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Multi-stage power-to-water battery
synergizes flexible energy storage and
efficient atmospheric water harvesting

Haosheng Lin1,2,7, Yan Song3,4,7, Zhixiong Ding1, Yunren Sui1, Zengguang Sui1,
Fuxiang Li1, Jia Zhu 3,4,5,6 & Wei Wu 1,2

We propose and demonstrate a multi-stage power-to-water (MSP2W) battery
that synergizes flexible energy storage and atmospheric water harvesting
(AWH) to address renewable energy intermittency and freshwater scarcity
simultaneously. This system integrates high-temperature magnesium oxide-
based thermal energy storage (TES) with a modular multi-stage AWH device,
using a Reline-based ternary solution to enhance sorption kinetics and enable
efficient scalability. The multi-stage AWH configuration, with up to three
stages, enhances water production by 51%, reducing energy consumption by
26%, consistent with theoretical analysis. TheMSP2Wprototype achieves daily
water production of 3060 g, fully meeting an adult’s demand. The specific
energy consumption is as low as 1.13 kWh kg-1, outperforming existing active
AWH systems. The niche area of MSP2W is identified, even competing with
desalination costs (<20 USD ton-1 of optimal levelized cost of water). The
system demonstrates scalability and cost-effectiveness, with the potential to
fully mitigate water scarcity in regions with high renewable energy surpluses.

Energy storage systems (ESSs) have gained significant global atten-
tion due to their potential to align renewable energy supply (e.g.,
solar and wind power) with consumer demand, a major barrier to the
widespread adoption of renewable energy1,2. Nonetheless, con-
temporary ESSs face challenges like terrain-specific demands, ineffi-
ciency, and profitability concerns3–9. Consequently, there is an
increasing need to develop ESSs that are scalable, sustainable, and
cost-effective for versatile renewable energy use10.

Whilemuchof the focus has beenon improving theperformance of
ESS, an important but overlooked application is the integration of ESS
with atmospheric water harvesting (AWH) systems, which could sig-
nificantly address water scarcity. Many areas rich in renewable energy
resources, such as solar and wind, are often plagued by water scarcity11.
These regions, typically characterized by high solar radiation and/or

strong winds, lack sufficient water resources to support local popula-
tions. This presents a unique opportunity to use surplus renewable
energy for on-site water production. To quantify this potential, we
introduce the water-energy synergy index (WESI), which combines local
water stress and renewable energy surplus. The WESI is calculated by
multiplying the normalized water stress index with the normalized
energy redundancy index, which measures the regional surplus renew-
able energy. A higher WESI value indicates greater potential for using
renewable energy to alleviate water scarcity. As shown in Fig. 1a, inland
areas like northwestern China and the Middle East, where abundant
renewable energy coincides with high water stress, are suitable for uti-
lizing surplus energy to support water production.

Sorption-based AWH is an emerging and promising inland water
production technology12–14, but the water yield from these systems
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Fig. 1 | Water-energy synergy opportunities in renewable energy-rich but
water-scarce regions, and the corresponding solution by adopting MSP2W.
a Water-energy synergy index (WESI) at a global view. The larger the value, the
greater the surplus of new energy and the drier the conditions in the area;
conversely, the smaller the value, the lower the surplus of new energy (or the
more abundant the water resources). Refer to Supplementary Method 1 for

detailed calculations. b MSP2W is proposed to cost-effectively store the surplus
renewable energy for sorption-based AWH. During off-peak hours, renewable
energy is stored as high-temperature thermal energy. Meanwhile, the MSAWH
absorbs moisture in batches from the ambient environment. c During on-peak
hours, the stored thermal energy is used for desorption of the multi-stage water
harvester.
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remains low15, because several obstacles hinder the practical use. The
first challenge is the limited water uptake or slow sorption kinetics of
most materials (Supplementary Fig. 1). Liquid sorbents, such as
hygroscopic salts, exhibit high capacity but slow sorption kinetics16–18,
while solid sorbents like metal-organic frameworks (MOFs) and zeo-
lites show faster kinetics but lower water uptake19–24. The second
challenge is the unscalability and unpredictability of passive solar-
based AWH systems. Variations in solar energy result in fluctuating
water production. The low energy density of solar energy necessitates
large-scale sorption beds, which impairs system efficiency. For exam-
ple, the AWH systemusesMOFs or porous-matrix composite sorbents,
while the small-scale tests demonstrate fast water uptake, scaling up
the system to pursue higher water production results in a significant
drop in sorption efficiency25,26.

Lastly, active AWH systems, while capable of providing higher
water production, face energy-intensive production, with estimates
of 2–10MWh of electricity required to produce one ton of water. This
results in significant pressure on the grid when scaled up25–31. This
high consumption arises from heating the sorbent to high tem-
peratures for desorption, while the condensation heat, near the
temperature of the sorbent, dissipates into the surroundings,
resulting in significant energy loss. Somemethods have the potential
to address this issue. For example, the concept of multi-stage, pre-
viously applied in solar seawater distillation, has demonstrated
substantial increases in desalination efficiency32,33. However, few
studies focus on multi-stage AWH (MSAWH) technologies. The only
study has revealed a 17% improvement in solar zeolite-based dual-
stage AWH systems over single-stage systems22. Meanwhile, sub-
stantial theoretical insights into MSAWH are still lacking.

