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Received: 3 July 2025

Revised: 22 August 2025

Accepted: 8 September 2025

Published: 9 September 2025

Citation: Zhang, S.; Lin, Y.; Zhou, L.;

Qian, H.; Zhang, J.; Peng, Y.

Comparison of Compressed Air

Energy Storage, Compressed Carbon

Dioxide Energy Storage, and Carnot

Battery: Principles, Thermal

Integration, and Engineering

Demonstrations. Processes 2025, 13,

2882. https://doi.org/10.3390/

pr13092882

Copyright: © 2025 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/).

Review

Comparison of Compressed Air Energy Storage, Compressed
Carbon Dioxide Energy Storage, and Carnot Battery: Principles,
Thermal Integration, and Engineering Demonstrations
Shengbai Zhang 1, Yuyu Lin 2,*, Lin Zhou 1, Huijin Qian 2, Jinrui Zhang 2 and Yulan Peng 2

1 School of Environmental Science & Engineering, Tianjin University, Tianjin 300072, China;
zhangshengbai@cecep.cn (S.Z.); zhoulin@tju.edu.cn (L.Z.)

2 CECEP City Energy Conservation Co., Ltd., Changzhou 213001, China; qianhuijin@cecep.cn (H.Q.);
jinruizzhang@163.com (J.Z.); 15800682873@163.com (Y.P.)

* Correspondence: linyuyu88@126.com

Abstract

To assess multi-energy complementarity and commercial development status in thermo-
dynamic energy storage systems, this review systematically examines compressed air
energy storage (CAES), compressed CO2 energy storage (CCES), and Carnot battery (CB),
focusing on principles, engineering demonstrations, and thermal integration. Their abil-
ity to integrate external heat, conduct combined cooling, heating and power (CCHP), or
achieve high round-trip efficiency (RTE) through different pathway positions them as
critical enablers for achieving net-zero emissions. Over 240 research articles retrieved
from Web of Science and other databases, supplemented by publicly available reports
published between 2020 and 2025, were systematically analyzed and synthesized. Current
technologies demonstrate evolution from single-function storage to multi-energy hubs,
with RTEs reaching 75% (CAES/CCES) and 64% (CB). Thermal integration significantly
enhances RTEs. The CCES features a 100 MW/1000 MWh demonstration facility, concur-
rently necessitating accelerated distributed applications with high efficiency (>70%) and
energy density (>50 kWh/m3). All three enable grid flexibility (China’s CAES network),
industrial decarbonization (CCES carbon–energy depositories), and thermal integration
(CB-based CCHP). These systems require >600 ◦C compressors and AI-optimized thermal
management (CAES), high-pressure turbines and carbon–energy coupling (CCES), as well
as scenario-specific selection and equipment reliability validation (CB) to achieve the targets
of the Paris Agreement.

Keywords: compressed air energy storage (CAES); compressed CO2 energy storage (CCES);
Carnot battery (CB); thermal integration; engineering demonstration

1. Introduction
The international climate governance framework, as codified in landmark agreements

including the Paris Agreement (2015) and Glasgow Climate Pact (2021), establishes strin-
gent mitigation targets to constrain anthropogenic global warming to 1.5 ◦C relative to
pre-industrial baselines. These multilateral accords prescribe comprehensive energy tran-
sition roadmaps toward net-zero carbon emissions by the mid-century. Contemporary
energy systems remain predominantly fossil fuel-dependent, with the electricity generation
sector accounting for approximately 40% of global CO2 emissions, necessitating immediate
structural transformation through renewable energy deployment at unprecedented scales.
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Projections indicate that renewable sources (wind, solar, biomass, and hydropower) will
constitute two-thirds of primary energy supply by 2050, while intermittent renewables
are expected to generate 90% of global electricity [1–3]. This fundamental restructuring
of power systems introduces critical challenges to grid reliability and stability, stemming
from the inherent variability and non-dispatchable nature of renewable generation. En-
ergy storage technologies have consequently emerged as critical grid-scale solutions to
enable renewable energy integration while maintaining power system inertia and flexibility
requirements [4,5].

Current energy storage technologies encompass mechanical storage (e.g., pumped
hydro energy storage [PHES], flywheel energy storage), thermodynamic storage (e.g., com-
pressed air energy storage [CAES], compressed CO2 energy storage [CCES], Carnot batteries
[CBs]), and electrochemical storage (e.g., lithium-ion batteries, flow batteries). PHES and
thermodynamic approaches exhibit superior performance for grid-scale, long-duration
storage applications [6–10]. While PHES currently represents the predominant installed
capacity worldwide, its widespread adoption faces significant limitations, including strin-
gent geographical constraints, extended project implementation periods, and substantial
infrastructure costs. Thermodynamic systems utilizing gas compression present distinct
advantages by eliminating hydrological dependencies. The modular nature of their fun-
damental components—compressors, expansion turbines, and pressure vessels—enables
flexible deployment across various topographies, particularly demonstrating operational
viability in planar regions and industrial complexes [6–11].

Thermodynamic energy storage technologies facilitate electrical energy storage
and grid dispatch through thermodynamic cycle processes involving gas compres-
sion/expansion and thermal energy absorption/release. The operational paradigm in-
volves converting surplus electrical energy into three distinct energy forms—mechanical
(pressure), thermal, and cryogenic—during low-demand periods, followed by power gen-
eration during peak loads through working fluid expansion or thermal energy conversion.
This operation enables both high-efficiency energy transformation and temporal–spatial
energy redistribution, establishing these systems as important solutions for modern grid
stabilization [11–15].

The review of CAES technologies has been extensively conducted by various research
groups. Jankowski et al. [15] systematically evaluated the operational characteristics of
critical CAES components, including compressors, expanders, pressure vessels, and ther-
mal storage units. Zhang et al. [7] conducted multidimensional assessments of CAES
technologies, examining technical specifications such as technology readiness levels, power
capacities, storage volumes, operating pressures, round-trip efficiencies, and capital expen-
ditures. Bazdar et al. [16] analyzed CAES integration potentials in modern power systems,
particularly focusing on microgrid applications, distribution networks, and electricity
market participation, while also identifying optimization design and scheduling, current
technological limitations, and future development directions. Wan et al.’s review [17]
revealed that using low-melting-point molten salts for compression heat storage resulted
in significant reductions in pressure vessel requirements and consequent CAPEX savings.
Burian et al. [18] provided a thorough analysis of both CAES and liquid air energy storage
(LAES) systems, elucidating fundamental operating principles, implementation method-
ologies, key performance parameters, and potential system architectures. Their work
emphasized thermal energy storage (TES) optimization strategies for efficiency enhance-
ment and critically examined hybrid system configurations and polygeneration concepts
within CAES/LAES frameworks, including preliminary assessments of their integration
potential with large-scale power infrastructures.
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Recent reviews of CCES technologies have yielded significant insights. Guan et al. [10]
systematically reviewed CCES developments from system and storage device perspec-
tives, identifying two key advancement pathways: (1) system integration with external
thermal sources to enable combined cooling/heating/power/storage functions, thereby
enhancing overall energy efficiency; (2) adoption of organic working fluid–CO2 mixtures
to address dry ice formation during low-pressure liquid storage and suboptimal pressure
ratios, enabling high–low-pressure liquid storage for increased energy density. Dewevre
et al. [5] established a classification framework based on three discriminative features,
namely external heat source utilization, CO2 thermodynamic states, and thermal recovery
methods, further categorizing systems by heat source integration and storage location
(subsurface/surface). Ma et al. [14] demonstrated through comparative analysis that
supercritical CCES configurations outperform transcritical and liquid variants in terms
of thermodynamic properties and structural simplicity, positioning them as optimal for
large-scale applications while emphasizing future needs for compression–expansion ratio
optimization and multidisciplinary modeling. Zhang et al. [19] provided parametric analy-
ses of transcritical/supercritical/liquid CO2 systems, quantifying operational parameter
impacts on performance enhancement. Hao et al.’s meta-analysis [13] of TE-CES, TC-CES,
SC-CES, and hybrid systems highlighted prevailing theoretical research dominance, under-
scoring urgent requirements for experimental validation and industrial-scale deployment
to advance both technological maturation and multi-scenario applications.

Recent reviews of CB technologies consolidate the understanding of key technolog-
ical developments in this field. Vecchi et al. [6] conducted a tripartite evaluation of CB
technology, integrating (i) quantitative technoeconomic benchmarking across system vari-
ants, (ii) energy system-scale deployment potential analysis covering electricity/thermal
services and retrofit applications, and (iii) emerging commercialization pattern assess-
ments. Their analysis revealed (a) marked technoeconomic variations among technological
routes, (b) performance indicator dispersion attributable to empirical data limitations, and
(c) disconnects between academic research and industrial development priorities. The
study emphasized performance optimization through standardized evaluation protocols
and site-specific integration frameworks. Dumont et al. [20] performed a market-informed
CB review, cataloging technological pathways including charge/discharge cycles and
thermal storage configurations. By establishing an objective evaluation matrix for proto-
type comparisons, the work proposed scenario-specific technology selection criteria. The
research by Frate et al. [21] on thermally integrated pumped thermal electricity storage
(TI-PTES) identified configuration–performance relationships, noting high-temperature
systems’ thermodynamic superiority versus low-temperature variants’ latent heat utiliza-
tion advantages, albeit with thermal-to-electrical input ratio constraints limiting scalability.
Sharma et al. [22] quantitatively demonstrated PTES competitiveness through round-trip
efficiency (RTP) analyses exceeding 60%, highlighting low-grade thermal integration bene-
fits and thermo-economic advantages over PHES. Rabi et al.’s study [23] delineated PTES
cycle trade-offs and system integration guidelines. Novotny et al. [24] uniquely mapped
CB technology maturation trajectories across kW-MW scales, connecting academic research
with commercialization stages from conceptual design to operational deployment.

