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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY

= Evolution of thermodynamic cycles enhancing energy storage density, efficiency, and adaptability.

= Development of novel absorbent-refrigerant pairs like ionic liquids and deep eutectic solvents.

= Experimental validation of ATB prototypes and integration into real-world applications for low-carbon energy.
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Absorption thermal batteries (ATBs) have emerged as a promising thermal
energy storage technology capable of converting surplus low-grade heat
into dispatchable heating and cooling outputs. By decoupling energy stor-
age from temperature via concentration gradients, ATBs offer unique
advantages over traditional sensible and latent heat storage systems,
including low thermal losses, high energy storage density (ESD), and flexi-
ble output forms. This work provides a comprehensive overview of the
recent progress in ATB research across three key dimensions. First, we
examine the evolution of thermodynamic cycle designs—from basic
configurations to advanced cycles— highlighting their impact on ESD,
energy storage efficiency (ESE), and adaptability under varying thermal
conditions. Also, some regulation strategies for stabilizing the discharging
rate to improve the temporal flexibility and user-aligned performance of
ATBs have been analyzed. Second, we explore the development of novel
absorbent-refrigerant working pairs, focusing on emerging candidates
such as ionic liquids (ILs) and deep eutectic solvents (DES), and discuss
how data-driven molecular design approaches may accelerate break-
throughs in material discovery. Third, we review the experimental valida-
tion of ATB systems, summarizing the design, performance, and chal-
lenges of existing prototypes. Finally, we identify critical research direc-
tions for advancing ATBs toward real-world deployment: expanding experi-
mental validation of advanced cycles, leveraging artificial intelligence for
tailored working pair discovery, and integrating ATBs into application-
driven contexts such as electronics and data center cooling, building HVAC,
and cold-chain logistics. These efforts will be vital to realizing ATBs as a
core solution for resilient and low-carbon thermal energy systems.

INTRODUCTION

As the global community accelerates its transition toward low-carbon
energy systems,' thermal energy storage, also known as thermal battery, is
emerging as a cornerstone technology to enable deeper integration of
renewables.” ® The growing reliance on variable solar and wind resources
highlights a fundamental challenge: the mismatch between energy supply
and end-use thermal demand, both in magnitude and timing.” Unlike electri-
cal storage, thermal battery directly addresses this mismatch in the thermal
domain, where a significant share of final energy is consumed. By capturing
excess heat or cold during periods of renewable surplus and releasing it on
demand, thermal battery not only enhances system flexibility but also
reduces reliance on fossil-based backup sources.” Its ability to shift thermal
loads across different time scales—from hours to seasons— makes thermal
battery an essential component for decarbonizing heating and cooling

sectors, which together represent a major portion of global energy consump-
tion and carbon emissions.”

Thermal battery technologies can be broadly categorized into three types
based on their underlying mechanisms:” sensible thermal battery (STB),
latent thermal battery (LTB), and thermochemical thermal battery (TCTB), as
shown in Figure TA. Key performance indicators for thermal battery systems
typically include energy storage density (ESD), energy storage efficiency
(ESE), charging/discharging temperature, charging/discharging rate, and
economic viability.” STB is the most established and straightforward method
for thermal storage, relying on the temperature change of a storage medium,’
such as water, oil, rocks, or salts, which are inexpensive and widely available.
However, the limited temperature difference imposed by the heat source and
demand constrains the ESD ofSTB systems. Moreover, large temperature
gradients between the system and ambient lead to significant heat losses,
necessitating effective insulation. "

LTB systems store and release thermal energy through the phase change
of the storage materials, offering higher ESD and stable operating tempera-
tures during charge and discharge.'’ These advantages have spurred exten-
sive research interest over the past decades.”'* Nonetheless, challenges
such as low thermal conductivity, supercooling, and phase segregation have
hindered their large-scale deployment.'®

TCTB includes chemical reaction-based and sorption-based systems.'®
While chemical reaction-based systems offer high ESD, they generally require
elevated temperatures or pressures, making them unsuitable for low-grade
heat utilization.'” Sorption-based thermal batteries can be further divided into
adsorption-based and absorption-based systems.'® Adsorption-based stor-
age systems are compact and charge at relatively low temperatures, but their
performance is limited by poor heat transfer in solid sorbents.'®* In contrast,
absorption-based storage, also known as absorption thermal battery (ATB),
offers a compelling balance in high ESD, low charging temperature, and
system flexibility.”’~** The use of liquid working pairs enhances both heat and
mass transfer, enabling faster charging/discharging rates.”* Importantly, by
converting thermal energy into concentration gradients, ATB can minimize
thermal losses during long-term storage, outperforming both STB and LTB in
storage efficiency.”®** Furthermore, it allows versatile energy output,”” includ-
ing cooling, heating, and dehumidification,”® driven by low-grade heat
sources.”’ Therefore, solar thermal collectors,” wind-generated heat,”’ indus-
trial waste heat,”” etc,, can potentially be used to drive ATB. As shown in
Figure 1B, ATB systems (e.g., H,O/LiCl, H,O/LiBr) exhibit superior ESD
compared to other thermal battery technologies when operating below
200 °C, reinforcing their potential for future low-carbon energy applications.