Here, we propose a multi-stage power-to-water (MSP2W) battery,
an approach across concepts, theory, materials, and devices, designed
to address energy-water nexus challenges effectively. The MSP2W
battery is composed of a thermal energy storage (TES) unit and an
MSAWH unit. Here, “battery” means any system that cyclically stores
and releases energy, akin to thermal or carbon batteries34,35. The main
advantage of TES over direct solar energy is to manage energy varia-
bility and intermittency. Renewable energy generation fluctuates due
to weather and time of day, making real-time supply-demand mis-
matching. TES stores surplus energy during excess generation periods
for later use, ensuring efficient operation. Proven practical and cost-
effective in prior research16, the P2W battery can economically store
surplus renewable energy for efficient AWH, reducing grid strain.
Besides, the MSAWH unit involves Reline-based ternary solution (RTS-
X) with high capacity and resistance to crystallization. Implemented in
an active sandwich-structure liquid absorption bed (SLAB), the RTS
ensures both high capacity, fast kinetics, and excellent stability.

As shown in Fig. 1b, during off-peak hours (excess electricity is
available), MSP2W stores renewable energy as low-cost, high-density,
and high-temperature thermal energy, making full use of resources.
Meanwhile, the MSAWH absorbs moisture in batches from the
atmosphere, ensuring fast sorption kinetics and expanding absorp-
tion capacity. During peak hours (Fig. 1c), the stored thermal energy
is discharged to elevate the temperature of the sorbent in the first
stage, leading to the desorption of water vapor. The water vapor
condenses in the first-stage condenser, releasing latent heat. The
latent heat is then transferred to the subsequent stages until the final
stage, so that the energy efficiency is improved by utilizing cascading
thermal energy.

The key strengths of the MSP2W system are its flexibility and
cost-effectiveness. The TES unit allows the energy storage process
and water vapor capture process to operate independently. The
energy storage process is inexpensive and thus has a huge charging
capacity, allowing it to fully use the low- or negative-prices elec-
tricity, without waiting for the vapor capture to happen. Similarly,
the water vapor release process (desorption) does not depend on

whether there is low- or negative-prices electricity. As long as the TES
has reached a certain temperature, the system can start desorption,
even if the TES is still in the process of storing energy. Additionally,
the system can even store energy and desorption simultaneously.
Moreover, the desorption process is fast (1–2 h), due to the high
temperature of TES. Based on this concept, MSP2W can harness local
surplus renewable energy, support flexible power grids, and provide
essential water supplies simultaneously.

Results
Theoretical limit of MSP2W
The thermodynamic model is foundational to optimizing MSAWH
(Fig. 2a), providing critical insights that inform bothmaterial selection
and device configuration.

Our theoretical steady-state model shows that the multi-stage
configuration can enhance AWH production limit (Fig. 2b, c), but
increasing the number of stages does not always lead to higher water
production (Supplementary Fig. 10). The model demonstrates a
nonlinear and non-positive correlation between the number of
stages and water production, particularly under moderate humidity.
This contrasts with conventional wisdom from multi-stage solar
desalination, which often employs more than 10 stages to maximize
efficiency. This can be explained from the P-T-U perspective (Sup-
plementary Note 1), that the materials with high sorption capacity
(such as LiCl) will havemore advantages (Fig. 2d, e). To validate these
findings, we introduce a dynamic model that incorporates transient
effects like heating, heat transfer, mass transfer within the sorbent,
phase changes, and wall heat loss. Dynamic model confirms that a
3-stage configuration maximizes water production under moderate
humidity (10–15 g kg−1), while additional stages beyond this threshold
result in diminishing returns due to diminishing temperature gra-
dients and increasing heat losses (Fig. 2f). Supplementary Fig. 14
illustrates the temperature variations and water harvesting perfor-
mance across stages in different configurations, explaining this dis-
crepancy. Water harvesting sharply declines from the 3-stage
onward, due to insufficient desorption resulting from temperature-
difference drops in intermediate and subsequent stages, leading to
water not being released from the sorbent, and the increased heat
dissipation from the sidewalls or solar absorber, evident in
Figs. S15–S17. This insight directly informed our experimental deci-
sions, preventing unnecessary complexity in the prototype and
avoiding over-engineering, which would have otherwise reduced the
system’s performance.

We further analyze important parameters of MSAWH, including
heating power, air gap thickness, sorbents, and sorbent thickness.
Decreasing heating power significantly reduces performance, as a 40%
cut in heating power leads to a 70% drop in production (Supplemen-
tary Fig. 20a), demonstrating the adverse effects of unstable solar
radiation and necessitating the high-temperature TES. Additionally,
increasing the air gap from 2 to 20mmdecreases water harvest by 12%
(Supplementary Fig. 20b), irrespective of sorbent equilibrium, due to
increased mass transfer resistance. As shown in the Lewis relationship
(Eq. S26), the mass transfer resistance in the air gap is directly pro-
portional to thermal resistance. Notably, heat loss from the front solar
absorber at almost 600Wm−2, vastly exceeds that of its counterparts,
around 70Wm−2. Since sorbent thickness increases the amount of
sorbent, it is positively correlated with water production (Supple-
mentary Fig. 20c). A dynamic result (Supplementary Note 3) of dif-
ferent sorbents supports steady-state simulation results and
demonstrates slower kinetics in LiCl. Therefore, although liquid sor-
bents exhibit superior water harvesting performance, enhancing both
the heating power and the sorption kinetics is essential to fully exploit
their potential within MSAWH. Theoretical predictions guide the
experimental design, ensuring that each stage contributes effectively
to the system’s overall performance (Supplementary Fig. 22).
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Fabrication and characterization of RTS and SLAB
The Reline-based ternary solution (RTS-X, where X indicates the
percentage of Reline in RTS; for example, RTS-20 contains 20wt% of
Reline) is selected for use in the MSP2W system due to its high
sorption capacity, crystallization-free, and superior recyclability
compared to conventional sorbents. Deep eutectic solvents (DESs)
are widely recognized as ionic liquids, sharing many characteristics
with ionic liquids, such as consisting of large, nonsymmetric ions
with low lattice energy36. They are typically produced through the
complexation of a quaternary ammonium salt with a metal salt or a
hydrogen bond donor36. For instance, in Reline, the charge deloca-
lization via hydrogen bonding between a halide ion in choline
chloride (ChCl) and the hydrogen bond donor (Urea) reduces the
crystallization point compared to that of the individual components.
However, there is still room for improvement in DES water uptake
capacity. To address this, we incorporated hygroscopic salt into the
DES to further improve the water sorption performance, resulting in
the RTS-X, as depicted in Fig. 3a. RTS effectively prevents crystal-
lization, thereby avoiding sorbent circulation blockage and cir-
cumventing kinetic impedance. Therefore, RTS can have its kinetics
significantly improved through measures such as spraying or cool-
ing, which accelerate diffusion and reduce sorbent vapor pressure.