Liang et al. [11] provided a comprehensive and systematic review of the system
structures, gas storage devices, demonstration projects, and cost data for CAES, CCES, and
PTES, utilizing literature published prior to October 2023, laying a solid foundation for
subsequent research in this field. Their work conclusively demonstrated that the common
development goal of these three technologies is to further decrease the cost. To complement
and deepen this important perspective, this study incorporates key developments not
included in their work. We note that a number of newer demonstration projects, primarily
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in China, represent further technological advancements with enhanced efficiency, which
have not been documented in all previous reviews. Concurrently, we identify thermal
integration as another critical dimension for realizing the full potential of CAES, CCES, and
CB systems in polygeneration complementarity, a comparative analysis that has not been
systematically addressed in any existing reviews for these three technologies. Building
upon Liang et al.’s comparative review and all other existing reviews, this study extends
the comparative analysis to include the latest literature from Web of Science and other
academic databases, along with publicly reported industrial achievements. The focus is
specifically on the fundamental principles, demonstration projects, and thermal integration
behaviors of CAES, CCES, and CB (primarily PTES). The findings establish critical decision-
making frameworks for technology selection and optimization of these three energy storage
modalities in integrated energy systems. The remainder of this article is organized as
follows: Sections 2–4 detail the features of CAES, CCES, and Carnot battery, respectively. A
discussion of the descriptions is presented in Section 5. The conclusions end this paper in
Section 6.

2. Compressed Air Energy Storage (CAES)
2.1. Principles

The technological foundation of modern compressed air energy storage (CAES) sys-
tems traces back to the pioneering work of Swedish industrial firm Stal Laval, who first
conceptualized the approach in 1949. Traditional CAES installations incorporate six fun-
damental subsystems (Figure 1): (i) motor, (ii) compressor, (iii) storage cavern, (iv) fuel
combustion chamber, (v) expander, and (vi) generator [9,11,15]. The charge cycle initiates
during periods of low electricity demand, where ambient air undergoes progressive pres-
surization through cascaded compression stages, prior to storage in geologically stable
underground formations, including salt caverns or hard rock formations. During discharge
operations coinciding with peak load requirements, the pressurized air is released from the
storage cavern: it first enters the combustion chamber, where it combusts with fuel to form
high-temperature, high-pressure gas, and it then expands through the expander to perform
mechanical work, thereby driving the generator to produce electricity [9,11,15].

Air 

Cavern 

Figure 1. Scheme of the classical CAES, where M—motor, C—compressor, E—expander, and
G—generator.

Traditional CAES implementations exhibit two fundamental thermodynamic limi-
tations: dependence on fossil fuel combustion in gas turbine cycles and irreversible loss
of compression thermal energy, both contributing to constrained system efficiency. This
technological constraint has driven the development of advanced adiabatic CAES (AA-
CAES) architectures incorporating integrated thermal energy storage (TES) systems [11,15]
(Figure 2). The operational paradigm involves distinct thermodynamic management during
charge–discharge cycles: (i) During compression phases, the thermal energy generated
through air pressurization is systematically recovered via heat exchangers and stored in
high-capacity TES media. (ii) During power generation phases, the stored thermal energy is
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transferred to the expanding air stream through regenerative heating, effectively replacing
the conventional combustion process.

Figure 2. Scheme of adiabatic CAES.

The adiabatic compression process induces substantial temperature elevation due to
irreversible energy conversion, where a significant portion of mechanical work transforms
into thermal energy, consequently diminishing the system’s work extraction potential
during expansion cycles. Thermodynamic principles establish that isothermal compression
represents the most efficient operational regime, demanding minimal compression work
input while simultaneously maximizing work output during expansion. To approach this
ideal condition, researchers have developed an innovative liquid piston-mediated near-
isothermal compressed air energy storage system (ICAES) [25], as illustrated in Figure 3.

 
Figure 3. Scheme of isothermal CAES, where P—pump and HT—hydraulic turbine.

The ICAES architecture integrates four principal subsystems: (i) pump, (ii) hydraulic
turbine–generator, (iii) liquid piston chamber, and (iv) air storage tank. The system operates
through two distinct thermodynamic processes: (1) During charging, the liquid piston
mechanism facilitates air compression, with the resultant high-pressure gas being stored in
air storage tanks. (2) During discharging, the stored high-pressure gas drives the liquid
piston in reverse operation, converting hydraulic energy into electrical output through
turbine–generator sets. The system’s thermal regulation employs working fluids with
exceptional heat capacity (e.g., water or thermal oils) within the liquid piston assembly,
where intensive gas–liquid heat transfer maintains near-constant temperature conditions
throughout both compression and expansion processes, effectively approximating isother-
mal operation.

Recognizing the limitations of conventional compressed air energy storage (CAES)
technologies—including bulky infrastructure demands, low energy density, and geograph-
ical constraints—researchers have developed a modular and scalable liquid air energy
storage (LAES) system that operates through air liquefaction [26]. The working principle
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of LAES is shown in Figure 4: (1) During energy storage, compressed air rejects heat to
high-temperature thermal storage devices and then absorbs cryogenic energy from cold
storage devices and further achieves liquefaction for tank storage throttling valve expansion.
(2) During energy discharge, the liquefied air is pressurized by a pump and then evapo-
rated and heated by cold and hot storage devices. The resulting high-pressure air drives
turbines for electricity generation. LAES is also considered one of the CB technologies.

 
Figure 4. Scheme of LAES.

Additionally, other developed variants include supercritical compressed air energy
storage (SCAES) that compresses air to supercritical states, isobaric adiabatic compressed
air energy storage (IACAES) or underwater compressed air energy storage (UWCAES)
maintaining stable charge/discharge rates, compressed air energy storage with humidifi-
cation (CASH) capable of recovering energy from water vapor in humid working fluids,
high-temperature thermal energy storage-integrated CAES (HTES-CAES), and pumped
hydro-coupled CAES systems [7,15,25,26].

2.2. Thermal Integration

The inherent thermodynamic cycle conversion characteristics of CAES facilitate ther-
mal integration with diverse energy conversion technologies, allowing CAES to couple
with geothermal energy, industrial waste heat, solar thermal collector, biomass energy,
hydrogen production, fuel cells, organic Rankine cycles (ORCs), seawater desalination,
high-temperature thermal energy storage (HTES), and district heating systems. Such inte-
grations enhance system efficiency or establish multi-generation frameworks for combined
power, heating, cooling, hydrogen, and water supply [7,9,27]. Table 1 summarizes recent
studies on the thermal integration of CAES with other energy systems.

In the table, RTE and ERTE represent the ratios of useful output to input for energy
and exergy, respectively, defined as follows:

RTE = E_out/E_in, (1)

ERTE = Ex_out/Ex_in (2)

where E and Ex denote energy and exergy, respectively.
For the majority of this work, RTE specifically refers to the electrical round-trip effi-

ciency, defined as follows:
RTE = E_el,out/E_el,in (3)

where E_el represents electrical energy.
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Table 1. CAES thermal integrated system.

Integration Modes RTE (%) ERTE
(%)

Payback
Period (Year) Ref.

CAES, organic Rankine cycle and ejector refrigeration
(ORCERC) 58.63 65.85 2.88 [27]

CAES, HTES, ORC, reverse osmosis (RO) 73.54 55.01 3.3 [28]
CAES, HTES, PHES, multi-effect desalination (MED) 62.18 57.84 3.82 [29]
Waste heat (WH), CAES, ORC, tube-in-tube thermal

energy storage unit / / / [30]

LNG, LAES 240.7 / / [31]
LAES, RO, MED 65.8 59.6 / [32]

CAES, biomass gasification power generation system 84.9 80.46 4.2 [33]
CAES, parabolic trough solar collector (PTSC) / / / [34]

CAES, solar collector 78.22 / / [35]
CAES, geothermal energy 64.26 / 12.17 [36]
CAES, geothermal energy increased by ~9.5 / / [37]

CAES, solar collector, geothermal energy, MED, PEM
electrolyzer, single-effect absorption chiller (SEAC)

generator
46 / / [38]

RTE: round-trip efficiency, ERTE: exergy round-trip efficiency.

The numerical values cited in the tables of thermal integrated systems are quoted
directly from the original references. Unless otherwise specified, no distinction is made
regarding the precise definition of RTE values across different sources. For detailed defini-
tions specific to each value, readers are referred to the corresponding primary literature.

Qi et al. [27] proposed a dual organic Rankine cycle-ejector refrigeration cycle (ORC-
ERC) system to recover compression heat and partial waste heat from turbine exhaust,
achieving an ERTE of 65.85% and a payback period of 2.88 years. Bushehri et al. [28]
developed a hybrid multi-generation system integrating CAES, HTES, ORC, and reverse
osmosis (RO) technology. This system utilizes ORC and RO to recover waste heat while
supplying drinking water and domestic hot water, producing 37.48 MWh of electricity,
19.42 kg/s of drinking water, and 2.67 kg/s of domestic hot water. The RTE and ERTE
reached 73.54% and 55.01%, respectively, with a total profit of USD 24.54 million and a
payback period of 3.3 years.

Thermal integration significantly broadens CAES application scenarios and improves
economic returns. Despite challenges in system optimization and heat exchanger design,
the relatively low manufacturing complexity of heat exchange equipment enhances the
engineering feasibility of integrated systems. However, current CAES demonstration
projects primarily focus on improving electrical round-trip efficiency, with limited emphasis
on thermal integration.