As illustrated in Figure 1C, a typical ATB comprises a solution tank, a
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refrigerant tank, a vapor pipe connecting the two tanks, and a valve installed
on the pipe for on-off control. Each tank is equipped with a heat exchanger to
serve as channels for thermal energy input and output. Spray heat exchang-

ers are the most commonly used for their excellent heat and mass transfer.”
During the charging process, the solution tank functions as a generator,
connected to an external heat source, typically low-grade heat such as solar
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energy or industrial waste heat in the range of 70-90 °C. The refrigerant tank
acts as a condenser, rejecting heat to an external heat sink. The input heat
drives desorption in the generator, producing refrigerant vapor, which travels
through the vapor pipe and condenses in the refrigerant tank, releasing
condensation heat. As desorption proceeds, the solution becomes increas-
ingly concentrated (i.e., from point 2 to point 3, as shown in Figure 1 D & E),
effectively storing thermal energy in the form of a concentration gradient.
Once charging is complete, the valve is closed to prevent vapor backflow and
preserve the stored potential. When heating or cooling is required, the system
transitions to the discharging mode by opening the valve. The concentrated
solution absorbs refrigerant vapor to ensure continuous evaporation in the
refrigerant tank. In heating applications (Figure 1D), the solution tank serves
as an absorber delivering useful heat, while the refrigerant tank acts as an
evaporator extracting ambient heat. In cooling scenarios (Figure 1E), the
absorber is linked to an external heat sink to reject the absorption heat, while
the evaporator provides cooling directly to the conditioned space.

As an emerging thermal battery technology, ATB has seen notable
progress in recent years.”” However, its potential remains underexplored, and
a comprehensive review of ATB is still lacking. This work addresses that gap
by systematically reviewing the state-of-the-art in ATB research from three
perspectives: the establishment of advanced/hybrid cycles, the discovery of
novel absorbent-

refrigerant working pairs, and the development of experimental prototypes.
By integrating insights from these dimensions, the review outlines the current
technological landscape of ATBs, identifies key challenges hindering their
deployment, and explores promising application scenarios whereATBs could
offer unique advantages in harnessing low-grade thermal energy and
enabling flexible energy use.

ADVANCED ATB CYCLES

The charging process of ATB relies on a temperature difference to drive the
desorption of refrigerant from the solution. This requires both a heat source
to heat the solution and a heat sink to condense the generated refrigerant
vapor. In most practical implementations, the heat sink temperature is close
to the ambient temperature since it is usually a natural cold source, e.g., air or
water, which typically ranges from 20 °C to 35 °C. Under such heat sink
conditions, a basic ATB cycle generally requires a heat source temperature of

70-90 °C* to achieve sufficient desorption and realize an effective charging
process. However, when the available heat source falls below this range, the
driving potential for desorption is diminished. As a result, the solution cannot
be concentrated to a sufficiently high level, which directly limits the ESD. A
reduced ESD not only constrains the amount of thermal energy that can be
stored but also shortens the discharge duration and lowers the discharging
rate and capacity, ultimately degrading the overall performance and applica-
bility of the ATB system. Specifically, the low solution concentration at the
end of the charging process is insufficient to support demanding discharge
conditions, e.g., cooling under high-temperature environments or heating
under low-temperature conditions.”' Addressing this temperature sensitivity
is therefore critical for expanding the use of ATBs with low-grade and vari-
able heat sources, such as solar thermal and industrial waste heat.

To overcome this limitation, Xu et al.*” proposed a four-tank double-stage
ATB cycle (Figurer 2B) and systematically investigated its performance under
varying operating conditions for both heating and cooling applications. The
double-stage ATB architecture consists of two coupled basic ATB sub-
cycles. During the charging phase, the auxiliary sub-cycle operates in
discharging mode to provide cooling for the main storage cycle. By utilizing
the evaporative cooling from the auxiliary cycle as the condensation sink, the
effective condensation temperature of the main storage cycle is significantly
reduced, which enables the main storage cycle to charge at lower heat
source temperatures. This coupling enables higher charging concentrations
and then strengthens the discharging process of the main storage cycle.
Therefore, the results indicated that under an ambient condition of 30 °C and
a chilled water temperature of -5 °C, the ESD of the double-stage cycle
increased by 138% relative to the basic cycle, albeit with a 20% reduction in
ESE. Notably, under extreme cold ambient (-10 °C), where the basic cycle
fails to operate, the double-stage cycle still delivered 40 °C heating output
with an ESD of 293.9 kJ/kg and an ESE of 0.18.

In a parallel study of double-stage discharging,” a heating auxiliary sub-
cycle is integrated to support evaporation of the main sub-cycle, thereby
enhancing the absorption process to deliver high heating temperature and
enabling lower discharging concentrations (Figure 2B). At an ambient
temperature of 5 °C and a target hot water temperature of 50 °C, this config-
uration achieved an ESD of 254.0 kJ/kg (equivalent to 110.0 kWh/m?), which
is a 7.32-fold increase over the basic cycle.
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To further improve system compactness, Ding et al.* proposed a three-
tank two-stage ATB cycle (Figure 2C). In contrast to the four-tank double-
stage cycle, this configuration eliminates one tank by directly connecting the
auxiliary and main solution tanks during the charging process. The absorp-
tion effect in the auxiliary tank is harnessed to enhance desorption in the
main tank, thereby increasing the ending concentration. Experimental proto-
type demonstrated that, under a heat source temperature of 70 °C, the two-
stage cycle increased the ESD from 62.7 kWh/m?® (163.1 kJ/kg) to 100.0
kWh/m3 (260.1 kJ/kg), while the ESE showed a slight decrease from 0.53 to
0.46. Notably, the two-stage prototype remained operational at charging
temperatures as low as 50 °C, significantly expanding the charging tempera-
ture range to include a wide scope of low-grade renewable and waste heat
sources. Their further work investigated solution charge distribution strate-
gies between the two solution tanks in the two-stage ATB cycle,” revealing
that a higher proportion of solution should be allocated to the main tank at
high charging temperatures to maintain performance. Moreover, they pointed
out that the two-stage cycle is particularly well-suited for long-term thermal
storage, including seasonal and hybrid storage modes, such as storing cold
in winter for summer cooling, or storing heat in summer for winter heating.