RTS-X significantly mitigates crystallization compared to LiCl
(Fig. 3b). At 40 °C, LiCl crystallizes at a mass fraction of 48%, whereas

RTS-20 and RTS-30 crystallize at 56% and 59%, respectively; at 50 °C,
the corresponding values for RTS-20 and RTS-30 are 58% and 63%,
respectively. In addition to the decrease in salt content, a hypothesis
is proposed that DES delayed crystallization: Fourier-transform
infrared (FTIR) analysis of RTS-X (Fig. 3c) shows that its character-
istic peaks are primarily Reline, with peaks around 3300 cm−1,
1600 cm−1, and 1450 cm−1, exhibiting a blue shift relative to pure
Reline, which can be attributed to hydrogen bonding increases, the
O–H bonds in water and interactions between chloride ions and
water molecules shorten, raising the vibration frequency37, reflecting
enhanced hydrogen bonding that stabilizes the liquid phase38. These
hydrogen bonds lower the solution free energy, making it harder for
salt ions to form an ordered lattice, thereby significantly reducing or
even suppressing crystallization39. This stable liquid structure not
only lowers the crystallization temperature but also inhibits the
nucleation and growth of crystals40, consistent with the observed
behavior of RTS-X. Also noted that hydrogen bonding in RTS has
little effect on evaporation enthalpy according to DSC testing in
Supplementary Fig. 23, supporting its effectiveness in desorption. It
is also noteworthy that RTS remains suspended at the crystallization
point, as shown in Figs. S24 and S25. This characteristic also helps
prevent blockage during circulation. Additionally, the water sorption
isotherms for LiCl, RTS-20, and Reline are presented in Fig. 3d, which
demonstrates that Reline not only resists crystallization but also

Fig. 2 | The theoretical limit of MSAWH. The detailed steady-state model is
available in Supplementary Method 2. The detailed dynamic model is presented in
Supplementary Method 3, with validation provided in Supplementary Note 2.
a Concept of MSAWH. b Daily AWH limit of typical solid sorbents at the optimal
stage number and 25 °C (temperature and humidity ratio of ambient air). The
harvested water quantity will be expressed in kg per heating area per millimeter of
sorbent thickness (kgm�2

ha mm�1
s ). Sorbent quantity is representedby thickness due

to the varying densities of different sorbents. c Daily AWH limit of typical liquid
sorbents at the optimal stage number and 25 °C. The quantity of water is also

represented as kgm�2
ha mm�1

s . d Pressure–temperature (P–T) distribution across
sorbent layers for varying stage numbers. Given that the thermal resistance of the
sorbents is overlooked, both temperature and water vapor distributions of distinct
sorbents are the same. Detailed analysis can be referred to Supplementary Note 3.
e LiCl water uptake variations during the desorption for 1-stage, 2-stage, and
6-stage configurations. The arrows represent the change in the equilibrium state of
water uptake of LiCl during desorption. f Water production of AQSOA Z01-based
MSAWH across various stage numbers at three different equilibrium humidity
ratios and a temperature of 25 °C.
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serves as an effective sorbent, with water uptake reaching 0.42 g g−1,
0.93 g g−1, and 1.23 g g−1 at 30%, 50%, and 70% RH, respectively.
Moreover, forming the ternary solution with LiCl significantly
enhances the water uptake of Reline. Compared with RTS-30, RTS-20
has a higher water uptake, reaching 1.56 g g−1, 1.93 g g−1, and 3.02 g g−1

at 30%, 50%, and 70% RH, respectively. Remarkably, RTS-20 can
absorb more than 420% water by weight under humid conditions
(80% RH). Additionally, RTS exhibits a similar S-shaped isotherm to
LiCl, with a sudden increase in water uptake to 0.95 g g−1 at 17% RH.
This indicates that RTS is stable and does not crystallize even at such
low humidity levels. Furthermore, RTS demonstrates satisfactory
water uptake performance compared to other reported AWH sor-
bents (Fig. 3e)21,26,41–54.

The design of the sorption bed is crucial to the efficiency of
sorption and desorption processes in real-world water harvesting, yet
it is often underexplored. Most studies focus on small-scale sorption
dynamics, using milligram-scale samples in controlled environments,
such as chambers or TGA, with constant humidity, temperature, and

airflow.However, simply scalingup sorbentmaterials to increasewater
production is not a straightforward solution, as it can increase the
vapor diffusion resistance, impact heat transfer significantly, and thus
degrade sorption kinetics26. To make up the gap in sorption bed scale,
we introduce an active SLAB. Figure 3f illustrates that the SLAB con-
sists of corrosion-resistant, high-temperature-resistant polytetra-
fluoroethylene (PTFE) and titanium metal, covered by a hydrophobic
and breathable PTFE membrane. The top of the SLAB features small
holes for pipe access, facilitating solution extraction, cooling, and
spraying. From the outer to the inner layer, the SLAB is composed of
active carbon fiber felt (ACFF), carbon foam, and cotton tissue. The
porous and capillary ACFF expands the specific surface area during
absorption, carbon foam serves as a filler to enhance heat and mass
exchange during spraying, and the thin cotton tissue increases the
heating area during desorption with its capillary action. The necessity
of design is demonstrated through scale-down SLAB experiments
(Supplementary Fig. 26). Firstly, as shown in Supplementary Fig. 27, we
calculate the mass-transfer resistance of SLAB, denoted as R,