2.3. Demonstrations

Table 2 lists selected CAES engineering demonstration projects [11,15,17,39–48]. The
Huntorf plant in Germany (290 MW/2 h) represents the world’s first commercialized con-
ventional CAES project. The Adele project, commissioned in Germany in 2010, pioneered
high-temperature compression heat recovery technology at 600 ◦C, utilizing a thermal
storage system to power a 90 MW turbine unit. While achieving a theoretical efficiency of
60–70%, this project failed to attain commercial deployment due to unresolved technical
bottlenecks in high-temperature compressors [11,17].
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Table 2. CAES engineering demonstrations.

Project Type State Technical Sources
Power

Output/Capacity or
Duration

Storage Device TES RTE (%) Ref.

Kraftwerk Huntorf
Plant DCAES Operation Alstom 290 MW/580 MWh Salt cavern / 41.7 [11,17]

Angas advanced CAES
Project AACAES

Under
construction

Hydrostor

5 MW/10 MWh Underground
zinc mine

Pressurized water

/ [11]

Goderich advanced
CAES Facility IA-CAES

1.75 MW/7 MWh Underwater air
bag

/ [11]

UCAES Aruba Project 1 MW / [11]

Highview Pilot Plant

LAES Operation Highview Power
Storage

350 kW/2450 kWh
Cryogenic vessel

Packed bed regenerator
(Quartzite filling) 8 [11,15]

Pilsworth Grid Scale
Demo Plant 5 MW/15 MWh / / [11,15]

TICC-500

AACAES

Operation

Tsinghua
University

500 kW/500 kWh Steel tank Pressurized water (120 ◦C) 33 [17]

Wulanchabu
Multi-source TES CAES
(10 MW) Energy Hub

Project

Under
construction 10 MW/40–60 MWh

Salt cavern

Phase change material (PCM)
and sensible heat 65 [42,43]

Jintan National
Advanced CAES Pilot

Project
Operation 60 MW/300 MWh High-temperature synthetic

thermal oil (360 ◦C) 61.2 [17,39]

Datong Yungang Mine
Tunnel-based CAES

Plant
Under

construction
60 MW/240 MWh Coal mine

roadway Cascaded molten salt-water 60 [44]

Huaineng Jiangsu Jintan
2 × 350 MW CAES

Project

Tsinghua
University/Xi’an
Thermal Power

Research Institute
Co., Ltd. (TPRI)

2 × 350 MW/2 × 1400
MWh Salt cavern Pressurized water >70 [42]
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Table 2. Cont.

Project Type State Technical Sources
Power

Output/Capacity or
Duration

Storage Device TES RTE (%) Ref.

1.5 MW SCAES Demo
Project

SCAES

Construction
completion

Institute of
Engineering

Thermophysics

1.5 MW / / 52.1 [17]

Zhangjiakou 100 MW
Advanced CAES Demo

Project
100 MW/400 MWh

Artificial
underground gas

Storage Supercritical thermal energy
storage

70.4 [17]

Feicheng 660 MW
Advanced CAES Demo

Project

Under
construction 660 MW/2640 MWh

Salt cavern

75 [40]

Feicheng Salt Cavern
Advanced CAES

Peak-shaving Plant
(Phase II)

Operation 300 MW/1800 MWh High efficiency compact
regenerative heat exchanger 72.1 [45]

Jiangsu Guoxin Suyan
(Huai’an) CAES Project

Under
construction

2 × 300 MW/2 × 1200
MWh

A wide-temperature thermal
storage system with medium-
to-high-temperature coupling
(180–360 ◦C) utilizing ternary
salt (NaNO3/KNO3/NaNO2)
and pressurized water as heat

storage media

>71 [46]

PowerChina (Feicheng)
2 × 300 MW Salt

Cavern CAES Plant
AACAES Under

construction

Hebei Electric
Power Design &

Research Institute
Co., Ltd.

2 × 300 MW/1800
MWh Salt cavern

High-temperature and
high-pressure sequential

cycling TES equipment and
control technology (224 ◦C)

>70 [47]

Yingcheng 300 MW
CAES Demo Project

AACAES

Operation

China Energy
Construction

Digital Technology
Group Co., Ltd.

300 MW/1500 MWh

Salt cavern

Pressurized water (180 ◦C) 70 [17]

Tai’an 350 MW Salt
Cavern CAES Demo

Project Under
construction

350 MW/1400 MWh Molten salt (325 ◦C) >70 [48]

Yumen 300 MW CAES
Demo Project 300 MW/1800 MWh Artificial cavern

chambers Cascaded molten salt-water 72.5 [17]
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Table 2. Cont.

Project Type State Technical Sources
Power

Output/Capacity or
Duration

Storage Device TES RTE (%) Ref.

Jieneng Baoqing 350
MW/1750 MWh CAES

Demo Project
AACAES Under

construction

Northeast Electric
Power Design

Institute Co., Ltd.
350 MW/1750 MWh Artificial cavern

chambers Cascaded molten salt-water 73.8 [41]

Tongwei Compressed
Air and Lithium Battery
Shared Energy Storage

Power Station

AACAES Under
construction

Shanghai
Complete

Equipment
Engineering

Institute

10 MW/110 MWh Steel tank Pressurized water / [42]

RTE: electrical round-trip efficiency.
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In 2014, Tsinghua University commissioned the 500 kW TICC-500 demonstration
project, validating the feasibility of multistage compression/expansion technology. The
Jintan demonstration project, launched in 2021, integrated salt cavern gas storage and
thermal oil storage, achieving a system efficiency of 61.2%. However, thermal oil storage
at high temperatures is prone to carbonization, while the lower-cost pressurized water
medium faces high pressure tolerance requirements. Tsinghua University’s 2016 solar salt
thermal storage solution achieved an efficiency of 50.6% under 550 ◦C operating conditions,
offering a novel approach to high-temperature thermal storage [15,17,39].

The research team from the Institute of Engineering Thermophysics, Chinese Academy
of Sciences (CAS), has achieved consecutive technological breakthroughs. Their 2013
Langfang 1.5 MW prototype successfully eliminated geological constraints for underground
gas storage, followed by the 2016 Bijie 10 MW plant attaining 60.2% system efficiency. The
2022 Zhangjiakou 100 MW class facility further advanced efficiency to 70.5%, culminating in
the Feicheng 660 MW demonstration plant, achieving 75% efficiency through supercritical
energy storage technology [17,40]. China’s energy sector has witnessed the extensive
deployment of compressed air energy storage (CAES) projects, particularly by major power
generation conglomerates. Notably, the China Energy Engineering Group (CEEC) plans
to commission over 100 CAES facilities nationwide within six years. These facilities will
predominantly utilize salt caverns or artificial cavern chambers as air storage reservoirs.
Notably, salt caverns represent the most cost-effective solution, with Liang et al.’s cost
curve indicating an approximate capital expenditure of 850–1000 USD/kW [11]. Pioneering
projects like the Jiuquan (Gansu) and Chaoyang (Liaoning) installations utilizing artificial
cavern chambers are investigating hybrid thermal storage configurations employing molten
salt and high-pressure aqueous media, achieving >350 ◦C heat recovery through stratified
thermal storage technology. The Jieneng Baoqing 350 MW/1750 MWh demonstration
project in Heilongjiang Province, engineered by CEEC, demonstrates enhanced system
efficiency of 73.81% via a molten salt-water cascaded heat exchange scheme [17,41].

Current CAES demonstration facilities predominantly utilize geological reservoirs,
particularly in China, where salt caverns and artificial cavern chambers constitute pri-
mary containment solutions. Supplementary configurations include repurposed mining
tunnels, depleted hydrocarbon reservoirs, pressurized steel vessels, subaqueous flexible
accumulators, and reinforced thermoplastic composite pipelines. Emerging concepts such
as aquifer-based storage reservoirs exhibit significant geothermal synergy potential de-
spite remaining experimentally unvalidated. Future development necessitates site-specific
reservoir selection guided by geological compatibility, coupled with advanced engineering
strategies to enhance containment integrity, mitigate gas permeability losses, optimize en-
ergy density, and reduce capital expenditure. Critical research imperatives for aquifer-based
systems include the comprehensive evaluation of CO2 utilization as cushion gas, particu-
larly its thermodynamic interactions with brine solutions and long-term geomechanical
stability impacts [4,7,9,11].

Thermal energy storage (TES) serves as a critical enabler for enhancing CAES efficiency,
with operational systems classified by thermodynamic properties and temperature regimes.
Medium-temperature TES configurations (100–200 ◦C range) predominantly utilize pres-
surized water, demonstrating operational stability yet exhibiting inherent limitations in
thermal dissipation rates. High-temperature systems (>200 ◦C) employ thermally resistant
media such as synthetic heat transfer fluids and molten salts, achieving reduced thermal
losses and enhanced energy density at the expense of increased material degradation risks
and elevated maintenance costs. Emerging research prioritizes phase change materials
(PCMs), particularly cascaded PCM configurations in packed-bed architectures, which
optimize latent heat utilization to enhance thermal exergy recovery [6,9,15,25,26].



Processes 2025, 13, 2882 12 of 32

Among the projects listed in Table 2, only two facilities—the Wulanchabu Multi-Source
Thermal Storage-Integrated CAES (10 MW) Project (with overall heating efficiency exceed-
ing 80%) and the Yungang Abandoned Mine Shaft CAES Facility (supplying heating for
1 million m2 residential areas and refrigeration for 3 million m3 cold storage clusters)—
demonstrate heating/cooling cogeneration requirements. This underscores the technical
feasibility of deploying hybrid CAES systems with integrated thermal management archi-
tectures. Future efforts will prioritize the strategic implementation of CAES systems with
heating/cooling cogeneration capabilities.