In addition to thermodynamic cycle optimization, compression-absorption
hybrid system configuration (Figure 2D) has also been explored to enhance
the storage performance for ATB systems, particularly in reducing the charg-
ing temperature and increasing ESD.* Under a heat source temperature of
80 °C, the basic ATB cycle exhibited an ESD of 104.8 kWh/m?® and an ESE of
0.58. The compression-assisted modes led to marked improvements: charg-
ing compression increased the ESD to 143.1 kwWh/m® and ESE to 0.62;
discharging compression yielded an ESD of 245.7 kWh/m?® and ESE of 0.70;
and combined charging-discharging compression further boosted ESD to
282.8 kWh/m? with a corresponding ESE of 0.67."

When there are favorable heat sources, e.g., exceeding 150 °C, the basic
ATB cycle can readily achieve high solution concentrations in the charging
process. However, in such high-temperature regimes, the basic ATB cycle
often fails to capitalize on the full potential of the heat source. Instead of
improving system performance, the ESE may stagnate or even decline due to
increased sensible heat losses during charging. To address this inefficiency,
Ding et al.”* proposed a double-effect ATB cycle that introduces a low-
temperature solution tank to recover the condensation heat from the high-
temperature solution tank for secondary desorption (Figure 2E). The cascad-
ing utilization of the thermal input enables more effective use of high-
temperature heat sources. Results demonstrated that the double-effect cycle
significantly enhanced the ESE. In both cooling and heating modes, the ESE
exceeded 1.0, indicating that the thermal energy output surpassed the direct
thermal input. When operating within a charging temperature range of 160-
200 °C, the cooling-mode ESE was improved by 57.1% to 61.6%, reaching a
peak of 1.27. In heating mode, the ESE gains ranged from 58.2% to 61.8%,
with a maximum value of 1.44.

To extend the applicability of double-effect ATB to lower-grade heat
sources, Ding et al.”” further proposed a double-effect compression-assisted
ATB cycle (Figure 2F). At a charging temperature of 130 °C, the double-effect
compression-assisted cycle demonstrated a 24% increase in ESE and a
145% enhancement in ESD compared to the double-effect baseline. The opti-
mal charging temperature range for the enhanced cycle was found to be 100-
150 °C, effectively bridging the gap between conventional single-effect and
double-effect cycles. This advancement not only improves the utilization of
medium-temperature thermal resources, such as concentrated solar or
industrial waste heat, but also enhances the flexibility and adaptability of ATB
systems across diverse application scenarios.

While low ambient temperatures are generally favorable for condensation
during the charging process oftheATB cycle, they can significantly impair
heat output during the discharging process by limiting the evaporation to
extract sufficient low-grade thermal energy from the environment. To
address this challenge, Ding et al.”’ proposed a phase change material (PCM)-
assisted ATB cycle (Figure 2G), in which the condensation heat is captured
and stored during charging in a PCM storage tank. Although the recovery of
condensation heat slightly weakens the charging process, the system can
switch back to natural cooling once the PCM reaches full charge, thereby
preserving the final solution concentration. During discharge, if the ambient

heat is insufficient to sustain evaporation, the stored heat in the PCM tank
can be released to heat the evaporator, enhancing refrigerant vapor evapora-
tion, and strengthening the absorption process, ultimately improving heating
capacity. Both paraffin and salt-based PCMs demonstrated notable perfor-
mance improvements. The ESE increased from 0.73 to 0.76 with paraffin and
to 0.78 with salt; meanwhile, the ESD was enhanced by 64% and 100%,
respectively. These results highlight the value of PCM-assisted thermal
buffering in mitigating environmental constraints and expanding the opera-
tional envelope of ATB systems in cold climates.

Beyond the timing mismatch between energy supply and demand, a more
fundamental challenge in thermal energy utilization lies in the grade (i.e,,
temperature) gap,” which cannot be bridged by the existing STB and LTB.
ATB stores energy by converting input heat into a chemical potential differ-
ence, i.e., a concentration gradient. Upon discharge, the concentration gradi-
ent drives the absorption of refrigerant vapor, converting chemical potential
back into a temperature difference and enabling heat release. If additional
thermal energy is supplied to the evaporator during discharge, the absorber
can deliver heat at a temperature higher than that of the heat source, effec-
tively upgrading the energy grade® (Figure 3A & B). Analogous to the nomen-
clature of absorption heat pumps, such systems may be referred to as type Il
ATB or absorption energy storage heat transformer (ESHT).