Fig. 3 | Fabrication and characterization of RTS and SLAB. a RTS is composed of
both strong sorbents: Reline and LiCl, which have high sorption capacity and low
crystallization temperature. b Crystallization curves of LiCl solution and RTSs.
c FTIR spectroscopy curves of LiCl solution, Reline, and RTSs. d Vapor adsorption
isotherms for RTS and DES, and theoretical isotherms for LiCl. e Water uptake

comparison between RTS and state-of-the-art sorption materials. The detailed
information about reported AWH sorbents is listed in Supplementary Table 5.
f Schematic of SLAB. g Contribution of different factors to the sorption kinetics
enhancement of SLAB. h Sorption kinetics of SLAB under different relative
humidities.
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consisting of:

R=Rs Ds,T
� �

+RmðlÞ+RaðDa,wÞ ð1Þ

where Rs, Rm, and Ra are the mass-transfer resistance of sorbent,
membrane, and air layer, respectively;Ds andDa are the diffusivities of
sorbents and air; T is the temperature of sorbent; l is the pore size of
the membrane; w is the speed of airflow.

Based on Eq. 1, we employed several methods to reduce mass
transfer resistance. Initial attempts to improve sorbent diffusivity (Ds)
through forced circulation had minimal effects (Supplementary
Fig. 28a). Increasing airflow from 0.5m s−1 to 3m s−1 significantly raised
sorption kinetics from 1.41 g g−1 to 2.58 g g−1 in 12 h, revealing air layer
resistance (Ra) as a main mass-transfer barrier (Supplementary
Fig. 29b, c). Multiphysics simulations showed low RH films hindered
kinetics, which improved with higher airflow (Supplementary Fig. 29).
Further enhancements involved integrating cooling units and opti-
mizing the fillings, which notably increased kinetics to 3.4 g g−1 (Sup-
plementary Fig. 28d, e). Initially, the pure-ACFF bed lacked extra fluid
supply (Supplementary Fig. 30a), but switching to a sandwich-
structure improved fluid delivery for cooling by minimizing capillary
water absorption (Supplementary Fig. 30b). The cumulative impact of
these methods on kinetics improvement is detailed in Fig. 3g. Com-
pared to the initial setup, the optimized SLAB demonstrated 143%
improvement in 12-h kinetics, from 1.42 g g−1 to 3.45 g g−1. We also
investigated the effect of sorbent-loading amount, demonstrating that
increased sorbent-loading enhances total water uptake, but reduces
normalized water uptake (Supplementary Fig. 31). The latest SLAB

version achieves water uptakes of 3.45 g g−1, 2.46 g g−1, and 1.59 g g−1 at
80%, 65%, and 50% RH, respectively, in 12 h as illustrated in Fig. 3h. It
also reached equilibrium within 12 h at 65% and 50% RH, demonstrat-
ing satisfactory kinetics. After 150 regeneration cycles, RTS shows no
obvious loss in either water uptake capacity or kinetics (Supplemen-
tary Fig. 32), proving that the anti-crystallization ability provided by
RTS can avoid pipeline blockage and thus ensure the stability of SLAB.

Design and optimization of water harvester
Based on the theoretical results, we designed a modular multi-stage
water harvester forMSP2W, as depicted in Fig. 4a. The water harvester
can be easily expanded to a multi-stage version modularly. Prototypes
of the single-stage and dual-stage water harvester are illustrated in
Fig. 4b. The triple-stage water harvester is shown in Supplementary
Fig. 33. In this section, we employ electric heating as the heat source
during desorption, as stable power input allows for precise char-
acterization of MSAWH performance. We optimized the condenser
flow channels using Multiphysics simulation, finding that a five-
channel setup improved airflow uniformity and doubled water
absorption compared to a single channel, with sorption kinetics
experiments confirming the simulation results within a 10% error
(Supplementary Fig. 34).

We first examine the harvester at 80% RH. As shown in Supple-
mentary Fig. 36, over 1 day of operation, the single-stage harvester
underwent three desorption and two absorption cycles, producing
1210 gofwater. Themoisture absorption showednegligible slowdown,
indicating that the active SLAB and sufficient RTS maintained con-
sistent absorption rates. In the first cycle, the SLAB absorbed 500 g of

Fig. 4 | Design and optimization of a water harvester. a Schematics of amodular
water harvester. b Photos of a modular water harvester. c Daily water production
comparison between various setups and RH conditions. The experiments are
shown in Supplementary Movies 1–3. The original experiment results and details

can be found in (a, b) from Supplementary Figs. 37–45. d Specific energy con-
sumption comparison between various setups and RH conditions. The original
experiment results and details can be found in (c) from Supplementary Figs. 37–45.
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moisture and produced 395 g of water during desorption, with a
conversion rate of 80% and only ~20% vapor leakage due to clamping
pressure. Adopting a three-cycle-per-day strategy increased water
production by 15%, reaching 1388 g (Supplementary Fig. 37), while
power consumption rose by 18%, from 2.01 to 2.37 kWh (Supplemen-
tary Fig. 37c). For the dual-stage system, total water production
increased to 1661 g, with Stage 1 producing 1133 g and Stage 2 produ-
cing 528 g (Supplementary Fig. 42). The triple-stage system achieved
1829 g (Supplementary Fig. 45). Compared to the single-stage, the
dual-stage system improved water production by 37.2% and reduced
energy consumption by 21.1%. The triple-stage system improved water
production by 51.2%, with the specific energy consumption decreased
from 1.66 kWhkg−1 (single-stage) to 1.23 kWhkg−1 (triple-stage), show-
ing a 26% improvement.