Current research identifies the following critical domains requiring prioritized investi-
gation to advance compressed air energy storage (CAES) technology toward commercial-
scale demonstration [7,9,15,25,26,36–39]:

(1) Thermal management optimization, including optimizing heat exchanger designs,
adopting shared heat exchangers, refining compression heat recovery mechanisms
(e.g., multistage molten salt thermal storage optimization and advanced mid-
temperature waste heat regeneration), and integrating phase change materials (PCMs)
such as Al-Si alloys (melting point: 580 ◦C) and composite salts, as well as thermo-
chemical storage technologies like MgO/Mg(OH)2.

(2) Critical component innovation, encompassing high-temperature turbomachinery
(compressors/expanders) operational under >600 ◦C conditions via ceramic ma-
trix composites and adaptive sealing architectures, cost-effective metal-clad com-
posite storage vessels as geological reservoir alternatives, advanced liquid piston
systems incorporating spray cooling and modified porous media for near-isothermal
compression, pressure-flexible containment solutions enabling stable S-CAES oper-
ation, advanced cryogenic liquefaction, and cold storage systems for cost-effective
LAES applications.

(3) Distributed energy system integration for commercial/industrial behind-the-meter
applications via modular CAES platforms (<100 kWe capacity) employing reciprocat-
ing/screw compressors, integration with industrial air compression infrastructure.

(4) Deeper grid-scale renewable energy hybridization through seasonal storage solutions
combining salt cavern reservoirs with cascaded thermal storage.

(5) Hybrid system energy demonstrations, such as establishing “heat–electricity–gas–
cooling–hydrogen–carbon” hybrid energy networks and industrial waste heat/cold
utilization (e.g., preheating expander intake air using steel plant waste heat), coupling
LNG cold energy with LAES systems.

(6) Digital twin and AI-enabled operational optimization for real-time thermal dispatch
strategies and electricity ancillary service.

3. Compressed CO2 Energy Storage (CCES)
3.1. Principles

CAES exhibits low energy density, and LAES or SCAES faces cryogenic constraints
(e.g., liquefaction challenges, intricate cold/thermal storage design). CO2 exhibits accessi-
ble critical points (7.39 MPa, 31.4 ◦C vs. air’s 3.77 MPa, −140.5 ◦C). In energy storage, SCO2

exhibits high density, enabling compact turbomachinery (compressors, turbines) and heat
exchangers. Furthermore, compared to air-based systems requiring deep cryogenic cooling
(−196 ◦C), CO2 liquefaction can operate at near-ambient temperatures, reducing energy
penalties through pump-driven pressurization instead of multistage compression. Conse-
quently, CCES emerges as high-density, compact energy storage. Although CCES adopts
a CAES-like architecture, its closed-loop configuration incorporates an additional low-
pressure reservoir. CCES typically operates within 0.1–30 MPa and 220–600 K [4,5,10,13].
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CCES is categorized into transcritical, supercritical, and liquid-based systems. CO2-based
electrothermal energy storage systems will be discussed separately in the CB section [10,13].

Yang et al. [49] proposed that CCES is classified as transcritical (TCCES) when the
turbine outlet pressure remains subcritical, and supercritical (SCCES) otherwise. Zhang
et al. [13,50] investigated TCCES and SCCES systems integrated with water thermal storage
(as illustrated in Figure 5). During charging, low-pressure CO2 is compressed into high-
pressure storage vessels, while discharging involves high-pressure CO2 expansion through
turbines into low-pressure reservoirs. The TCCES configuration requires a preheater to
vaporize liquid CO2, unlike SCCES systems where the working fluid remains perpetually
supercritical. Their analysis revealed that under 1 MW discharge capacity, the TCCES sys-
tem achieved a 38.52 kg/s mass flow rate with 60% round-trip efficiency and 2.6 kWh/m3

energy density, whereas the SCCES system demonstrated enhanced performance: 6.89 kg/s
mass flow rate, 71% cycle efficiency, 71.38% exergy efficiency, and 23 kWh/m3 energy
density. SCCES requires over 80% less storage volume [13,50].

(a) 

(b) 

Figure 5. Scheme of (a) TCCES and (b) SCCES, where T—turbine.
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To address the challenges of high-pressure storage and limited energy density in
T/SCCES, researchers have developed liquid carbon dioxide energy storage (LCES) systems,
which leverage low-pressure liquid-phase storage to achieve mass densities exceeding
1000 kg/m3, thereby reducing capital expenditures and enhancing compatibility with
renewable energy integration in arid and high-altitude regions. Wang et al. [51] pioneered
an LCES configuration integrated with an organic Rankine cycle (ORC), as depicted in
Figure 6. During charging, liquid CO2 stored in Tank 2 undergoes pressure reduction via a
throttle valve before being transferred to the cool storage unit. CO2 absorbs heat from the
cool storage unit while providing cryogenic energy to it, transitioning to a gaseous state at
ambient pressure. Subsequently, the gaseous CO2 is compressed by surplus wind power to
elevated temperature and pressure conditions. High-pressure CO2 is then cooled in the
thermal storage unit approaching its liquefaction temperature, with heat generated during
compression being stored for subsequent utilization. Final liquefaction is achieved through
condenser cooling, and the resulting liquid CO2 is stored in Tank 1. During discharging,
liquid CO2 stored in Tank 1 is pressurized by Pump 1. The pressurized CO2 undergoes
heating while transferring cryogenic energy to the thermal storage unit. Subsequent
expansion through the turbine delivers work output. Waste heat from the turbine exhaust
is recovered to vaporize the organic working fluid in an ORC. Final phase transition to
the liquid state is achieved via cooling in the cool storage unit prior to storage in Tank
2. The liquefaction temperature of CO2 is −56 ◦C, with the system achieving a round-
trip efficiency of 56.64% and an energy storage density of 36.12 kWh/m3. Thermal/cold
energy storage integration introduces system complexity, while cryogenic pumping losses,
finite-time heat transfer irreversibilities, and CO2 sublimation losses reduce LCES’s RTE
compared to SCCES.

 
Figure 6. Scheme of Wang’s LCES.

Systems employing high-pressure liquid-phase and low-pressure vapor-phase stor-
age are categorized as vapor–liquid systems (VLCCES). Subcritical CCES systems and
adsorption-enhanced compressed CO2 energy storage architectures have also been investi-
gated as specialized variants. Geologically dependent classifications further divide CCES
into four types based on storage location and thermal management: (1) underground
diabatic CCES (UDCCES), (2) underground adiabatic CCES (UACCES), (3) aboveground
diabatic CCES (ADCCES), and (4) aboveground adiabatic CCES (AACCES) [5,10,11].

3.2. Thermal Integration

Similarly to CAES, CCES systems inherently support multi-vector energy provision
(thermal, cold, electrical, and pressure energy). Integrated thermal management with exter-
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nal heat/cold sources can enhance system efficiency, while synergies with complementary
energy units enable adaptability to diverse energy demand scenarios. Thermal integration
scenarios encompass solar thermal, ORC, LNG, geothermal reservoirs, industrial waste
heat recovery, coal-fired power plants, and combined gas–steam cycles. Furthermore, CCES
demonstrates intrinsic compatibility with carbon capture and storage (CCS) infrastructure.
Industrial waste heat utilization and carbon taxation mechanisms are accelerating CCES
deployment in industrial decarbonization applications [10,52–67]. Representative CCES
integration scenarios reported in recent studies are summarized in Table 3 [10,52–67]. Wang
et al. [63] reported a system combining absorption refrigeration cycles (ARCs), LCES, and
waste heat recovery, achieving an RTE of 400.99%. Li et al. [65] demonstrated aquifer-based
compressed CO2 storage coupled with geothermal energy, yielding 95.1% system efficiency.
Notably, LCES systems have attracted significant research attention due to their superior
cold/heat source integration flexibility and lower technical barriers. The development
of modular carbon storage and multi-energy cogeneration CCES systems that integrate
carbon sequestration technologies is recommended. Future research should prioritize
elucidating energy–carbon flux coupling mechanisms, as well as formulating dynamic
regulation strategies. Beyond steady-state performance optimization, investigations into
variable operating condition simulations and transient response analyses are essential to
advance laboratory-scale achievements into engineered solutions for park-level integrated
energy stations.

Table 3. CCES thermal integrated system.

Integration Modes RTE (%) ERTE
(%)

ESD
(kWh/m3) Ref.

LCES, CHP, waste heat boiler (WHB), gas
boiler (GB), power-to-gas (P2G), electric

chiller (EC)
/ / / [52]

CCES, LNG, ORC, natural gas combined cycle
(NGCC), cryogenic CO2 capture 68.49 59.3 / [53]

LCES, solar collector, ORC 62.1 / 21.74 [54]
CCES, biomass gasification Allam cycle 62.04 / / [55]

CCES, HTEM 50.43 / 16.6 [56]
LCES, gas turbine (GT), GB, WHB, heat pump

(HP), EC, absorption chiller (AC) / / / [57]

TCCES, solar energy, heat supply 77.19 68.03 / [58]
CCES, coal-fired CHP 75.75 / / [59]

VLCCES-CHP 66.7 / / [60]
LCES, SOFC 62.88 / 14.26 [61]
CCES, ORC 66.64 / / [62]

LCES, WH, ARC 400.99 63.31 10.78 [63]
LCES, solar energy, WH 51.65 / / [64]

CCES in aquifers (CCESA), geothermal energy 95.1 / / [65]
SCCES, CO2 HP 80.1 / / [66]

TCCES, the WH of liquid-cooled data center
64.67 (single-stage

compression), 67.41
(double-stage compression)

/ [67]

Where ESD: energy storage density.

