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Unlocking solar cooling potential with absorption thermal battery
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Since solar irradiance and cooling demand often exhibit temporal synergy,
the vision of using solar energy to meet cooling needs has long been
regarded as a promising pathway for low-carbon cooling. However, practical
deployment remains limited due to several critical challenges: poor reliability
stemming from the intermittency of solar energy, low overall efficiency
resulting from multiple energy conversions, and increased system complex-
ity and cost due to the need for numerous interconnected components and
sophisticated control systems. This study briefly analyzes the existing tech-
nologies related to solar cooling technologies, encompassing solar conver-
sion, energy storage, and various cooling methods. Then, we introduce the
concept of the absorption thermal battery (ATB), i.e., integrating energy stor-
age and cooling into a single unit. Driven by low-grade solar thermal energy
(e.g., 50-60 °C) and operating with zero-GWP working fluids (e.g., H,O/LiBr,
NHy/H,0), ATB delivers exceptionally high energy storage density (over
300 kWh/m?3 with H,0/LiBr), enabling a compact system architecture with
minimal thermal losses, and also enhances energy security and structural
safety. Furthermore, the key advantages and challenges for scaling solar-
driven ATB are identified from multiple perspectives. This study aims to
propose a promising pathway for advancing solar cooling technologies, with
the goal of unlocking its full potential and providing theoretical insights and
inspiration for future research in this field.

EXISTING TECHNOLOGIES RELATED TO SOLAR COOLING

The utilization of solar energy represents a critical pathway to alleviating
the energy crisis and environmental challenges, as well as achieving carbon
neutrality targets. Currently, solar photovoltaic and solar thermal technolo-
gies are the two predominant approaches. In contrast, although the demand
for cooling is particularly pronounced in regions with abundant solar
resources, solar cooling systems remain rare in practical engineering appli-
cations. A key challenge lies in the fact that solar energy, once collected,
cannot be directly converted into low-temperature cold energy, necessitating
an additional refrigeration device. This requirement increases both the
complexity and cost of solar cooling systems. Furthermore, the intermittent
and variable nature of solar energy makes it inherently difficult to align with
the dynamic cooling demand, thereby requiring an energy storage unit to
effectively bridge the gap between solar energy supply and cooling demands.

Accordingly, a basic solar cooling system typically comprises three key
components: a solar energy collection and conversion unit, an energy stor-
age unit, and a cooling device, as illustrated in Figure 1TA. Whether solar
energy is converted into heat or power, there are existing technologies for
subsequent heat and electricity storage, as well as for both thermally and
electrically driven cooling. Notably, the energy storage unit can be positioned
either upstream of the cooling device to buffer the fluctuations of solar input,
or downstream, by storing and regulating the cooling output to meet user
demand more reliably. While a wide range of technologies appear to be avail-
able for solar-driven cooling, truly self-sufficient solar cooling systems for
small-scale residential or single-building applications remain uncompetitive
in the market. Apart from grid-powered solar cooling, which bypasses the
need for on-site solar conversion and energy storage, standalone solar cool-
ing systems continue to face major barriers, including high costs and low
overall efficiency.

To better understand these challenges, it is necessary to briefly analyze the
key technologies underpinning solar cooling, including solar conversion,
energy storage, and cooling methods. Solar conversion for cooling primarily
relies on two mature technologies: photovoltaic (PV) panels and solar ther-
mal collectors. PV panels convert solar radiation into electricity with wide
applicability and rapid global deployment, while solar thermal collectors

directly provide heat with high efficiency and cost-effectiveness,’ making
them suitable for distributed heating and cooling. To address the intermit-
tency of solar energy, electric battery and thermal battery are employed. Elec-
tric battery offers flexibility but faces cost, safety, and lifespan challenges.
Thermal battery, including sensible and latent storage, enables coupling with
solar thermal systems for cooling, though it suffers from heat loss and
limited energy storage density (ESD).” Current solar cooling mainly adopts
vapor-compression chillers powered by PV electricity or absorption chillers
driven by solar heat. While widely studied, both approaches face barriers to
large-scale adoption due to system complexity, high capital costs, and limita-
tions of existing storage systems. Emerging cooling technologies (e.g., ther-
moelectric, thermoacoustic, thermoelastic, electrocaloric, or magnetic
cooling) show promise but remain at early stages of development for space
cooling.