We further investigated the performance of the MSP2W system
under arid environments. At 40% RH, the dual-stage and triple-stage
systems achieved water production of 790 g and 810 g per day, out-
performing the single-stage system (660 g day−1) by 20% and 23%,

respectively. Comprehensively considering the three humidity levels,
the dual-stage and triple-stage yields are 31% and 40% higher than the
single-stage, respectively (Fig. 4c). In terms of energy efficiency, as
shown in Fig. 4d, at 60% RH, the specific energy consumption
decreased from 1.85 kWh kg−1 (single-stage) to 1.42 kWh kg−1 (dual-
stage) and 1.45 kWhkg−1 (triple-stage), showing about 21% improve-
ment. At 40% RH, the specific energy consumption decreased from
2.43 kWh kg−1 (single-stage) to 2.21 kWh kg−1 (dual-stage), while the
triple-stage system increased to 2.35 kWh kg−1. These results demon-
strate the multi-stage configuration’s ability to optimize energy use.
But in extremely arid regions, the dual-stage configuration outper-
forms configurations with more stages.

Performance of the MSP2W battery
The photo and cross-section schematic of the MSP2W battery proto-
type are depicted in Fig. 5a. The MSP2W battery incorporates two
triple-stage water harvesters. The TES units consist of 25 kg magne-
sium oxide (MgO)-based fire bricks, with a storage capacity of 3.3 kWh

Fig. 5 | Performance ofMSP2W battery. a Photo and cross-section schematic of a
multi-stage water battery. Supplementary Fig. 46 for a complete photo without a
cross-section. b Temperature variation of storage units in the energy storage
process. The inset figure shows a top view of different measurement points. c The
cost (measured in USD, $) of MgO-based TES variate with the storage capacity and
height, and width proportion. The inset figure is schematic diagrams of the height
and width proportion. The calculation methods can be referred to Supplementary
Method 8. d Temperature variation and water production of triple-stage P2W
battery. The upper figure shows the temperature of the sorbents and condenser;
the lower figure shows the harvested and accumulated water. The experiment is
shown in Supplementary Movie 4. e Comparison with state-of-the-art passive AWH

technologies toward kinetics enhancement, in water collection per heating area
and per sorbent, and daily water harvested. The details are given in Supplementary
Table 6. f Comparison with state-of-the-art active AWH technologies in specific
energy consumption, water collection per kg of sorbent, and dailywater harvested.
The details can be referred to in Supplementary Table 7. g Comparison of ESD and
CPE for different ESSs58,59. Technologies plotted include hydrogen, Li-ion batteries
(Lithium Iron Phosphate (LFP) and Nickel Manganese Cobalt (NMC)), lead acid
batteries, vanadium redox flow batteries (VRFB), PHS, and CAES. The output elec-
tricity is considered to produce water by a vapor-compression heat pump with a
COPof 3. Error bars represent the interquartile range, whichdefines the central 50%
of probable values derived from the uncertainty in the input data.
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at a 300 °C temperature difference. Commercial high-purity MgO
bricks, after extensive thermal tests, demonstrate excellent mechan-
ical stability and chemical inertness, with negligiblemechanical fatigue
and chemical degradation in sub-400 °C TES applications55,56. An
electric push rod, capable of verticalmovement, drives the TES unit up
and down. When lowered, the TES is enclosed within an insulation
chamber wrapped with thermal insulation material (Supplementary
Fig. 47).When the electric push rod extends, it propels the TES into the
discharge chamber, allowing the stored thermal energy to be trans-
ferred to the harvester via radiation and conduction for desorption.

With 5 cmof thermal insulation covering the storage chamber, the
TES loses 50 °C within 12 h. Increasing the insulation to 10 cm reduces
this loss to 30 °C, which equates to about 10%of the stored energy, but
the temperature of TES remains above 260 °C, ensuring efficient des-
orption (Fig. 5b). As shown in Fig. 5c, the TES demonstrates a
remarkable scale effect. As the system scales up, the specific surface
area and heat loss decrease, resulting in reduced self-discharge and
improved stability and performance, with the energy storage cost
reduced by 70% to 30 $ kWh−1. Given its low-cost and non-degradable
properties16, the magnesium oxide-based TES is suitable for large-
scale, short-term energy storage. As illustrated in Fig. 5d, during each
desorption cycle, the TES temperature decreases by approximately
90 °C. At the same time, each desorption takes longer (about 2 h)
compared with the MSAWH experiments in Supplementary Figs.
37–45. This shows that the MSP2W heating power is slightly smaller
than the 350W (heat flux of 2333Wm−2) heating power in the previous
section. We also calculate the potential energy loss based on the
temperature distribution and provide an energy flow diagram, as
shown in Supplementary Fig. 48, showing that over 90% of the stored
energy is used for cascade AWH production.