3.3. Demonstrations

Despite growing academic interest in CCES, critical component development (e.g.,
compressors, turbines) lags behind CAES, primarily due to elevated safety requirements
and capital costs associated with high-pressure CO2 [4,5]. Li et al. [4] demonstrated that
CAES components exhibit greater technological maturity and inherently safer operational
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profiles compared to those of CCES. While CCES configurations (100 MW × 5 h) demon-
strate superior RTE versus CAES across thermal storage temperatures of 120 ◦C, 140 ◦C,
and 160 ◦C, their implementation entails higher capital expenditures (USD 115.4 million
for CAES vs. USD 134.5 million for CCES) and extended payback periods (11.86 years
vs. 12.57 years at 140 ◦C thermal storage) due to cost-intensive turbomachinery and cold
storage units. Future efforts should focus on accelerating industrial chain development to
reduce equipment costs, thereby enhancing CCES competitiveness against CAES.

Table 4 summarizes existing and planned experimental/demonstration projects,
predominantly employing VLCCES technologies [10,11,68–72]. Energy Dome S.p.A. in
Italy has operationalized an MW-level CCES prototype, with ongoing deployment of a
20 MW/20 MWh system [10]. Collaborative efforts between Xi’an Jiaotong University and
Dongfang Electric Corporation established a 10 MW/20 MWh VLCCES hybrid flywheel
demonstration in Deyang, Sichuan. This CCES has been replicated at Conch Group and
expanded into the world’s largest CO2 energy storage facility in Mulei, Xinjiang [10,68].
The Conch 10 MW/80 MWh CCES project integrates carbon capture from cement pro-
duction lines for transient CO2 sequestration, achieving dual cost reductions in storage
infrastructure while utilizing low-grade waste heat (≥50 ◦C) to enhance cycle efficiency.
Annual coal-equivalent savings exceed 3130 tons, demonstrating scalability for energy-
intensive industries (e.g., building materials, steel, electrolytic aluminum) with substantial
process heat. Other notable projects include a compressed CO2 storage demonstration
by the Institute of Physics and Chemistry (Chinese Academy of Sciences) and Beijing
Boruidianneng Power Technology in Gu’an, with plans for a 100 MW/200 MWh facility
in Xiangzhou, Hubei, in partnership with Envision Energy; the National Energy Group’s
self-developed 40 MW/160 MWh CCES project in Da Qaidam, Haixi, marking China’s
first high-altitude CO2 energy storage facility; and adsorption-based CO2 storage pilot
validations by Harbin Institute of Technology [10,68]. Detailed technical specifications for
thermal and cold storage systems in these projects remain limited in public documentation.

Current CO2 demonstration projects predominantly employ flexible membrane reser-
voirs for low-pressure storage (0.1–1 MPa) and pressurized vessels for high-pressure con-
tainment. Flexible membrane systems demonstrate comparative costs over underground
caverns in CAES configurations despite reduced energy density. Liquid CO2 storage tanks
exhibit compact volumetric footprints with capital expenditures within commercially vi-
able thresholds. However, the integration of cryogenic storage subsystems elevates total
infrastructure costs [5,10,11].

CO2 storage (>1 MPa) can be implemented via saline aquifer reservoirs; however,
their geological dependency and CO2 dissolution kinetics present deployment challenges.
Notably, while aqueous dissolution reduces RTE, it enables permanent carbon sequestration,
allowing for continuous replenishment from CCUS-captured CO2 streams and offering
complementary environmental benefits that warrant comprehensive evaluation. Salt cavern
storage requires 8–10 MPa overburden stabilization pressure, rendering low-pressure CO2

storage impractical. Additionally, fixed cavern volumes induce substantial temperature
and pressure fluctuations during charging/discharging cycles, adversely impacting turbine
operational stability and geological integrity [5,10].

Adsorption-based CO2 energy storage leverages the temperature-dependent adsorp-
tion/desorption characteristics of zeolites and similar materials to achieve cyclic CO2

storage/release. Operating typically within 0.1–0.2 MPa, experimental studies report a
system gas storage density of 43.46 kg/m3. However, challenges persist in large-scale appli-
cations due to the coupling requirements for external thermal/cold sources and constrained
charge/discharge rates.
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Table 4. CCES engineering demonstrations.

Project State Technical Sources
Power Out-

put/Capacity
or Duration

Storage
Device RTE (%) Type Ref.

Sardinia CCES
Demo/Replication

Project

Operation/Under
construction Italian Energy Dome

2.5/4 MWh,
20 MW/

100 MWh

Flexible
bladder,

pressure tank
75 VL [10]

CCES demo Project Lab demo Tianjin University of
Commerce 300 W/100 s Flexible

bladder 8.6–18.7 VV [11]

Dongfang Electric CCES
and Flywheel project

Operation
Dongfang Electric
Corporation, Xi’an
Jiaotong University,

Bairang New Energy
Technology (Shenzhen)

Co., Ltd.

10 MW/
20 MWh

Flexible
bladder,

pressure tank

55 VL [10]

Wuhu Conch 10 MW/
80 MWh CCES Demo

Project

10 MW/
80 MWh 60–65 VL [10]

Huadian Mulei 1000 MW
CCES plant

Under
construction

100 MW/
1000 MWh 60 VL [68]

Gu’an CCES
Experimental Project Demo Technical Institute of

Physics and Chemistry,
Beijing BoruiDing Power

Technology Co., Ltd.

Hundred-
kilowatt level Pressure tank / LL [10]

Vision Energy Xiangzhou
100 MW/200 MWh CCES

Demo Project
Plan 100 MW/

200 MWh

Flexible
bladder,

pressure tank
/ VL [69]

China Energy Group
Haixi Dachaidan 40 MW/
160 MWh CCES Project

Plan
China Energy

Investment Group Co.,
Ltd.

40 MW/
160 MWh

Flexible
bladder,

pressure tank
/ VL [70]

Harbin Institute of
Technology Adsorption-

Compression CO2
Energy Storage (ACCES)

Demo Project

Under
construction

Harbin Institute of
Technology MW level

Adsorption-
based storage
unit, pressure

tank

/ AC [71]

Jilin Oilfield Supercritical
CO2 Pipeline-Integrated
Long-Duration Energy
Storage Demo Project

Plan China National
Petroleum Corporation /

Supercritical
CO2 pipeline,

subsurface
oil

displacement
reservoir

/ VS [72]

RTE: electrical round-trip efficiency.

Future research should prioritize the development of subaqueous storage infrastruc-
tures and hybrid geological–thermal systems integrating CO2 sequestration. Systematic
validation of adsorption-compressed CO2 bulk energy storage feasibility requires multi-
phase experimentation. While expanding VLCCES architectures, regionally optimized
deployment of LCES systems must address low-pressure cryogenic vessel operational
constraints, particularly maintaining ≥1 MPa to suppress dry ice formation. Field demon-
strations should integrate dynamic technoeconomic modeling, renewable energy dispatch
scenarios, and pressure vessel testing. CCES can be advanced through compression ratio
optimization (balancing thermal recovery and volumetric costs), cost–benefit analyses, and
safety framework development. These strategies aim to achieve high efficiency (>70%),
elevated energy density (ESD >50 kWh/m3), and reduced costs, accelerating the scalable
deployment of distributed CCES technologies [5,9–11,14].
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4. Carnot Battery
4.1. Principles

Carnot battery (CB), an emerging large-scale energy storage technology, achieves
energy storage and release through efficient bidirectional conversion between electrical and
thermal energy. CB is geographically unrestricted while offering advantages such as high
RTE, large capacity, long lifespan, and rapid response. As illustrated in Figure 7, the CB
operates as follows: during charging, electrical energy is utilized to establish a temperature
gradient between two thermal storage units; during discharging, this gradient drives
a power cycle for electricity generation. Consequently, the CB’s charging/discharging
processes correspond to forward and inverse conversions of electrical-to-thermal energy,
respectively, with energy storage achieved via thermal storage units (TES) [6,8,11,12].

Figure 7. Scheme of the classical CB (primarily PTES).

The term “Carnot battery” encompasses diverse storage technologies, including, but
not limited to, pumped thermal energy storage (PTES), the Lamm–Honigmann system
(LHS), liquid air energy storage (LAES), systems integrating resistive heating with power
cycles, and hybrid configurations. This paper focuses on PTES and electrothermal storage
systems. Charging methods in such systems include electric heating, conventional heat
pump cycles (HP), and reverse Brayton cycles (Brayton heat pumps), where conventional
HP typically refers to reverse ORC systems unless otherwise specified. Discharge cycles
primarily involve Brayton cycles, Rankine cycles (typically subcritical), and transcritical
Rankine cycles, with working fluids such as water or organic substances for Rankine
cycles and CO2 for transcritical cycles. System architectures combine charging/discharging
components into the following primary configurations: electric heater–Brayton, electric
heater–Rankine, reverse Rankine–Rankine, reverse Brayton–Brayton, reverse Brayton–
Rankine, and reverse open Brayton–Rankine systems [6,8,11,12].

4.1.1. Electrically Heated Systems

Electrically heated energy storage systems coupled with Brayton or Rankine cycles
for discharge exhibit the following advantages: (1) lower cost and simpler, more compact
configurations compared to heat pump-based systems; (2) suitability for high-temperature
processes exceeding 1000 ◦C; and (3) engineering feasibility for integration with existing
steam-based Rankine cycles, enabling the retrofitting of coal-fired power plants into storage
systems without requiring alternative working fluids. This approach retains the most
costly component in CB: the power cycle unit. Two electrical heating architectures exist:
static resistive heaters and rotary induction-based systems employing permanent magnet
asynchronous motors (eliminating AC/DC converters). Current electrically heated systems
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are applicable to three scenarios: (1) GW-scale standalone systems capable of geographically
independent power storage/supply and integrated steam/heat management; (2) flexibility
enhancements for existing thermal cycles through retrofitting fossil fuel power plants or
energy-intensive industrial facilities; and (3) repurposing decommissioned fossil fuel power
plants into energy storage facilities. Electrically heated systems demonstrate favorable
scalability in terms of their power output, though their limitations are constrained by the
integrated power cycle. The primary drawback lies in relatively low RTE, attributed to the
lower coefficient of performance (COP) of electric heating compared to HP and significant
ambient thermal losses at elevated temperatures [12,22,24].