Unlike conventional ATB cycle, ESHT involves direct heating of the evapo-
rator by an external thermal source in the discharging process. This addi-
tional heat input elevates the internal system pressure (Figure 3C), thereby
the absorber operates at a higher equilibrium temperature, enabling the deliv-
ery of thermal output at significantly increased temperatures compared to
the conventional ATB. While the ESHT cycles exhibit ESD comparable to
conventional ATBs, their ESE is reduced due to the auxiliary heat input to the
evaporator during discharge. Nevertheless, the ability to deliver higher-
temperature heat improves the exergy efficiency (EXE), offering distinct
advantages for low-grade heat sources and high-temperature applications.
For instance, under input and output temperatures of 60 °C and 90 °C,
respectively, a temperature lift of 30 °C was achieved with an ESD of 137.5
kWh/m?®, an ESE of 0.37, and an EXE of 0.49.°' Parametric analyses further
indicate a trade-off between heat upgrading ability and storage performance,
underscoring the need for application-specific optimization in system design.

To enhance both thermal output and performance, a hybrid compression
strategy has been introduced into ESHT,” as shown in Figurre 3D. The appli-
cation of the compressor increased the ESD from 35.2 to 282.7 kWh/m?®, the
ESE from 0.24 to 0.43, and the EXE from 0.32 to 0.54. The maximum temper-
ature lift was improved from 30 °C to 65 °C. Then, the double-stage strategy
has been adapted to these systems (Figure 3E), wherein the absorption heat
from an auxiliary sub-cycle is used to preheat the main sub-cycle evaporator,
further increasing discharge temperature and improving the effective ther-
mal upgrading capacity,” ** The two-stage ESHT has also been investigated
(Figure 3F) with the maximum temperature lift increased from 30 °C to 50 °C,
and the minimum charging temperature of 55 °C.”

Although the advanced/hybrid ATB cycles have significantly improved both
the energy storage performance and thermal output quality, a critical bottle-
neck remains: the decline in thermal output rate during the discharging
process due to dilution of solution. The attenuated output cannot sustain
consistent thermal delivery and continues to hinder the practical deployment
of ATBs in real-world applications.”

To address the discharge degradation problem, Xu et al.” proposed a once-
through discharging strategy that structurally separates the solution tank into
two tanks: one for concentrated solution and one for dilute solution. During
the charging process, a dilute solution is extracted from its tank and regener-
ated and then stored in the concentrated tank. During the discharging
process, the concentrated solution is drawn from its tank and directed into
the dilute tank, where absorption occurs. This once- through configuration
ensures that the solution concentration entering the heat exchanger remains
constant throughout the discharge period. As a result, the system maintains
a stable temperature output, effectively decoupling thermal performance
from concentration depletion and enhancing the reliability and controllability
ofthe ATB under dynamic operating conditions. Moreover, Ding et al.”
proposed a multi-level regulation strategy that stabilizes thermal output in
multiple and switchable levels (Figure 4A). The approach involves integrating
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Table 1. Performance summary of advanced/hybrid ATB cycles®®

Working Operation temperature Storage performance
Items . - Reference
pairs Tin/°C Tout /°C ESE ESD
90 40 0.18 293.9a 2
plakYaY 90 -5 0.27 (0.34) 123.2b é89.3b§
90 50 0.4(0.18) 254.0a (34.7a .
110.0b (17.0b)
. 85 11 0.44
Double-stage ATB H20/LiBr 143a
85 13 0.43 1754 (571
85 50 0.38 (0.46) 2572 (130a)
Compression-assisted ATB H20/LiBr 80 7 0.67 (0.58) 282.8b (104.8b) tsel
. 260.1a (163.1a)
Two-stage ATB H20/LiBr 70 3.5-10.9 0.46 (0.53) 100b (62.7b) a4l
. . 160 40 1.44 (0.89) 95.9b (98.6b) 28]
Double-effect ATB H20/LiBr 160 7 1.27 (0.79) 84.2b (86.9b)
H20/LiBr 130 7 1.24(1.00) 231.9b (94.6b) fal
Double-effect . (1]
compression-assisted ATB H20/LiBr 80 45 0.78 (0.73) 141.5b (70.7b)
PCM-assisted ATB ESHT H20/LiBr 80 110 0.37 137.5b [s1]
Compression-assisted ESHT . -
Double-stage ESHT H20/LiBr 60 90 0.43(0.24) 282.7b (35.2b) -
H20/LiBr 65 95 0.19 54.8b (541

Note: The values in () represent the performance of the corresponding basic cycle. The superscript "a" indicates units of kd/kg, while "b" indicates units of

kWh/m?.

multiple solution tanks, each storing solution at distinct concentrations. By
actively switching the inlet concentration to the absorber during discharge,
the system maintains a steady output across several levels, effectively trans-
forming the inherently decaying thermal release process into a staircase-like
profile. Analogous to the "high- medium-low" control scheme in conven-
tional air-conditioning systems, this method allows users to select output
modes based on real-time cooling or heating demand, thereby enhancing
system flexibility and operational responsiveness.

Beyond gradual output decline, Ding et al.”” further recognized that
demand-supply mismatch may also manifest as excessive initial output due
to high concentration at the beginning of discharge. To mitigate this, a vari-

able-flowrate regulation strategy was proposed (Figure 4B), wherein solution
flowrate or heat transfer fluid flowrate is adaptively controlled to modulate
output in real time.