The final daily water production totals 3060 g at 80% RH, aver-
aging 1530 g per harvester, slightly lower than the triple-stage electric-
heating water harvester discussed in Section 2.4. At 60% and 40% RH,
the prototype produces 2320 and 1490 g water per day, respectively
(Supplementary Fig. 50). We compare the water production per unit
heating area and per unit mass of sorbent with the most advanced
passive solar-driven AWH towards sorption kinetics enhancement, as
shown in Fig. 5e22,25,41,42,49,57. Comparedwith the low production rates of
passive AWH systems, MSP2W increases water production by utilizing
excess renewable energy, making it more suitable for large-scale
applications. MSP2W outperforms passive AWH systems even at arid
conditions (40% RH), achieving production rates of 2.48 kg kg−1 sor-
bent and 4.9 kgm−2. Furthermore, the prototype demonstrates scal-
ability, with its production of 3060 gday−1 meeting the average daily
requirement for an adult (2500 gday−1), which all current passive AWH
prototypes cannot do. Also, due to the multi-stage configuration and
cascade usage of energy, the MSP2W has total power consumption of
3.46 kWh, 3.02 kWh, and 2.71 kWh (Supplementary Fig. 51) and specific
power consumption of 1.13, 1.29, and 1.81 kWh kg−1 at 80%, 60%, and
40% RH, respectively, which is a record low for state-of-the-art active
AWH technologies, as illustrated in Fig. 5f25–31. Moreover, the con-
centrations of dissolved ions in the collected water are measured
(Supplementary Fig. 52), and the results confirm that the quality of the
water meets the World Health Organization’s standards for drinking
water. Additionally, the SLAB enables MSP2W to exhibit rapid kinetics,
fully utilizing the loaded sorbent and achieving a satisfactory water
production rate of 5.1 kg day−1 per kg sorbent.We also calculate the gap
between experimental and theoretical limits. Considering there are
three desorptions, the water production limit at 80% RH is
19.2 kgm−2 day−1. The experiment production is 10.2 kgm−2 day−1

(Supplementary Table 6). Therefore, the experiment-theory ratio is
about 53%. The reason could be the limited time of absorption and
desorption, so that the sorbent cannot reach equilibrium. Also, even if
we consider the scenario of using an electrically driven vapor-
compression heat pump with COP = 3 to condense water vapor in

the air, MSP2W achieves higher energy storage density (ESD) while
maintaining a lower cost per energy (CPE) than most traditional ESSs
like Li-ion batteries, hydrogen storage, and even the terrain-reliable
compressed air energy storage (CAES), and pumped hydro storage
(PHS), suggesting that MSP2W potentially offers a more efficient and
economical solution for energy storage,making it a compelling option
in the energy sector (Fig. 5g).

Global AWH potential assessment and niche area
Water scarcity mitigation potential (WSMP) quantifies the ability of
renewable energy to alleviate local water scarcity using MSP2W
technology (Fig. 6a). It is calculated by comparing the regional
renewable energy potential with the regional water demand, fac-
toring in the efficiency of MSP2W (Supplementary Method 1). A
higher WSMP value indicates greater potential for MSP2W to miti-
gate water scarcity. Based on Fig. 6a, the WSMP map clearly illus-
trates the potential application of MSP2W technology in various
regions. The map shows that areas with WESI > 0.25 have significant
potential for the MSP2W system, as these regions not only face
considerable water scarcity but also possess abundant renewable
energy resources. Specifically, regions (e.g., Central Asia and
Southern Europe) with a WSMP > 1 indicate that MSP2W technology
could theoretically use local renewable energy to completely solve
the local water scarcity. Notably, northwest China, North Africa, the
western United States, and the Middle East show a WSMP value
greater than 100, suggesting that these regions could fully address
their water shortage using less than 1% of local renewable energy
and MSP2W technology. Other regions, such as South America,
South Asia, and Southeast Asia, have WSMP values close to or
slightly below 1, indicating that these areas also have considerable
potential to improve water access through MSP2W, especially dur-
ing dry seasons or peak water demand periods. Although WSMP
values represent theoretical upper limits. Actual performance will
be constrained by local factors such as the actual ambient condi-
tions, the availability of energy infrastructure, resource variability,
and others. But WSMP still should be interpreted as a useful orien-
tation tool, highlighting the broad applicability of MSP2W tech-
nology in tackling the global water crisis.

A key factor influencing the economics of MSP2W is the timing of
low-price renewable energy, such as the deep valley and clearance
period observed in regions like Xinjiang. During these periods,MSP2W
can operate at exceptionally low energy costs, sometimes even nega-
tive prices. As shown in Supplementary Table 9, during deep-low-price
and clearance periods, the energy costs for MSP2W can be as low as
4.25 USD ton−1 and 0.44 USD ton−1, respectively. Additionally, we cal-
culate the levelized cost of water (LCW) of MSP2W under varying
electricity price scenarios, using a dynamic model that explicitly
accounts for time-varying electricity prices, location-specific tariffs,
capital costs, and overall water-production efficiency. Figure 6b, c
shows that relative humidity has modest LCW sensitivity. Because at
higher RH, the sorbent begins to desorb before reaching near-equili-
brium, and at low uptakes, kinetic differences are limited (Fig. 3h), so
RH is secondary to price/utilization. Besides, as the charging power or
the capacity of the energy storage unit increases, LCW falls steeply
(fully utilizing low-priced renewable energy) to an optimum LCW
(~10–20 USD ton−1) and then rises when power/storage becomes mis-
aligned with available power/energy windows and sorption capacity.
Thus, sizingof chargingpower and storage capacity shouldbe context-
specific and optimized.

Geographically speaking, Fig. 6b, c shows that the LCWofMSP2W
in Spain is slightly higher than that of Xinjiang. In contrast, as the
charging power increases, the LCW of California becomes markedly
lower than both (<10 USD ton−1), even dipping below that of desali-
nation technologies, such as reverse osmosis (RO) and multi-stage
flash distillation. This behavior reflects the market structures
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quantified in Supplementary Table 9: California exhibits frequent
negative-price hours (882h year−1), while Spain has fewer negative
hours and a highermeanprice. BecauseMSP2W follows a joule-heating
route, increasing the charging power has a low marginal cost yet
enhances the ability to capture short, low- or negative-price windows.
Hence, LCW declines most strongly in California. The same pattern
persists when varying TES mass (Fig. 6c). Besides, Supplementary
Fig. 53 shows that LCW is weakly sensitive to the electric heater and
TES prices but strongly to the sorbent cost and device lifespan. Thus,
choosing an inexpensive, high uptake sorbent such as RTS is pivotal,
and durability and maintainability are essential to sustain low LCW.
Therefore, the model confirms that MSP2W outperforms existing
active AWH systems and rivals desalination technologies, avoiding
high capital costs, membrane fouling, and brine disposal issues. The
niche ability of MSP2W to store energy and operate during off-peak

hours significantly enhances its economic viability, allowing it to utilize
even short, low-price windows fully. This capability decouples the
system from the intermittency of renewable energy sources, ensuring
consistent and cost-effective water production.