4.1.2. Brayton Cycle Systems

Forward/reverse Brayton cycle CB operates via reversible Brayton cycles between cold
and hot thermal storage units, as illustrated in Figure 8. During charging, the working fluid
(typically argon or helium) undergoes pressurization-driven compression, transferring
thermal energy from the low-temperature (LT) TES to the high-temperature (HT) TES reser-
voir while consuming net electrical input (compressor work > turbine output). Conversely,
discharge leverages the established thermal gradient to drive expansive turbine operations,
yielding net power generation (turbine output > compressor work). Studies indicate that
helium outperforms argon due to lower pressure losses and superior operational stability.
Additionally, working fluids such as air, supercritical CO2, hydrogen (H2), and nitrogen
(N2) have been investigated. Research demonstrates that air, when coupled with electric
heaters, achieves a higher power output and efficiency compared to argon [6,22,24].

  

Figure 8. Scheme of a reverse/forward Brayton CB.

In typical reverse/forward Brayton cycle CB, compressors/turbines constitute the
most expensive components, accounting for approximately 80% of the total capital cost. The
high cost of compressors/turbines, coupled with the fact that reductions in their efficiency
lead to significant declines in Brayton cycle efficiency, has limited the widespread adoption
of Brayton-based systems. Typical systems incorporate two compressors and two turbines,
each dedicated to specific charging or discharging processes. Alternatively, bidirectional
reversible operation for both charging and discharging can be achieved using reciprocating
volumetric compressors/turbines; however, this configuration sacrifices efficiency for cost
reduction. Brayton cycles generally operate with thermal storage temperatures ranging
from 500 ◦C to over 1000 ◦C. As previously mentioned, electric heaters can be integrated to
reduce compressor load and achieve elevated turbine inlet temperatures [8,12,24].

Brayton cycle CB requires effective temperature profile matching through sensible
heat storage, with two mainstream configurations: packed-bed regenerators and dual-tank
liquid TES systems. Packed-bed architectures, widely adopted due to their material cost
efficiency and broad operational temperature range, predominantly employ solid media
such as gravel, magnetite, or limestone. The architectures operate via two modes: indirect
coupling with intermediate heat exchangers or direct working fluid permeation through
the packed bed. While the latter enhances heat transfer coefficients, it necessitates pressure
vessels capable of withstanding pressure differential up to 20–30 bar. Electric heaters can
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mitigate the high-pressure requirements of high-temperature TES while stabilizing turbine
inlet temperatures. Phase change materials (PCMs) also stabilize turbine inlet temperatures
and augment energy storage capacity. For dual-tank liquid thermal storage systems in
high-temperature applications (300–500 ◦C), molten salts composed of NaNO3 and KNO3

are typically employed [12,22,73].

4.1.3. Rankine Cycle Systems

A schematic diagram of a typical Rankine cycle CB is illustrated in Figure 9. During
charging, the working fluid undergoes subsequent evaporation and compression to achieve
elevated temperature and pressure, sequential releasing of sensible and latent heat to the
high-temperature TES for condensation, followed by pressure reduction via a throttle valve.
During discharging, the condensed fluid is pressurized by a pump, absorbs stored thermal
energy from the TES unit to evaporate, drives the expander/turbine to generate work, and
finally condenses through the low-temperature TES unit. Typical Rankine CB operates from
–30 ◦C to 400 ◦C. High-temperature HP can be substituted with resistive heaters [6,22,24].

  

Figure 9. Scheme of a reverse/forward Rankin CB.

Subcritical Rankine CB technical framework encompasses steam Rankine cycles
and organic Rankine cycles (ORCs). For systems operating above 200 ◦C, water is pre-
dominantly employed, enabling large-scale power outputs (multi-hundred MW scale).
Small-scale systems (MW scale, down to KW scale) favor organic working fluids such as
R1233zd(E)36. While phase change in working fluids reduces compression power consump-
tion, it compromises heat transfer efficiency. To optimize temperature matching in evapora-
tors/condensers, researchers have proposed solutions including transcritical CO2 cycles,
ammonia–steam cascaded cycles, and transcritical CO2/subcritical NH3 cascaded configu-
rations. Limited studies also explore transcritical cycles utilizing fluids like R1234ze(Z),
R152A, and R1234ze(E), with R1233zd(E)-based transcritical heat pumps achieving oper-
ational temperatures up to 250 ◦C. Additionally, integrating phase change materials into
high-temperature TES units enhances energy storage/release capacity [6,8,11,22].

In standard Rankine CB, the thermodynamic expansion expander and heat pump
compressor components are typically operated as independent units. Studies have pro-
posed cost reduction strategies through reversible configurations. Yu et al. developed three
HP-ORC-based Rankine CB systems: (1) the basic HP-ORC CB system (B-HP-ORC); (2) the
shared heat exchanger HP-ORC system (S-HP-ORC), which integrates the condenser of the
HP with the evaporator of the ORC; and (3) the shared dual-function unit HP-ORC system
(SD-HP-ORC), where a single reversible unit alternately functions as a compressor in the
heat pump cycle and as an expander in the ORC. The results indicate that both B-HP-ORC
and S-HP-ORC achieve higher energy and exergy efficiencies compared to SD-HP-ORC,
while SD-HP-ORC demonstrates a lower levelized energy storage cost [6,8,24].

A typical Rankine CB system is exclusively equipped with high-temperature TES, uti-
lizing ambient conditions as the low-temperature heat source to balance economic viability
with practical applicability. High-temperature storage media commonly employ pressur-
ized water, NaNO3, or NaNO3-KNO3 mixtures. Substituting ambient heat sources with
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cryogenic alternatives such as liquefied natural gas (LNG) can enhance system efficiency.
Low-temperature storage units also predominantly adopt ice-water systems, particularly in
transcritical CO2-based Rankine CB configurations. While researchers have proposed inno-
vations for compressors/expanders in Rankine CBs, commercially mature two-phase flow
compressors/expanders remain unavailable on the market [6,11,22]. Notably, Kim et al.
introduced a transcritical CO2 CB based on isothermal compression/expansion, projecting
a 4–15% improvement in RTE compared to conventional isentropic configurations [74].

4.2. Thermal Integration

Compared to CAES and CCES, CB (primarily pumped thermal energy storage (PTES))
demonstrates superior applicability for thermal integration and user-side combined cooling,
heating, and power (CCHP) systems. Rankine cycle CB operates at low temperatures and
thermal gradients, enabling the efficient integration of external low-grade heat sources
and demonstrating great practical viability. Steam Rankine cycle demonstrates exceptional
compatibility with existing steam power cycles and CCHP systems. In the HP/ORC
(reverse/forward ORC) CB, the reverse ORC HP system enhances efficiency by integrating
low-temperature heat sources, with its latent heat characteristics below 200 ◦C rendering it
particularly suitable for integrating steam-based applications in CB. Cascade HP maintains
high COP under large temperature differences, but it incurs elevated costs due to system
complexity and pinch point challenges. Reverse transcritical CO2 HP achieves high COP in
scenarios involving ultralow temperature cold sources and large thermal gradients while
enabling precise temperature matching between storage media and cycle profiles, similar
to forward transcritical CO2 heat engine [8,11,12,22,24,73].

Table 5 presents selected recent cases of CB thermal integration studies, utilizing heat
sources including district heating networks, solar energy (via solar thermal collectors),
geothermal reinjection brines, and waste heat [75–91]. Thermal integration enables certain
systems to achieve RTEs exceeding 100% or cost reductions. Zhang et al. [75] implemented
coal-fired power plant integration with a CB, attaining an efficiency of 59.39–114.67%.
Miao et al. [76] enhanced the PTES system’s efficiency by 4.52 times through LNG cold
energy utilization, achieving an RTE of 222.4%. Su et al. [77] reported an RTE of 137.16%
in a geothermal-assisted PTES while enabling cross-seasonal geothermal energy storage,
significantly improving the utilization rates and economic viability of existing geothermal
district heating systems through power generation. Niu et al. [78] employed parabolic
trough collectors in a CB to achieve a remarkable RTE of 450%. Lin et al. [92] demonstrated
that steam-based CB implementation in integrated energy parks reduced operational costs
by 28.57% and carbon emissions by 43.49%. CB (primarily PTES) exhibits significant
potential in WH recovery, such as data center applications. However, critical challenges
remain, including component development, dynamic control optimization, multi-source
thermal integration refinement and storage (e.g., buried thermal storage), experimental
validation, and industrial-scale demonstration. Future developments should emphasize
integrated compression/expansion units and advanced phase change materials to reduce
capital costs and enhance operational efficiency [6,22,24,91].

Table 5. CB thermal integrated system.

Integration Modes RTE (%) Ref.

CB, coal-fired power plant 59.39–114.67 [75]
LNG, HP/ORC 222.47 [76]

PTES, geothermal energy 137.16 [77]
CB, solar energy 450 [78]

HP/ORC PTES, geothermal energy 66.8–105.6 [79]
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Table 5. Cont.

Integration Modes RTE (%) Ref.