Specifically, lower flowrates are applied in the early stages of discharge to
avoid output overshoot, while higher flowrates in the latter stages compen-
sate for weakened concentration gradients. By integrating variable-frequency
pumps and feedback controls, this strategy achieved over 12 hours of stable
thermal output. Then, a year-round dynamic simulation model of solar-driven
ATB for cooling was developed and applied to four representative cities, i.e.,
Beijing, Shanghai, Hong Kong, and Singapore, spanning a wide range of lati-
tudes and climate zones.” The results demonstrated a high annual cooling
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Figure 4. Discharging regulation strategies. (A) multi-level regulation, (B) variable-flowrate regulation.

met ratio across all locations, with the highest value of 94%.

NOVEL ATB WORKING FLUIDS

Working fluids, referred to as the "blood" of absorption thermal batteries,
play a crucial role in determining both the dynamic behavior and energy stor-
age performance. H20/hygroscopic salts (e.g., H,0/LiBr) are among the
most widely used due to their high ESE, and have been extensively applied in
absorption heat pumps and ATB cycles.”* However, H,0/LiBr systems are
prone to crystallization under high heat source temperatures and low heat
sink temperatures, which poses

significant challenges to system reliability. Alternatively, NHs/H,0 exhibits
favorable cycle performance at lower temperatures and is therefore
commonly employed in ice-making and low- temperature refrigeration appli-
cations.” Nevertheless, NH,/H,0 systems typically require rectifiers to purify
the refrigerant vapor, thereby increasing system complexity and cost.” To
address this issue, NHg/salts have been investigated as rectifier-free alterna-
tives with improved cycle performance,’’ though they still suffer from crystal-
lization risks,***® which hinders their broader application in absorption cycles.

In recent years, ionic liquids (ILs) have emerged as promising materials for
absorption technologies, with the potential to overcome some intrinsic limi-
tations of salt-based working fluids. IL-based working fluids possess crystal-
lization-free nature and wide applicable temperature ranges, making them
attractive candidates for ATBs.”” "' Unlike traditional hygroscopic salts, ILs
consist of organic cations and large anions,” whose asymmetric structures
weaken the ionic interactions and lower the melting point, enabling ILs to
remain liquid at room temperatures and thus mitigating the crystallization
issue common in traditional fluids.” The structural tunability of ILs allows for
customizable physicochemical properties through the selection and modifi-
cation of cations and anions.” Figure 5A & B presents representative struc-
tures of common cations and anions in ILs, which illustrate their chemical
composition and characteristics.””

In 2006, Sen et al.” first proposed the application of ILs as absorbents in
absorption refrigeration cycles, highlighting their non-volatile, non-toxic, and
non-flammable nature. To enhance the energy conversion efficiencies of

absorption cycles, IL-based working fluids should exhibit high heat and mass
transfer coefficients. Yokozeki et al.” " experimentally measured the solubil-
ity ofammonia and water in various ILs such as [EMIM][OAc], and combined
pressure-temperature-concentration (PTX) data with equation-of-state (EOS)
modeling to reveal the potential of NHs/ILs and H,0/ILs in absorption cycles.
Zhang et al.”” conducted simulation studies to assess the thermodynamic
performance of H,0/[EMIM][DMP] in absorption cycles. The results showed
that although the energy conversion efficiency was slightly lower than that of
conventional H,0/LiBr, it remained above 0.7 with a lower driving tempera-
ture, making it suitable for low-temperature heat source conditions.

In addition, Boman et al.”’ performed a comprehensive analysis of the
thermophysical properties and cycle performance of novel working fluids,
demonstrating that water-based pairs offer the highest efficiency for cooling
applications. Gao et al.*’ developed a prediction model (Figure 6B) correlat-
ing the thermophysical properties of IL-based working fluids with their cycle
performance, identifying affinity between absorbent and refrigerant and the
excess enthalpy of absorption as key parameters. This model provides valu-
able guidance for the design and screening of working fluids in ATB cycles.
The screening results showed that [EMIM][EtSO,] exhibited the highest ESE
(0.62) and EXE (0.32).%” Wu et al.”** applied H,0/ILs in ATB cycles to achieve
crystallization-free operation and improved performance: they developed
dynamic ATB models considering fluid properties for various H,0/ILs,
compared the cycle performance of 14 IL-based working fluids, and found
that H,O/[DMIM][DMP] vyielded the highest ESE (0.745), while H,0/
[EMIM][OAC] achieved the highest ESD (87.5 kWh/m?®).* H,0/[EMIM][EtSO,]
was identified as optimal for compression-assisted ATBs under low-temper-
ature driving heat source temperature. Given the wide molecular diversity and
tunability of ILs, data-driven machine learning models facilitate high- accu-
racy predictions and high-throughput molecular screening® ® revealing the
significant potential of ILs in enhancing the cycle performance of absorption
technologies.

