Corporation engineers and conceptually represent a
significantly upgraded McIntosh CAES system built in Alabama in 1991. NYSEG evaluated
two scheme solutions, and the SENECA-1A scheme was considered the priority according
to technical and economic indicators (Figure 3).

Among the features of the scheme, the developers noted the following: the possibility
of starting compressors using a frequency-controlled drive to minimize the impact of the
starting load on the power supply system; high mobility of the installation (the ability to
switch operating modes, i.e., from compression mode to generation or vice versa within
10 min); and the use of upgraded steam turbines capable of operating on compressed
air. Unfortunately, to date, this decision has not been physically implemented due to the
economic difficulties of the project’s investments. Table 1 shows the calculation results of
different D-CAES schemes.
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hydraulic coupling, 4.1—electric motor, 4.2—electric generator, 5—compressed air storage, 6—throttle,
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9—high-pressure turbine, and 10—low-pressure turbine, light green line—fuel, blue/red line—air in
compressor/turbine unit.

Table 1. Technical parameters of different D-CAES.

Parameter/CAES Huntorf McIntosh UT Matagorda Seneca

Status In operation In operation Project Project Project
Charging time, hours 8 8 - 8 8
Discharge time, hours 2 8 20 16 10
Total turbine power 290 110 250 135 214

Total compressor power 60 50 203 - * 184
Outlet pressure of low-pressure compressor, bar 6 - * 16 - * 46.9
Outlet pressure of high-pressure compressor, bar 60 60 67.5 64 103.4

Airflow through compressors, kg/s 108 91 - * - * 270
Inlet pressure of high-pressure turbine, bar 43 42 66 49 73

The inlet temperature of high-pressure turbine, ◦C 550 540 540 - * 620
Flow through one high-pressure turbine, kg/s 417 155 - * 185 136

Inlet pressure of low-pressure turbine, bar 11 15 11 - * 18
The inlet temperature of the low-pressure turbine, ◦C 825 870 1095 - * 850

Exhaust gas temperature, ◦C 390 370 - * - * 447
Heat regeneration no yes yes yes yes

*- data is not available in open-access.

3.2. Fundamentals of Power-to-Gas Technology and Hydrogen Integration into CAES

The article will present the results of the calculation of the CAES SENECA-1A scheme
in the basic and prospective versions with the combustion of natural gas and hydrogen,
respectively. Power-to-gas (abbreviated P2G) is a technology that uses electricity to produce
gaseous fuels [31]. Most P2G systems use electrolysis to produce hydrogen. Hydrogen can
be used directly, or further stages (known as two-stage P2G systems) can convert hydrogen
into methane [32,33]. The scheme of the methane–hydrogen mixture production technology
is shown in Figure 4.
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First of all, the starting point for P2G is the use of excess electricity to produce hydrogen
together with oxygen as a by-product. The electrolysis process on which the technology in
question is based is, in fact, the reverse process of generating electricity in a fuel cell.

Several ways of implementing the process of water electrolysis are considered:

• Alkaline electrolysis;
• Polymer electrolyte membrane electrolysis;
• Solid oxide electrolyzer cell.

A mathematical model was created for analyzing the technological features of P2G [34–36].
Modeling of this technology was carried out in the Aspen Plus software package, since
modeling of the electrolysis process in Aspen HYSYS V10.0 is not possible [37]. The basics of
mathematical modeling imply the division of a complex system into smaller simple systems,
so the electrolysis process and the methanation process are considered separately [38,39].

P2G technology of developed model is based on the process of alkaline electrolysis,
since this is the most mature technology of electrolysis, and, accordingly, the most accessible
on any production scale. Analysis of the calculation results shows that for the production
of about 3500 kg/h of methane–hydrogen mixture (in a percentage of 80% methane and
20% hydrogen), about 7680 kg/h of carbon dioxide and 2310 kg/h of hydrogen produced
by the electrolysis process will be required. Moreover, 700 kg/h of this hydrogen will go
directly to mixing into the gas transmission network, and the remaining 1610 kg/h will go
to the methanation reaction to produce methane in the amount of 2800 kg/h. According to
average data, the production of hydrogen by electrolysis requires 9 L of water per kilogram
of hydrogen, while electricity will be required at about 5 kWh per cubic meter of H2 or
55 kWh per kilogram of H2. Thus, based on the calculation results, it can be determined
that such a unit will require about 127 MWh of electrical energy and more than 20 tons of
water for hydrogen production [37].
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It is supposed that the hydrogen for CAES can be totally produced by electrolysis,
using renewable energy sources to minimize carbon dioxide emissions.