In this study, after the brief analysis of various technologies related to solar
cooling, we highlight the significant potential of the emerging solar-driven
absorption thermal battery (ATB) in advancing solar cooling applications.
Moreover, we further discuss the advantages and challenges associated with
the deployment of ATB from multiple perspectives.

SOLAR COOLING WITH ATB

ATB has emerged as a transformative approach, enabling ultrahigh ESD
exceeding 300 kWh/m?®° far surpassing conventional sensible and latent
thermal batteries. ATB stores heat as chemical potential in binary solutions
(e.g., H,0/LiBr), where the concentration gradient remains stable indefinitely
with negligible thermal losses. As shown in Figure 1B, solar collector drives
desorption of the refrigerant (solvent) from the solution during the charging
process, with subsequent condensation in the refrigerant tank. This process
increases solution concentration, storing thermal energy as chemical poten-
tial in the form of a concentration gradient. During the discharging process,
the concentrated solution absorbs refrigerant vapor to maintain system
vacuum pressure, enabling continuous evaporation of liquid refrigerant,
thereby producing cooling output. Unlike traditional thermal battery systems
that only discharge heat with heat input, ATB uniquely integrates energy stor-
age and cooling functions: the stored concentration potential can directly
drive refrigeration without additional cooling devices.

In addition, annual simulation results indicate that solar-driven ATB can
achieve exceptionally high cooling met ratio across cities at different lati-
tudes and climatic zones (Figure 1C), i.e., the highest cooling met ratio of 0.94
was achieved in Singapore.” This indicates that ATB is not limited to a narrow
range of conditions but holds broad applicability. Thus, ATB presents an ideal
solution for solar cooling systems, combining high ESD and near-lossless
storage capabilities for extended, even seasonal, thermal storage.

Advantages

Figure 1D illustrates the various advantages of solar cooling with ATB,
which demonstrates multifaceted advantages over prevailing PV-driven
vapor-compression cooling and thermally-driven absorption chillers.

Zero-GWP working fluids. H,0/LiBr and NH3/H,0 remain the most widely
adopted working fluids in current ATB systems. Owing to their negligible
GWP, they effectively address the replacement challenge associated with the
high-GWP fluorocarbon refrigerants traditionally used in vapor-compression
cooling systems.

High energy storage performance. Recent advances in ATB cycle design
have markedly improved both ESD and overall system efficiency, while simul-
taneously reducing the charging temperature. Conventional ATB configura-
tions typically require charging temperatures in the range of 80-95 °C. Under
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Figure 1. (A)Flowchart of various solar cooling technologies. Comprehensive evaluation of solar cooling with ATB. (B) schematic of working principle and process flow,
(C) annual cooling met ratio across cities at different latitudes, (D) advantages, (E) challenges and their corresponding promising solutions.

conditions of low solar irradiance, such elevated thresholds are difficult to
maintain, often resulting in partial charging and severe performance degra-
dation. In contrast, emerging concepts such as compression-assisted and
two-stage ATB cycles demonstrate stable and efficient operation with heat

sources as low as 50-60 °C.° By effectively lowering the barrier for system
activation, these innovations significantly expand the feasible operating enve-
lope of ATB technology, thereby enhancing its adaptability to diverse climatic
conditions and reinforcing its potential for solar cooling applications.
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Integration of storage and cooling. PV-driven refrigeration systems,
requiring separate electric batteries and chillers, exhibit significantly higher
levelized costs compared to integrated ATB modules that combine energy
storage and cooling functionalities. Furthermore, battery degradation further
amplifies costs, e.g., Li-ion battery requires 2-6 replacements over a 30-year
plant lifespan.” Compared to the conventional solar-driven absorption chillers,
solar cooling with ATB offers more tangible advantages through simplified
system architecture. By integrating energy storage directly into the working
fluid (e.g., H,O/LiBr), these systems eliminate the need for separate thermal
storage units, reducing footprint requirements (particularly benefits space-
constrained urban installations) and cutting manufacturing costs through
component consolidation. Besides, the intrinsic dual-functionality (storage
and cooling) avoids the efficiency penalties of intermediate heat transfer
steps in conventional absorption systems.