However, the high cost and complex synthesis of ILs still limit their
economic viability for large- scale deployment.”” Therefore, reducing the cost
and simplifying the synthesis of novel working fluid pairs remains a key
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research priority for the future development oftheATB cycles. Deep eutectic
solvents (DESs), which share similar thermophysical characteristics with ILs,
have gained increasing attention as a new class of green absorbents for
absorption cycles due to their crystallization-free nature, biodegradability,
and low-cost preparation.””® DESs are mixtures formed by hydrogen bond
acceptors (HBAs) and hydrogen bond donors (HBDs), and their eutectic
structure leads to significantly reduced melting points.” As research
progresses, the diversity of DESs has expanded. Figure 5C & D illustrates
typical structures of HBAs and HBDs. It is estimated that combinations of
these constituents can vyield approximately 106-108 distinct binary DES
mixtures.

Abedin et al.”*** used molecular dynamics simulations to study the inter-
actions between refrigerants and DESs, exploring their applicability in
absorption refrigeration. Haghbakhsh et al.”*“* theoretically assessed the use
of DESs in absorption cycles and compared their performance with salt- and
IL-based working fluids, concluding that DES-based working fluids demon-
strate superior energy efficiency. Nessakh et al.” evaluated the performance
oftwo H,0/DES in absorption heat transformers and achieved significant
temperature lift, supporting the feasibility of DESs in absorption technologies.

To further assess the techno-economic potential of ATB technologies, Sui
et al.”” compared the energy storage performance of five H,0/DESs, four
NH,/DESs, and three salt-based working fluids in both basic and compres-
sion-assisted ATBs. H,0/Ethaline achieved the highest ESE and ESD among
water-based working fluids; NHz/Glyceline exhibited the best performance
with ESE and ESD reaching 0.736 and 452.98 kJ/kg among ammonia-based
working fluids. The levelized cost of storage (LCOS) of different ATB cycles
and working fluids is investigated and compared in Figure 6C. Due to the low
cost and biodegradability of DESs, the levelized cost of ATBs using H,0/DESs
can be reduced by up to 41.9% compared to conventional H,O/LiBr (Figure
6D). To achieve cost-effective long-term energy storage, a novel multi-cell
ATB cycle using DESs”" is applied to store the solar energy during winter and
produce a cooling effect during summer (Figure 6E). Compared to sensible
and latent thermal energy storage, DES-based ATB demonstrates superior
ESD and a competitive levelized cost of storage (0.032-0.040 USD/kWh),
positioning it as a promising solution for cost-effective and large-scale
seasonal thermal energy storage technologies. Therefore, DESs eliminate
crystallization risks and significantly reduce the levelized cost of storage,
offering great promise for next-generation thermal energy storage technolo-
gies.

In summary, recent advancements in novel working fluid development
have positioned ILs and DESs as promising candidates for next-generation
ATB cycles. ILs offer crystallization-free operation and tunable molecular
structures, enabling enhanced energy storage performance, though their high
cost and synthesis complexity remain barriers to large-scale deployment. In
contrast, DESs combine similar thermophysical advantages with low cost
and biodegradability, demonstrating high ESE and a competitive levelized
cost of storage. With support from data-driven models and system-level
optimization, IL- and DES-based ATBs are poised to enable high-density,
stable, and cost-effective absorption thermal energy storage.

EXPERIMENTAL PROTOTYPES OF ATB

Prototype development represents a critical bridge between conceptual
innovation and real-world application for emerging technologies. In the case
of ATB, which operates as closed, high-vacuum systems, the transition from
theoretical frameworks to functional prototypes poses significant engineer-
ing challenges. As a result, reported ATB demonstrators remain scarce, and
experimental validation is still in its early stages.

Weber et al.” developed a laboratory-scale ATB prototype utilizing the
H,0/NaOH working pair (Figurer 7A). The system was equipped with 200 L
solution and refrigerant tanks, both constructed from stainless steel (AISI
316) to ensure corrosion resistance. The study provided operational insights
into the charging process, including low-pressure-technology-related issues,
control methods, and some operational experience. However, the authors
noted that the discharge phase remained underexplored, and no data on
dynamic system behavior were reported. Similarly, N'tsoukpoe et al.*
constructed an 8 kWh prototype based on the H,O/LiBr working pair,
designed to deliver T kW of thermal output (Figure 7B). Stainless steel was

used for the pipes, reactor, and water tanks, while the solution tank was
made of transparent glass to facilitate visual monitoring. The system
successfully demonstrated dynamic performance during both charging and
discharging processes. Nevertheless, thermal output during the discharge
phase was too small and unusable, which was proved suboptimal. Despite
attempts to enhance performance through various strategies, the issue
persisted, highlighting the difficulty of absorber design.

These early-stage prototypes illustrate both the promise and the complex-
ity of translating ATB technologies into scalable, field-ready systems. Contin-
ued efforts in materials and manufacturing process engineering, heat and
mass transfer optimization, and long-duration system testing will be essen-
tial for advancing ATBs toward widespread adoption. In 2014, Zhang et al.'”
developed an experimental prototype with 10 kWh cold storage capacity
employing the H,O/LiBr working pair (Figurer 7E), marking a significant step
forward in experimental validation of ATB technologies. The prototype
featured a fully stainless-steel enclosure, including both the main shell and
spray heat exchangers, ensuring chemical compatibility and corrosion resis-
tance. Shield pumps were employed to drive the liquid circulation to facilitate
the spray heat/mass transfer process. A key step in this work was the
systematic vacuum sealing design. Leak rate testing revealed a vacuum
tightness well below the threshold defined by Chinese national standards,
confirming the superior hermeticity and establishing robust conditions for
ATB operation. In addition to capturing detailed dynamic behavior during
both charging and discharging processes, the study provided comprehen-
sive storage performance data under three application scenarios: space
cooling, domestic hot water supply, and space heating. The prototype
successfully delivered chilled water at 7 °C, domestic hot water at 65 °C, and
heating water at 43 °C. The corresponding ESDs were 42 kWh/m? 88
kWh/m® and 110 kWh/m?®, respectively, while the ESEs reached 0.51, 0.97,
and 1.03.