Taking into account the prospects of decarbonization of the energy industry, it is advis-
able to replace natural gas in the D-CAES scheme with hydrogen obtained by electrolysis
using power-to-gas technology. Figures 5–7 show the basic configurations of hybrid energy
storage systems combining D-CAES and hydrogen.

Energies 2024, 17, 518 8 of 16 
 

 

will go directly to mixing into the gas transmission network, and the remaining 1610 kg/h 
will go to the methanation reaction to produce methane in the amount of 2800 kg/h. Ac-
cording to average data, the production of hydrogen by electrolysis requires 9 L of water 
per kilogram of hydrogen, while electricity will be required at about 5 kWh per cubic meter 
of H2 or 55 kWh per kilogram of H2. Thus, based on the calculation results, it can be deter-
mined that such a unit will require about 127 MWh of electrical energy and more than 20 
tons of water for hydrogen production [37]. 

It is supposed that the hydrogen for CAES can be totally produced by electrolysis, 
using renewable energy sources to minimize carbon dioxide emissions. 

Taking into account the prospects of decarbonization of the energy industry, it is ad-
visable to replace natural gas in the D-CAES scheme with hydrogen obtained by electrol-
ysis using power-to-gas technology. Figures 5–7 show the basic configurations of hybrid 
energy storage systems combining D-CAES and hydrogen. 

 
Figure 5. Simple hybrid energy storage system. Figure 5. Simple hybrid energy storage system.

Energies 2024, 17, 518 9 of 16 
 

 

 
Figure 6. Regenerated hybrid energy storage system. 

 
Figure 7. Hybrid energy storage system with regeneration, intercooled compression, and reheated 
expansion. 

A concept analysis shows that the scheme in Figure 7 should have the highest effi-
ciency because of regeneration, intercooled compression, and reheated expansion. This 
concept is realized in CAES SENECA-1A (Figure 8). 

Figure 6. Regenerated hybrid energy storage system.



Energies 2024, 17, 518 9 of 15

Energies 2024, 17, 518 9 of 16 
 

 

 
Figure 6. Regenerated hybrid energy storage system. 

 
Figure 7. Hybrid energy storage system with regeneration, intercooled compression, and reheated 
expansion. 

A concept analysis shows that the scheme in Figure 7 should have the highest effi-
ciency because of regeneration, intercooled compression, and reheated expansion. This 
concept is realized in CAES SENECA-1A (Figure 8). 

Figure 7. Hybrid energy storage system with regeneration, intercooled compression, and re-
heated expansion.

A concept analysis shows that the scheme in Figure 7 should have the highest efficiency
because of regeneration, intercooled compression, and reheated expansion. This concept is
realized in CAES SENECA-1A (Figure 8).

Energies 2024, 17, 518 10 of 16 
 

 

 
Figure 8. Block diagram of CAES SENECA-1A in the ASPEN HYSYS V10.0 computer program. 

3.3. Modeling of the CAES SENECA-1A 
Figure 8 shows the technological scheme of CAES SENECA-1A in the Aspen HYSYS 

V10.0 computer program. The calculation model was developed for the analysis and ver-
ification of project data. Energy flows (thermal energy or mechanical power on the com-
pressor/turbine shaft) are indicated as red on the diagram, and material flows (air, natural 
gas, exhaust gases) are indicated as blue. The components in the diagram have the follow-
ing designations: compressors—CompLP, CompMP, and CompHP; turbines—Tur-
bineHP1, TurbineHP2, TurbineLP1, and TurbineLP2; air coolers—CoolerLP, CoolerMP, 
and CoolerHP; recuperators—Heater1 and Heater2; and compressed air storage—Air-
Tank. 

This scheme assumes the use of a constant volume air storage with a capacity of 
450,000 m3, while the air pressure at the inlet to the high-pressure turbine unit is regulated 
by a throttle located at the outlet of the storage and is maintained at a level not higher than 
80 bar. It is worth noting that the exhaust gases have a significant temperature potential 
(445–450 °С) for connecting an external heat load or heat energy recovery inside the CAES 
cycle. 

Taking into account the prospects of decarbonization of the energy industry, it is ad-
visable to replace natural gas in D-CAES with hydrogen obtained by electrolysis using 
power-to-gas technology. Further, the article will present the results of the calculation of 
the CAES SENECA-1A scheme in the basic and prospective versions with the combustion 
of natural gas and hydrogen, respectively. 