Discussion
MSP2W battery combines energy storage and AWH, particularly sui-
table for regions abundant in renewable energy yet scarce in fresh-
water resources. Unlike conventional ESSs that store and release
electricity, MSP2W functions as a battery in a broader sense by storing
surplus renewable energy in one form (thermal) and converting it into
freshwater. This capability underlines the niche thatMSP2W occupies,
offering an effective solution to both grid stability and water scarcity.
However, to realize its full practical potential, several critical issues still
require attention.

Fig. 6 | Global water scarcity mitigation potential (WSMP) assessment and
levelized cost ofwaterofMSP2W. aWSMP assessment of theMSP2Wbattery. The
map highlights regions with WESI > 0.25, where MSP2W technology could sig-
nificantly alleviate water scarcity by utilizing renewable energy sources. Areas with
WSMP> 1 theoretically have the potential to fully resolve water shortages by pro-
viding 185 tons of water per person per year. The calculation details are presented

in Supplementary Method 1. b The levelized cost of water with variable charging
power of the MSP2W battery compared with the existing active AWH technologies
and desalination technologies. c The levelized cost of water with variable thermal
energy storage capacity of the MSP2W battery compared with the existing active
AWH technologies and desalination technologies. The calculation details are pre-
sented in Supplementary Method 9.
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One notable limitation is the performance of MSP2W under
extremely low humidity conditions, specifically when the RH falls
below 30%. As demonstrated by our experiments, water production
significantly decreases at lower humidity due to the diminished sorp-
tion capacity, although thehigh heatfluxbrought by high-temperature
TES can ensure a higher yield than passive AWH technology. To miti-
gate this issue, adopting a single-stage or dual-stage configuration
could be more suitable. Additionally, integrating supplemental
humidity sources, such as cooling tower exhaust, could help increase
local humidity levels during dry periods.

The choice of sorbent material directly affects water sorption
capacity, energy efficiency, and the system’s ability to function under
varying environmental conditions. As shown in our work, we explore
RTS that could provide higher sorption capacities and improved
sorption kinetics. However, there is still much room for improvement
in the development of these sorbents in high cost-effectiveness and
ultra-long-term durability. More crystallization-resistant and more
stable RTS can be explored in the future.

Despite these challenges, MSP2W addresses two intertwined
global challenges—renewable energy curtailment and freshwater
scarcity. By converting otherwise wasted surplus renewable energy
into freshwater, MSP2W offers an economically attractive solution,
particularly advantageous in regions with frequent renewable energy
overproduction. Utilizing surplus energy available atminimal or even
negative cost periods significantly reduces the cost of freshwater
production, rendering MSP2W competitive compared to conven-
tional methods like desalination, especially for off-grid and remote
applications.

Methods
Fabrication and characterization of Reline-based ternary
solution
LiCl (≥99%), ChCl (≥98%), and urea (≥99–100%) were procured
from Macklin. Reline, a DES composed of ChCl and urea (1:2 molar
ratio), was first prepared. The mixture was heated to 90 °C and
stirred until a clear, uniform liquid formed. Subsequently, a 55%
LiCl solution was also heated to 90 °C and stirred until it com-
pletely dissolved. Reline was slowly added to the LiCl solution
according to the target mass fraction and stirred until a homo-
geneous solution (RTS-X) was obtained.

The crystallization point is determined by using the turbidi-
metric method, the accuracy of which is confirmed by comparing
theoretical and experimental data on the crystallization point of LiCl
(Fig. 3b). A specific mass fraction of the solution was heated and
stirred at 100 °C until fully dissolved. It was then cooled slowly using
a water bath magnetic stirrer set to a rate of 10 °C per hour. The
crystallization point was defined as the temperature at which tur-
bidity changed markedly (Supplementary Fig. 54). Infrared spectra
of Reline, RTS, and LiCl solutions were recorded using a FTIR
spectrometer (Nicolet 6700, Thermo Fisher). Sorption isotherms
for RTS and Reline were measured with a vapor sorption analyzer
(IGA 002, HIDEN Analytical, UK). Because the analyzer cannot test
liquids directly, samples were prepared by impregnating cotton
tissue with the liquid. Samples were purged in N2 at 100 °C for 24 h
prior to testing. The mass of the cotton substrate was subtracted
during data analysis.

Fabrication and characterization of SLAB
The SLAB container was made of titanium and PTFE, with an inner
depth of 4.5mm. From inside to outside, the layers comprised 0.2mm
cotton tissue, 4mm carbon foam (Guangshengjia Metal New Materi-
als), and 1mm ACFF (Jingzhou Haote New Materials). The outer layer
was a hydrophobic, breathable PTFE membrane (AORPF-RBH04HZ
and AORPF-RBH1DT, 1 μmpore size; Cobetter). FTIR and contact angle
data are shown in Supplementary Fig. 55. Themembrane was sealed to

the container with food-grade silicone, and 2mmholes were drilled on
the top to insert long PTFE tubes. During absorption, the solution was
circulated and cooled via a titanium-finned tube using a peristaltic
pump. The cooled solution entered the engraved top grooves for
uniformdistribution andmixing. A 304 stainless steel frame supported
the outer PTFE membrane.