Later, several ATB prototypes incorporating advanced cycles have been
developed to further explore performance optimization. Gao et al.”
constructed a double-stage ATB prototype (Figure 7D), using 380 kg of LiBr
solution (40%). The system was designed to enable detailed monitoring of
dynamic temperature profiles across the heat transfer fluids during both
charging and discharging processes. In the heating mode, the prototype
demonstrated a marked dependence of ESD on evaporation temperature.
When the evaporator operated between 12-15 °C, the system achieved an
ESD of 67 kWh/m® ; as the evaporation temperature increased to 15-18 °C,
the ESD rose to 85 kWh/m?. A similar trend was observed in cooling mode:
when the chilled water supply temperature was 11 °C, the ESD reached 66
kWh/m?® and increased to 81 kWh/m?® when the supply temperature rose to
13°C.

Ding et al.”* developed a two-stage ATB prototype (Figure 7C) using 40 kg
of LiBr solution (50%), with a designed cold storage capacity of 5 kWh.
Following a 72-hour pressure stabilization test, the system demonstrated
excellent vacuum retention, maintaining a steady internal pressure at
approximately 3.4 kPa, providing an essential working condition for closed-
cycle operation. The study systematically characterized the dynamic behav-
iors across multiple parameters, including the temperatures of the solution,
refrigerant, and thermal transfer fluids (hot and cold water), as well as inter-
nal pressure, flowrates, and real-time heat duties. Performance testing under
various charging temperatures revealed that the two-stage configuration
significantly enhanced ESD under lower- grade heat input conditions. Build-
ing upon this platform, the team extended their investigation to a two-stage
ESHT,” capable of heat upgrading. Remarkably, with a heat source tempera-
ture of 70 °C, the prototype achieved output temperatures exceeding 90 °C.
This result highlights the potential of multi-stage ESHT cycle not only to
improve ESD but also to elevate thermal quality, thereby expanding the range
of suitable applications, especially in low-grade heat recovery scenarios.

In recent years, three-phase ATB systems have attracted growing interest
as a means to further elevate the ESD by leveraging solution crystallization.
Lin et al.'”" "% developed an experimental prototype of a three-phase ATB
(Figure 7F), initially charged with approximately 115 kg of LiCl solution at a
concentration of 38%. To suppress premature crystallization and enhance
solubility, ethylene glycol was introduced as an activating agent. The study
provided a comprehensive characterization of dynamic behavior during both
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ing system using H,0/LiBr.

charging and discharging processes, alongside detailed assessments of
storage performance. Due to the enhanced solubility facilitated by the addi-
tive, the system achieved substantial improvements in ESD, reaching 108-
177 kWh/m?®, which is an 18- 48% increase relative to a baseline without the
additive. Compared to conventional ATB cycles without crystallization, the
three-phase cycle delivered an ESD enhancement of 19.3-80.3%, underscor-
ing the transformative potential of crystallization-enabled storage in advanc-
ing ESD beyond current limits. You et al.'” constructed a three-phase ATB
prototype utilizing LiBr solution (Figure 7G), with a particular focus on
addressing the operational challenges associated with salt crystallization.
The system integrated a suite of crystallization mitigation strategies, includ-
ing filtration, high-level solution intake, electric heating rod-based crystal
remelting, and bypass flushing using refrigerant to prevent clogging and
ensure stable operation. Experimental comparisons revealed a dramatic
increase in ESD when leveraging the crystallization-enhanced three-phase
cycle. Relative to conventional ATB, the measured ESD exhibited a 102-210%
improvement, highlighting the considerable storage potential unlocked
through crystallization processes.

Despite these promising results obtained in the experiment, crystal remelt-
ing and anti-blockage measures remain critical technical bottlenecks, partic-
ularly for long-term storage scenarios where system reliability and opera-
tional continuity are paramount. Future efforts will need to address the
dynamic control of crystallization, the thermomechanical durability of crys-
tallization-resistant components, and real-time adaptation strategies to fully
harness the advantages of three-phase ATBs in practical applications.

To advance the real-world deployment of ATB technologies, Ding et al.'”
developed a solar-driven ATB system for space heating applications (Figure
7H). The demonstration system employed solar thermal collectors as the

primary heat source, an air heat exchanger as the cooling sink, and a fan coil
unit as the thermal delivery terminal. Driven by the temperature gradient
between the solar- heated fluid and the ambient environment, a compact
ATB unit was designed and successfully implemented to provide room heat-
ing. With condensation heat recovery, the system maintained indoor temper-
atures above 20 °C for over 12 hours in both the charging and discharging
processes, demonstrating both continuous and stable thermal output and
extended duration. Notably, the experiment achieved record-high perfor-
mance metrics: an ESD of 414.1 kWh/m? and an ESE of 1.21, marking the
highest values reported to date in ATB experimentation. This application-
oriented demonstration underscores the strong compatibility of ATBs with
low-grade renewable heat sources and highlights their potential as a robust,
long-duration thermal storage solution for distributed building-scale energy
systems.