HP/ORC PTES, WH 71.6 [80]
Cascade HP/ORC PTES, geothermal energy / [81]

Segmented HP/ORC CB, WH 74.13 [82]
HP/ORC PTES, WH 101.29 [83]

HP/ORC PTES, solar energy 74.47 (variable pressure mode), 74.34 (constant
pressure mode) [84]

HP/ORC PTES, PV, WH 28.2 [85]
Composition-adjustable HP/ORC PTES, WH increased by 4.4–18.3 [86]

HP/Rankin–Brayton cycle / [87]
TES, coal-fired power plants 62.97 [88]

HP/ORC CB, WH, PV, district heating / [89]
HP/ORC CB, PV, the WH of the data center increased by 30 [90]

HP/ORC, the WH of the data center 0.50 (Harbin), 0.43 (Nanjing), 0.39 (Guangzhou) [91]

4.3. Demonstrations

CB (primarily PTES) exhibits costs ranging between USD 120 and 350/kWh, substan-
tially lower than those of CAES and CCES. While extensive research has been conducted
on CB systems across diverse cycle architectures and working fluids, practical implemen-
tation remains constrained globally. Numerous CB projects currently exist in conceptual
or engineering design phases due to challenges associated with high system pressures
and critical component design complexities. Furthermore, technological maturation lags
behind CAES, with emerging applications still in nascent development stages and limited
adoption [6,11,22,24,73]. Representative CB demonstration projects are summarized in
Table 6. Pilot projects based on HP/ORCs remain of a small scale. Resistive heating/steam
Rankine CB projects, achieving large capacities (100 MW level), have been extensively
deployed worldwide. Notably, numerous CB projects feature CCHP configurations.

Table 6. CB engineering demonstrations.

Company or Project Charging/Discharging TES
Power

Output/Capacity or
Duration

RTE (%) State Ref.

MAN/ABB

CO2 Transcritical
Heat Pump/CO2

Transcritical Rankine
Cycle

Water (120 ◦C),
ice MW level/~5 h 45 Design [93]

Echogen

CO2 Transcritical
Heat Pump, Fluidized

Bed Heating/CO2
Transcritical Rankine

Cycle

Sand
(300–350 ◦C), ice 25 MW/250 MWh 60 Design [11,

94]

Peregrine Turbine
Technologies

Electric Heating/CO2
Brayton cycle

Graphite
aluminum

alloy (800 ◦C)
1 MW/8 MWh 45

CO2 turbine/
compressor

testing
[95]

Climeon HP/ORC
Water (e.g.,

district
heating system)

80 kW to MW/
Hours 25–60 Concept [96]

TC Mach HP/ORC Stone dust kW level/Hours / Concept [97]

Isentropic Company Reverse/Forward
Brayton Cycle (Ar)

Mineral gravel
(~500 ◦C) 150 kW/600 kWh / Demo [98]

Siemens Gamesa
Electric

Heating/Steam
Rankine cycle

Volcanic rock
bed (~600 ◦C) 100 MW/2400 MWh 25–40 Demo [73]
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Table 6. Cont.

Company or Project Charging/Discharging TES
Power

Output/Capacity or
Duration

RTE (%) State Ref.

SPIC Luliang MW-Scale
PTES (Compressed Air with

Thermal Energy Storage,
CASE) Pilot Project

Reverse/Forward
Brayton Cycle (Air) Lava (560 ◦C) 1 MW/4 MWh / Under

construction [99]

Shouhang HighTech
Feicheng 100 MW/

400 MWh Compressed
CO2-Molten Salt Energy

Storage Project

Reverse/Forward
Brayton Cycle (CO2) Lava (560 ◦C) 100 MW/400 MWh

≥63 (up to
76% with

optimization)

Under
construction [100]

Shouhang Energy Group
Changji Independent

Energy Storage Project

Reverse/Forward
Brayton Cycle (CO2) Lava (560 ◦C) 200 MW/800 MWh 64 Under

construction [101]

Three Gorges Group
Liquid-Cooled Data Center
CO2 Energy Storage System

CO2 Transcritical
Heat Pump/CO2

Transcritical Rankine
Cycle

Water ≥100 kW/0.5 h / Bidding
completion [102]

Three Gorges Group Kubuqi
2 × 300 MW Molten Salt
Energy Storage Project

Electric Heating,
Steam Heating/Steam

Rankine Cycle
Lava 2 × 300 MW/

730 MWh / Under
construction [103]

Longyuan (Qinghai)
High-Rate Molten Salt

Energy Storage Heating
Supply Demo Project

Electric
Heating/Steam
Rankine Cycle

Lava 50 MW/300 MWh / Under
construction [104]

Tongxiang Juneng Qitai
Hybrid Energy Storage and

Energy Supply Demo
Project

Electric
Heating/Steam
Rankine Cycle

Lava

343 MWht Molten
Salt Energy Storage
System with 6.5 MW

Power Generation
Unit

/ Under
construction [105]

China Nylon City Molten
Salt Energy Storage Demo

Project

Electric Heating,
Industrial Park

WH/Steam Rankine
Cycle

Lava / / Under
construction [104]

University of Science and
Technology of China

(USTC)/Conch Group PTES
Project

HP/ORC / / ≥60 / [106]

RTE: electrical round-trip efficiency.

The efficiencies of CB engineering demonstrations are lower than others (CAES and
CCES). This performance gap may stem from the following factors:

(1) System Configuration Limitations:

Numerous demonstration projects utilize electric heaters coupled with Rankine cycle
systems. In such configurations, the electricity-to-heat conversion efficiency attains a
maximum of unity (disregarding thermal losses). Therefore, the overall CB efficiency is
governed by the thermodynamic efficiency of the heat-to-electricity conversion efficiency.
This efficiency is constrained by the Carnot cycle limit, thus exhibiting lower values.

(2) Low TRL and System Complexity:

Multiple demonstration projects operate at prototype validation stages with low
technology readiness levels (TRLs). CB systems primarily rely on electricity-to-heat and
heat-to-electricity conversion processes for energy storage/release. Compared to CAES,
they require the more stringent management of sensible/latent heat storage. The opti-
mization of thermal/cold storage systems presents significant challenges, resulting in
substantially higher system integration complexity than gas-compression-based CAES.
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Compatibility between high-temperature TES materials (e.g., molten salts) and su-
percritical CO2 working fluid remains under optimization, leading to heat exchange
efficiency losses.

(3) Component Sensitivity:

Studies indicate that CB system efficiency is highly sensitive to variations in compres-
sor and turbine efficiencies. Reduced efficiencies in these components cause significant
deterioration in Carnot cycle efficiency.

(4) Equipment Limitations:

Small-scale HP/ORC CB systems employ screw-type units, which demonstrate lower
efficiencies than centrifugal compressors/expanders used in CAES projects.

5. Discussion
We systematically retrieved all recent review and research articles from databases

including Web of Science, integrated the latest publicly reported industrial achievements,
and conducted summative discussions and analyses in conjunction with the preceding
content of this paper.

Recent studies have systematically investigated the fields of CAES, CCES, and CB
energy storage technologies [5–10,12–20]. Regarding CAES, investigations have compre-
hensively assessed component characteristics, system configurations, and grid integration
potentials, with particular attention paid to thermal storage optimization. Developments in
CCES have been classified according to thermodynamic states and thermal integration ap-
proaches, wherein supercritical systems, while remaining predominantly theoretical, have
exhibited structural advantages. CB research has established evaluation frameworks for
comparing technological variants, revealing performance discrepancies, and underscoring
the necessity for standardized assessment protocols. These reviews collectively highlight
that transitioning from theoretical modeling to experimental validation constitutes a critical
pathway for advancing energy storage applications.

Liang et al. [11] pioneered a comparative analysis of knowledge gaps and developmen-
tal trajectories across three energy storage technologies, utilizing literature published prior
to October 2023 with methodologies grounded in cost analysis. Building upon Liang et al.’s
review and all other reviews, this study extends the comparative examination by incorpo-
rating the latest literature from Web of Science and other scholarly databases, alongside
publicly reported industrial achievements, particularly focusing on thermal integration
and engineering demonstration aspects. Notably, our analytical framework references the
current status of cutting-edge demonstration projects while accounting for application
scenarios, especially multi-energy complementary systems and thermal integration con-
texts. Consequently, we deliver a more rigorous scrutiny and comparison of engineering
bottlenecks hindering technology commercialization, providing practical guidelines for
future demonstration project deployments, particularly in China.

The methodological approach adopted in this research enables review authors and
practitioners (particularly those in engineering disciplines) to efficiently and systemati-
cally access and benchmark cutting-edge developments within their research domains.
This methodology facilitates the production of more structured literature reviews or
technical syntheses, thereby enhancing the accuracy of evidence-based judgments or
technical decisions.

The comparative analysis and discussion of these three technologies is structured
as follows:

(i) CAES has achieved large-scale deployment; however, its air storage system con-
struction costs remain prohibitively high (USD 200–700/kWh). Future research should
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focus on (1) shared heat exchangers during charging/discharging cycles to reduce hard-
ware complexity [11]; (2) advanced thermal management integrating multistage molten
salt thermal storage, medium-temperature heat regeneration, Al-Si alloy/composite salt
phase change materials (PCMs), and MgO/Mg(OH)2 thermochemical heat storage to
minimize thermal losses; (3) the expansion of gas pressure variation ranges to reduce
storage volume through supercritical storage technologies while mitigating operational
risks caused by pressure fluctuations in compressors/expanders; (4) the development of
high-temperature/pressure/efficiency compressors/expanders (employing ceramic-coated
refractory materials); (5) cost-effective metallic/composite aboveground vessels as alter-
natives to geological caverns [11]; (6) for ICAES, enhanced liquid piston/spray cooling
systems; (7) for LAES, breakthroughs in cryogenic liquefaction, cold storage technologies,
and operational complexity reduction; (8) miniaturized CAES systems (<100 kWe) adopting
piston/screw configurations for commercial/industrial applications; (9) synergistic inte-
gration with industrial waste heat (e.g., steel plant recovery) and cryogenic sources (e.g.,
LNG cold energy coupling with LAES), coupled with hydrogen/fuel cell technologies to
establish multi-energy complementary “heat–electricity–gas–cooling–hydrogen” systems;
(10) coupling “salt cavern + thermal storage” configurations with renewable energy for
seasonal peak-shaving; and (11) digital twin and AI-driven dynamic thermal strategy
optimization to enhance regulation accuracy for rapid grid response.