A scaled-down 22 × 11 cm SLAB was employed for sorption kinet-
ics testing. Unless stated otherwise, airflowwas supplied at a 45° angle.
Air velocity near the SLAB surface was measured with a hot-wire
anemometer (ST866A, SMART). A solution containing 20 g of sorbent
was prepared before testing, unless specified otherwise. Before test-
ing, the SLABwas placedovernight in a forced air-drying oven (202-0A,
Shangcheng) set at 110 °C. During the sorption kinetics test, the
external circulation loop was removed, and the SLAB was weighed
using an electronic balance hourly (YHM100001, Ying Heng). Ambient
temperature and humidity were controlled with an air conditioner and
dehumidifier.

Stability examination of SLAB loaded with RTS was performed in
an environmental chamber (Supplementary Fig. 19a) with controlled
temperature and humidity (26 °C and 60%RH). RTS is sealed in a scale-
down SLAB. Heating power was regulated using a DC power supply
(IT6831A) set to operate in a 10-min heating/50-min cooling cycle at
20W. A polyimide resistive heater (40 × 40 ×0.3mm) was used for
heating. A K-type thermocouple fixed at the center of the SLABbottom
measured temperature and was connected to a data acquisition sys-
tem (34970A, Agilent). The heater was mounted on porous insulating
foam (100 × 100 × 50mm) to minimize heat loss from the back. Mass
changes during desorption and absorption were continuously mon-
itored using a high-precision electronic balance (ME503TTE, Mettler
Toledo).

Fabrication and characterization of a multi-stage water
harvester
A full-size SLAB (50 × 30 cm) was integrated into a multi-stage water
harvester comprising air valves, a sealed frame, an air-channel con-
denser, a heat sink, and SLABs. A 3D-printed fiberglass air valve driven
by an electric push rod enabled automatic switching between
absorption and desorption, which can convert vertical force from the
push rod into horizontal compression of a rubber pad to seal the unit,
sealing the system during desorption (Supplementary Fig. 56). The
external framewasmade of heat-insulating PTFE, and gapswere sealed
with food-grade silicone. Bolts applied preload to compress the sili-
cone for tight sealing. Aluminum outer fins with a 20W fan enhanced
forced convective cooling. Each stage used a 10W centrifugal fan to
increase inlet airflow. Thermocouples were placed 5 cm behind each
SLAB stage, and outlet temperature and humidity were monitored. A
smart socket recorded the power consumption of pumps, fans, and
heaters, excluding data acquisition and control systems. The five-air-
channel condenser distributed airflow evenly to avoid short-circuiting
(Supplementary Fig. 34c).

Outlet wind speed was measured using a hot-wire anemometer.
Based on this, the air volume Va (m3 s−1) is calculated using the fol-
lowing formula:

Va =HWv ð2Þ

where H is the height of the outlet of the wind valve, 5.2 cm;W is the
width of the outlet of the wind valve, 2.7 cm; v is the velocity of outlet
airflow, m s−1. The harvested moisture is calculated using this formula:

Mh = ρVaðhin � hout Þ ð3Þ

where Mh is the mass of harvested water, g s−1; hin and hout represent
the humidity of the inlet and outlet, respectively, gkg�1

dry air ; ρ is the
density of air, kg m−3.
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Sorbent loading was 150g, 100 g, and 50g for stages 1, 2, and 3,
respectively. Unless stated otherwise, two absorption–desorption
cycles per day were performed, with ~10 h absorption time. A 300W
electric heater facilitated desorption and was stopped when stage 1
reached 145 °C, the Reline decomposition temperature (Supplemen-
tary Fig. 57). Water production was recorded every 10min using a
scaled tank. Ambient temperature and RH were maintained at ~27 °C.

Fabrication and characterization of MSP2W battery
Magnesium oxide fire bricks weighing 25 kg were utilized as the TES
medium (Supplementary Fig. 58). Six 50W heating rods with ther-
mocoupleswere inserted into drilled holes on the topof the brick, with
gaps sealed using high-temperature inorganic glue and fixed by
screws. A 5mm copper plate was attached to the brick surface facing
the harvester to improve heat uniformity and sealing (Supplementary
Fig. 59). The plate was coated with a high-emissivity graphene layer
(Graphene Star, Nakait New Materials) to improve radiative heat
transfer to the harvester. The copper plate can also fill in the gap
between the water harvester and the TES unit. The distance between
the copper plate and the harvester is less than 1mm. The TES chamber
was insulated with 5–10 cm aerogel fiberboard lined with reflective
aluminum sheets (Supplementary Fig. 60).

During charging, an 18W axial fan ventilated all harvester stages.
The TES was heated with 150W, without fully activating all rods,
allowing the TES to gradually reach ~300 °C while using inactive rods
as temperature probes. To protect the rods, the TES temperature limit
was set to 300 °C, as higher values could raise internal temperatures
above 600 °C.

During the discharge stage, the MSP2W system closed the air
valve, and the TES unit was propelled into the desorption chamber by
an electric push rod. In this position, the TESmaintained close contact
with the water harvester, facilitating heat transfer to the harvester
primarily through conduction and radiation. Water released during
this process was collected in a scaled water storage tank, with water
production recorded at 10-min intervals. An Ion Chromatography
system (ICS−1100, Dionex) was used to detect concentrations of pos-
sible metals and ions in the collected water.

Data availability
The data supporting the findings of the study are included in the main
text and the Supplementary Information file. The experimental data
generated in this study are available as provided in the Source data file.
Other raw data can be obtained from the corresponding author upon
request. Source data are provided with this paper.

Code availability
The code supporting this study, including a dynamic simulation
model, the climate-based quantification + IEA data correction work-
flow, and cost modeling, is publicly available in an executable Code
Ocean capsule (https://doi.org/10.24433/CO.4056554.v2).
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