COMCLUSIOMS AND PERSPECTIVES

ATB has emerged as a promising solution for efficient thermal utilization
and renewable energy integration, offering unique advantages in matching
energy supply and demand in both time and grade. This review has system-
atically examined the evolution of ATB technologies, spanning from funda-
mental cycle innovations, novel working pairs, and experimental prototype
demonstrations. The conclusions are highlighted as follows:

1. Advanced ATB cycles, including double-stage, two-stage, compression-
assisted, double-effect, double-effect compression-assisted, and PCM-
assisted, have significantly improved ESD and ESE, extending the operational
boundaries of ATBs into lower-temperature and broader application
domains. Moreover, to address the challenge of energy quality mismatch,
particularly when high-temperature output is required from low-grade heat
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sources, the ESHT (type Il ATB) concept was introduced. This temperature-
lifting effect effectively upgrades the energy grade and allows ESHT to serve
as both thermal storage and heat transformer devices, making them espe-
cially valuable in applications requiring high-grade heat output. In addition, a
key barrier to practical deployment is the decline in discharging rate, caused
by decreasing solution concentration. To mitigate this, dynamic discharge
strategies such as multi-level ATB and variable flowrate control have been
proposed. These methods stabilize the output by adaptively adjusting the
input concentration or flowrate, ensuring that user demand is met through-
out the discharge period. Such approaches have been validated to deliver
over 12 hours of stable heating or cooling, substantially improving the
temporal flexibility and user-aligned performance of ATBs.

2. The development of novel working fluids has significantly expanded the
potential of ATBs with better energy storage performance. lonic liquids (ILs),
with crystallization-free nature and high absorption capacity, offer good
energy storage performance and lower charging temperature, but their prac-
tical application is limited by high costs and complex synthesis. Deep eutec-
tic solvents (DESs), sharing similar thermophysical properties with ILs, further
address these limitations through their low cost and biodegradability. DES-
based ATBs achieve competitive ESE and low levelized cost of storage
(LCOS), making them promising for short- and long-term energy storage.
With continued progress in material screening, property modeling, and cycle
performance investigation, ILs and DESs are expected to play a critical role in
enabling cost-effective and scalable ATB technologies.

3. Experimental prototyping has played a pivotal role in validating feasibil-
ity and accelerating the transition of ATB from concept to application. A
series of lab- and field-scale prototypes—ranging from basic two-tank
configurations to advanced double-stage, two-stage, and three-phase
systems—have demonstrated the functional viability of ATBs for both heat-
ing and cooling applications. Concurrently, engineering strategies for vacuum
sealing, heat and mass transfer optimization, and multi-mode control have
facilitated the transition from conceptual design to functional prototypes.
Field demonstrations coupling ATBs with solar heat sources have further
confirmed their real-world viability and potential in building-scale energy
systems.

Despite the remarkable progress in the development of ATB, several criti-
cal research frontiers remain open, offering substantial opportunities for
advancing both the science and application of this promising thermal stor-
age technology.

1. The current exploration of advanced cycles remains largely theoretical,
with limited translation into experimental validation. Although a variety of
cycle configurations, such as double-effect and compression-assisted
systems, have demonstrated great potential in simulations, the lack of corre-
sponding prototypes under realistic boundary conditions constrains their
credibility and scalability. Future work should focus on developing robust
experimental platforms capable of verifying the performance of these
advanced cycles under multiple operating scenarios, including variable
temperature gradients, intermittent charging sources, and long-duration
discharge demands.

2. The development of high-performance, low-cost absorbent-refrigerant
working pairs is pivotal to unlocking the full potential ofATBs. While emerg-
ing candidates such as ILs and DES have shown promise in specific aspects,
e.g., crystallization-free and lower corrosion, they have yet to match the
maturity and reliability of conventional salt-based solutions. Given the
immense chemical design space, data-driven screening approaches, particu-
larly those powered by artificial intelligence (Al) and molecular design, are
expected to play a transformative role.

3. The multifunctionality of ATB, i.e., offering cooling, heating, or dehumidi-
fication, remains an underexplored advantage. While most research has
centered on energy storage performance, emerging trends in energy-inten-
sive domains such as high-density electronics, cold-chain logistics, and
industrial waste heat recovery present a growing demand for flexible,
dispatchable thermal solutions. Likewise, the urgent need for the building
sector for high-efficiency heating, ventilation, and air conditioning (HVAC)
systems aligns well with the attributes ofATBs. Future research should
increasingly align with real-world application contexts, embedding ATB
development within integrated energy systems and exploring techno-

OPEN aACCESS
economic pathways toward commercial viability.

4. Beyond thermodynamic performance, practical deployment of ATBs is
increasingly constrained by engineering challenges. These include vacuum
integrity during long-term operation, material corrosion induced by high-
concentration absorbents, and system-level manufacturability and cost.
Ensuring durable, low-leakage vacuum systems, selecting corrosion-resis-
tant components, and developing scalable manufacturing processes will be
key to translating laboratory advances into robust commercial solutions.
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