  

Figure 8. Block diagram of CAES SENECA-1A in the ASPEN HYSYS V10.0 computer program.



Energies 2024, 17, 518 10 of 15

3.3. Modeling of the CAES SENECA-1A

Figure 8 shows the technological scheme of CAES SENECA-1A in the Aspen HYSYS
V10.0 computer program. The calculation model was developed for the analysis and
verification of project data. Energy flows (thermal energy or mechanical power on the com-
pressor/turbine shaft) are indicated as red on the diagram, and material flows (air, natural
gas, exhaust gases) are indicated as blue. The components in the diagram have the follow-
ing designations: compressors—CompLP, CompMP, and CompHP; turbines—TurbineHP1,
TurbineHP2, TurbineLP1, and TurbineLP2; air coolers—CoolerLP, CoolerMP, and CoolerHP;
recuperators—Heater1 and Heater2; and compressed air storage—AirTank.

This scheme assumes the use of a constant volume air storage with a capacity of
450,000 m3, while the air pressure at the inlet to the high-pressure turbine unit is regulated
by a throttle located at the outlet of the storage and is maintained at a level not higher
than 80 bar. It is worth noting that the exhaust gases have a significant temperature
potential (445–450 ◦C) for connecting an external heat load or heat energy recovery inside
the CAES cycle.

Taking into account the prospects of decarbonization of the energy industry, it is
advisable to replace natural gas in D-CAES with hydrogen obtained by electrolysis using
power-to-gas technology. Further, the article will present the results of the calculation of
the CAES SENECA-1A scheme in the basic and prospective versions with the combustion
of natural gas and hydrogen, respectively.

4. Results and Discussion

Table 2 shows the results of the CAES technological scheme calculation for the
SENECA-1A project in the Aspen HYSYS V10.0 program using natural gas and hydrogen
with equal turbine and compressor energy indicators.

Table 2. Technical parameters of the CAES SENECA-1A.

Parameter Units Value

Total compressor power MW 184
Airflow through compressors kg/s 270

Estimated storage capacity m3 450,000
Estimated storage temperature ◦C 35

Maximum storage pressure bar 103
Total turbine power MW 214

Flow rate through one high-pressure turbine for natural
gas/hydrogen kg/s 136/135.4

Flow through one low-pressure turbine for natural
gas/hydrogen kg/s 137.5/136.0

Inlet pressure of high-pressure turbine bar 75
Inlet pressure of low-pressure turbine bar 20

Full charge/discharge period h 12
Total consumption of natural gas/hydrogen kg/s 5.0/2.0

Carbon dioxide emissions for natural gas/hydrogen kg/s 8.8/0.0
Water vapor emission for natural gas/hydrogen kg/s 17.6/27.4

Exhaust gas temperature ◦C 447
Efficiency % 62.1

The results presented in Table 1 show that, while keeping the 214 MW turbines
powered, the transition to hydrogen reduces carbon dioxide emissions from 8.8 to 0.0 kg/s,
while the formation of water vapor will increase from 17.6 to 27.4 kg/s.

One of the key parameters is the efficiency of the CAES electricity supply. In this
calculation, this value amounted to 62.1%. It is worth recalling that for the McIntosh CAES
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system, which is considered a prototype of the CAES SENECA-1A project, the efficiency
reaches 55%. The formula for evaluating the efficiency of D-CAES is given in Equation (1):

η =
Nturb

Ncomp + Qgas × Bgas
, (1)

where Nturb is the total turbine power, MW; Ncomp is the total compressor power, MW;
Qgas is the heat of combustion of natural gas/hydrogen, and MJ/kg; Bgas is the total
consumption of natural gas/hydrogen, kg/s.

At the same time, this formula is applicable only for CAES with equal charging and
discharging periods. For compressed-air energy storage with different operating times of
compressors and turbines, it is necessary to consider the ratio not of mechanical/thermal
capacities, but of the compression/expansion works performed and the chemical energy
of the fuel burned within one cycle. The charging time and the discharge time of CAES,
due to system electrical power factors, can be very different. In this case, the power of
compressors and turbines may differ proportionally. Therefore, when calculating the cycle
efficiency, a direct comparison of capacities or peak loads is incorrect; it is necessary to
take into account the ratio of electrical energy consumed in one compression cycle and
generated in one expansion cycle.