(ii) Compared to CAES, CCES demonstrates superior suitability for distributed sce-
narios due to enhanced safety, easier liquefaction, and stronger adaptability to small-scale
capacities. However, it faces multiple challenges: (1) the physical properties of supercriti-
cal/liquid CO2 restrict the development of core components (e.g., turbines) [11]; (2) only
VLCCES currently stands as the implemented pathway with operational demonstration
projects [10,11], while alternative technological routes either await empirical validation
or are undergoing verification processes; (3) high system costs necessitate cost reduction
through process innovations (e.g., low-temperature liquefaction optimization) [11]; (4) the
load performance, efficiency, and pinch effects of liquid/supercritical systems require
experimental verification. Future research must integrate dynamic modeling, renewable
energy scenario validation, high-pressure equipment testing, and full-lifecycle environ-
mental assessments. Key pathways include compression ratio optimization (balancing
heat recovery and volumetric costs), economic benchmarking, and safety protocol de-
velopment to advance CCES toward high efficiency (>70%), high energy density (EVR
>50 kWh/m3), and cost competitiveness for scalable distributed deployment. Targeted
engineering demonstrations should prioritize scenario-specific configurations, such as
LCES, multi-energy complementary CCES in industrial parks [11], and CCES coupled with
geological sequestration.

(iii) CBs (primarily PTES) store electrical energy by retaining high-temperature heat
and low-temperature cold, demonstrating superior applicability to user-side integrated
cooling, heating, and power (CHP) systems compared to CAES and CCES, with signifi-
cantly lower capacity costs. Numerous CBs focus on innovative integrations of existing
mature technologies. Numerous operational or planned systems—including TES-based
concentrated solar power, solar thermal collectors, geothermal power generation, thermal
power peaking, heat pump-based thermal/cold storage, organic Rankine cycle (ORC), and
industrial waste heat recovery systems—can be retrofitted into CB configurations. Electri-
fication heating technology, widely adopted in CB for its simplicity and rapid response,
suffers from low round-trip efficiency. High-temperature Brayton cycles, operating under
extreme conditions (e.g., >500 ◦C, 20 MPa), impose stringent requirements on turbine
manufacturing and maintenance [11], alongside challenges in thermal/cold fluid matching
and charge/discharge rate regulation. Steam Rankine cycles exhibit inherent compatibility
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with existing steam power cycles and CHP systems. The reverse ORC HP system enhances
efficiency by integrating low-temperature heat sources, with its latent heat characteristics
below 200 ◦C rendering it particularly suitable for integrating steam-based applications
in CB. Cascade HP maintains high COP under large temperature differences but incurs
elevated costs due to system complexity and pinch point challenges. Reverse transcritical
CO2 heat pumps achieve high COP under large temperature differentials and enable precise
temperature curve matching between storage media and thermodynamic cycles, akin to
forward transcritical CO2 engine cycles.

CB shows significant potential in waste heat recovery applications (e.g., data cen-
ters) [11], yet critical gaps persist in core components, dynamic controls, multi-source
thermal integration/storage (e.g., borehole thermal energy storage), and experimen-
tal/engineering validation. As a matter of priority, future research should address thermal
loss mitigation and system integration optimization. Future efforts must advance inte-
grated compressor-expander units and latent heat materials to reduce capital costs and
enhance efficiency, ultimately accelerating the deployment of CBs in scalable, multi-scenario
energy systems.

Current engineering demonstration projects exhibit increased power, capacity, etc.,
compared to previous reviews. Table 7 compares the key parameters of critical CAES,
CCES, and CB technology demonstration projects. Where applicable, the results reported
by Liang et al. (citation) are included for comparative analysis. It should be noted that
for the VSCCES system, only project information was available, with no corresponding
key data obtained. Additionally, as described in the preceding section, thermal integration
enables the three technologies to achieve maximum round-trip efficiencies (RTEs) of 240.7%
(LNG-LAES), 400.99% (LCES-ARC-WH), and 450% (CB–solar), respectively. It should be
noted that both LAES and LCES are also inherently classified as CB technologies.

Table 7. Technical parameters of demonstration projects.

Technology Power Range Capacity
Range (MWh) RTE (%)

CAES
≤660 MW ≤2800 ≤75

[11] ≤500 MW ≤1980 /

VLCCES
≤100 MW ≤1000 ≤75

[11] ≤20 MW ≤200 ≤55

LCES Hundred-kilowatt
level / /

VSCCES / / /
ACCCES MW level / /

Electric Heating/Steam Rankine
Cycle CB

[11] ≤100 MW ≤2400 25–40
[11] ≤100 MW ≤2400 25–40

Electric Heating, Steam
Heating/Steam Rankine Cycle CB ≤300 MW ≤730 /

Reverse/Forward Brayton Cycle
(CO2) CB ≤200 MW ≤800 ≤64 (up to 76% with

performance optimization)

6. Conclusions
This study comprehensively reviews the fundamental principles, engineering demon-

strations, and thermal integration of three thermal energy storage technologies: CAES,
CCES, and CB (primarily PTES). The following conclusions are drawn:

(1) Current CAES demonstration projects still primarily focus on improving electrical
efficiency, with salt cavern gas storage and molten rock thermal storage technologies reduc-
ing investment costs. Chinese demonstration projects have adopted advanced technologies
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such as supercritical systems and molten salt-water cascaded heat exchange, achieving a
maximum efficiency of 75%. The ongoing deployment of a hundred CAES power stations
across China essentially constructs a “flexibility backbone” for the country’s new power
system in geographical space. Thermal integration has driven CAES technology through a
strategic transformation from single energy storage to multi-energy integration, upgrading
it from a mere power peak-shaving tool to a comprehensive energy-quality hub. Despite
facing heat exchange design challenges, its equipment manufacturing simplicity supports
its engineering potential to establish “heat–electricity–water–gas–cooling–hydrogen” hubs,
endowing it with multiple values including grid/thermal network regulation and indus-
trial raw material supply. Projects in Ulanqab and Datong Yun’gang, utilizing compression
heat as “thermodynamic currency”, demonstrate CAES’s complete functionality as regional
“cooling–heating–electricity” energy hubs. Thermal integration delivers high round-trip
performance (LNG-LAES systems achieve 240.7% RTE, while geothermal-CAES systems
reach 122.68% energy efficiency) and ecological synergies (integrated with steel plant waste
heat and biomass to reduce carbon intensity). Future efforts should focus on equipment
breakthroughs (>600 ◦C high-temperature compressors, liquid piston/spray cooling tech-
nologies, shared heat exchangers); system-level optimization (digital twins and AI thermal
management); and transforming thermal integration from a “value-added option” to a
“core design element”, catalyzing CAES-centered zero-carbon microgrids to ultimately
achieve the TWh-scale flexible regulation capacity required for the Paris Agreement’s
temperature control targets.

(2) The capital cost of CCES remains relatively high, with multiple VL-CCES demon-
stration projects, including a 100 MW/1000 MWh facility under construction in China,
while adsorption-based CCES and VSCCES projects utilizing supercritical pipelines and
underground oil displacement reservoirs are either being implemented or planned. CCES
redefines the role of energy storage within energy–climate coupled systems, transitioning
from a mere temporal electricity-shifting mechanism to a critical transition hub connect-
ing renewable energy integration and industrial decarbonization through multi-energy
vector synergy (cooling/heat/electricity/pressure energy) and inherent carbon sequestra-
tion compatibility. LCES-ARC-WH systems achieve RTE exceeding 400.99%, while CCES
systems integrated with geothermal and geological storage demonstrate the potential to
transform subsurface formations into “carbon–energy absorbent matrices” (functionally
termed “carbon–energy depositories”). CCES simultaneously fulfills three strategic roles:
grid flexibility provision, industrial waste heat valorization, and carbon-negative emis-
sion conveyance. The thermo-electric–carbon tri-synergistic effect endows CCES systems
with significant application value in industrial scenarios such as building material man-
ufacturing and metallurgical processes. Future work necessitates conducting dynamic
operation modeling, investigating carbon–energy coupling mechanisms, and perform-
ing high-pressure experimentation while overcoming manufacturing bottlenecks (e.g.,
high-pressure turbines) and reducing costs to enable the commercial deployment of high-
efficiency (>70%) and high-density (>50 kWh/m3) distributed energy storage applications.
Large-scale CCES deployment will not only redefine energy storage economic metrics
but may also establish a virtuous cycle integrating carbon taxation, modular design, and
polygeneration, ultimately enabling the transition from low-carbon to negative-carbon
regimes and evolving from device-level storage to ecological-scale systems coordinating
energy–carbon flow synergies.

(3) CB (primarily PTES) demonstrates lower capacity costs, rendering it particularly
suitable for CCHP systems, with evolutionary potential to become a thermodynamic hub
for multi-energy flow integration. Extensive experimental studies demonstrate that thermal
integration enables the system’s RTE to exceed 100% (CB–solar systems achieve 450%
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RTE). In China, numerous CB projects are currently being constructed, among which the
maximum achieved RTE reaches 64%, with comprehensive energy efficiency exceeding
85%. Through system optimization, the RTE can be further improved to 76%. Existing
systems, including peak-shaving thermal power plants, heat pump-based thermal/cold
storage, and ORC systems, can be retrofitted with CB as secondary drivers to reduce
both capital and operational expenditures. Rankine cycles integrated with low-grade
heat sources have attracted significant attention due to their potential for high RTE and
configuration flexibility. Future research should focus on scenario-specific CB system
selection, along with experimental validation and engineering demonstrations regarding
key equipment reliability, efficiency verification, dynamic control strategies, and thermal
source integration/storage.
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