Safety and stability. In addition, frequent reports of battery fires and
explosions in recent years have raised growing concerns over the safety of
large-scale battery storage systems in buildings.” These risks are further
amplified by the current global instability, as buildings with extensive battery
installations may become more vulnerable to external threats, thereby
compromising both energy security and structural safety. In contrast, ATBs
operate under vacuum conditions and pose no risk of fire or explosion.

Energy security and strategic reserves. Moreover, ATBs inherently
contribute to energy security and resilience. Absorbent salts such as LiBr can
be stockpiled in large quantities at relatively low maintenance cost and with-
out significant degradation over long time. This feature enables ATBs to
function not only as operational thermal storage devices but also as strate-
gic reserves of thermal energy. In times of crisis or supply disruption, these
reserves can provide a stable and secure alternative for sustaining essential
cooling or heating demands, thereby enhancing the robustness of energy
infrastructure.

Challenges

Despite its strong technical alignment with solar cooling applications, ATB
faces several limitations and implementation challenges (Figure 1E).

First, the intermittent operation of ATBs—alternating between solar charg-
ing and cooling discharging—precludes continuous cooling output from a
single unit, thereby limiting their applicability in scenarios requiring uninter-
rupted cooling. While technical solutions exist, such as deploying multiple
complementary ATBs or integrating absorption chillers to enable continuous
cooling, these approaches inevitably increase initial capital costs.

Furthermore, during the discharging process, the gradual dilution of the
solution through vapor absorption leads to declining cooling capacity. Thus,
there is a dynamic mismatch with user demand fluctuations driven by
weather conditions and internal heat loads (e.g., equipment/personnel). To
address this challenge, control strategies such as multi-level and variable-
flow regulations® have been developed, mitigating output decay while improv-
ing load matching.

In addition, the working fluids in ATBs predominantly rely on lithium salt
(particularly LiBr) solutions despite critical limitations of crystallization risk
and increasing cost.” In closed systems, crystallization not only impairs
performance through irreversible salt precipitation and pipe blockages but
also risks equipment failure (e.g., pump damage), posing significant safety
hazards. Compounding the technical challenges, LiBr prices have more than
doubled over the past decade due to surging lithium demand, now account-
ing for >60%'"” of total system costs in ATB. Emerging alternatives, including
crystallization-free ionic liquids and low-cost deep eutectic solvents,' repre-
sent promising pathways to enhance system reliability, operational flexibility,
and economic viability, though heir high viscosity and long-term stability need

Energy Storage RYa38d=ean)Y3

to be further addressed and validated.

SUMMARY

Solar cooling presents a promising pathway for reducing carbon emis-
sions in the building and transport sectors, yet widespread adoption is
hindered by system complexity, high costs, and the mismatch between
unstable solar energy and variable cooling demand. This study offers a brief
analysis of existing solar conversion, energy storage, and cooling methods,
with a particular focus on solar-driven ATB as an integrated solution. ATB
combines energy storage and cooling functions in a single unit, offering ultra-
high ESD and negligible standby thermal losses. By eliminating intermediate
components and enabling low-temperature charging, ATB demonstrates
strong potential for compact, scalable solar cooling from multiple perspec-
tives. However, challenges such as intermittent operation, declining cooling
capacity, and material constraints (especially the cost and crystallization risk
of lithium salt) must be addressed. Future development on ATB should focus
on working fluid development, system integration with renewable energy
sources, and operation/control strategies for dynamic environments. This
work identifies pathways to enhance ATB performance and reliability, provid-
ing strategic insights into their deployment in future decarbonized cooling
systems.
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