Figure 9 shows the regeneration effect for CAES SENECA-1A with nominal hydrogen
mass flow, calculated by the Case Studies utility in Aspen HYSYS V10.0. The Heater1
(Figure 8) load varied from 0 to maximum, available with a temperature interval from
35 to 350 ◦C for outlet air. It is shown that regeneration helps to increase high-pressure
turbine power from 21.4 to 31.8 MW and low-pressure turbine power from 60.4 to 75.2 MW.
Total regeneration helps to increase the CAES turbine power by nearly 30% (from 163.6 to
214 MW).
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Figure 9. Effect of air temperature after regeneration on turbine power for CAES SENECA-1A.

Figure 10 shows the hydrogen burning effect calculated by the Case Studies utility
in Aspen HYSYS V10.0. The hydrogen mass flow varied from 0 to nominal values, 0.4
and 0.6 kg/s for high and low-pressure combustion chambers, accordingly. It is shown
that fuel burning helps to increase high-pressure turbine power from 20.4 to 31.8 MW and
low-pressure turbine power from 45.4 to 75.2 MW. Total hydrogen application helps to
increase CAES turbine power by nearly 63% (from 131.6 to 214 MW). It is obvious that
while hydrogen mass flow for the chambers is equal to 0.0 m/s, D-CAES conceptually
transforms to A-CAES.
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The results of the CAES SENECA-1A mode comparison are represented in Table 3.
Both D-CAES (with fuel) and A-CAES (no fuel) include regeneration. It is shown that the
A-CAES mode has 0.0 carbon dioxide and water vapor emissions with relatively higher
efficiency (71.5 vs. 62.1%). At the same time, the main advantage of the D-CAES mode
is the possibility to produce more power in the turbine block (214 vs. 131.6 MW), having
fewer capital costs. Thus, the choice of technology is subject to complex technical, economic,
and ecological study.
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Table 3. Technical parameters of the CAES SENECA-1A in D-CAES and A-CAES mode.

Parameter Units D-CAES A-CAES

Total consumption of natural gas/hydrogen kg/s 5.0/2.0 0.0
Carbon dioxide emissions for natural

gas/hydrogen kg/s 8.8/0.0 0.0

Water vapor emission for natural gas/hydrogen kg/s 17.6/27.4 0.0
Total compressor power MW 184 184

Airflow through compressors kg/s 270 270
Total turbine power MW 214 131.6

Flow rate through one high-pressure turbine for
natural gas/hydrogen kg/s 136/135.4 135.0

Flow through one low-pressure turbine for
natural gas/hydrogen kg/s 137.5/136.0 135.0

Carbon dioxide emissions for natural
gas/hydrogen kg/s 8.8/0.0 0.0

Water vapor emission for natural gas/hydrogen kg/s 17.6/27.4 0.0
Efficiency % 62.1 71.5

5. Conclusions

In the technological scheme under consideration, the estimated charging time of the
storage with a volume of 450,000 m3 from a pressure of 80 bar to 103 bar with an air
flow rate of 270 kg/s through compressors is 12 h. The storage discharge period from a
pressure of 103 bar to 80 bar is also estimated at 12 h, which makes it possible to use a
CAES system of this configuration to maintain the daily peak modes of the power system
in the power range from 0 to 220 MW. In our opinion, the SENECA-1A project can be one
of the prototypes for the development of a large CAES system due to the high estimated
efficiency of the electricity supply (62.1%). At the same time, the transition to hydrogen
will further reduce carbon dioxide emissions in the energy sector and balance the operating
modes of the plant operating on power-to-gas technology. Promising research tasks in the
industry are the optimization of the schemes and operation modes of the hybrid energy
storage system in combination with hydrogen generators.

We have carried out the modeling of priority CAES schemes: Seneca-1A, UT, Matagorda,
and others. The task of modeling was to compile material and heat balances in order to
determine the key parameters of various CAES systems. Based on the results of modeling
in the Aspen HYSYS computer program, the key parameters were determined, including
the following: the total power of the compressors, the air flow through the compressors,
the estimated volume of the storage, the estimated temperature in the storage, the maxi-
mum pressure in the storage, the total power of the turbines, the flow rate of the working
fluid through one high-pressure turbine and low-pressure turbine, the inlet air pressure
of the high- and low-pressure turbine, the full charge/discharge period, the total fuel
consumption, the flue gas temperature, and the efficiency.
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