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THEBIGGERPICTURE Cooling is essential for electronic devices nowadays. Tomeet the temperature con-
straints, the number of simultaneously operated chips (or cores) is usually limited, which seriously influ-
ences system performance and results in the famous ‘‘dark silicon’’ problem. To enlarge the heat dissipa-
tion capacity, this work demonstrates a passive and sustainable method that uses ambient moisture for
cooling state-of-the-art 5G base stations. The results demonstrate that, comparedwith the original devices,
the proposed method could bring about a maximum of 20�C temperature reduction and 602 W/m2 cooling
power. The utilization of ambient moisture could bring new opportunities for passive cooling and break the
potential limitation caused by the original temperature-difference-driven heat transfer process.
SUMMARY
Thermal management is becoming the main bottleneck of electronic devices, especially in situations where
only passive strategies are available, such as base stations and smartphones. In this article, we develop pas-
sive, sorption-based evaporative cooling based on a salt-embedded composite sorbent and further apply the
method to a state-of-the-art 5G base station. Both the experimental and simulation results demonstrate that
the proof of concept on a finned heat sink could achieve an exceptional equivalent cooling power of 602
W/m2, which accounts for about 22% of the total heat dissipation capacity and could bring a maximum of
20�C temperature reduction compared with the original device. An additional experiment on a well-devel-
oped practical base station demonstrates that the proposed cooling strategy could still bring about a
5�C–8�C temperature reduction. Sorption-based evaporative cooling could greatly expand the potential of
passive cooling capacity and create new opportunities for future electronics.
INTRODUCTION

Due to the ever-increasing power density of batteries and com-

ponents in modern electronics, thermal management is

becoming a major bottleneck that restricts the performance of

electronic devices.1–3 During operation, the computing abilities

of semiconductors might be wasted due to the device’s cooling

capacity being too limited to keep upwith its own heat efflux, and

thus the so-called ‘‘dark silicon’’ problem occurs.4 Limited by

reliability, energy consumption, size, and cost, some electronic

devices, such as base stations and smartphones, could only

be cooled by passive strategies, such as natural convection

and heat radiation.5 Additionally, considering the tremendous

energy and water consumption of cooling electronic devices,6

improving passive cooling capacity will yield significant positive

impacts on both the environment and the system performance.

Improving the cooling capacity of passive strategies is a non-

trivial task. For natural convection, the heat transfer coefficient
Device 1, 100122, Dec
This is an open access article under the CC BY-N
could be improved by optimizing the structure of heat sinks.7–9

However, after prolonged research, the heat sink of state-of-

the-art electronic devices has been carefully designed and is

difficult to further optimize. For heat radiation, the recently

emerged sky radiative cooling technique brings inspiring re-

sults,10,11 while its relatively low cooling capacity, i.e., about

40–120 W/m2, still hinders its extensive applications in cooling

electronic devices. Fortunately, besides the ambient tempera-

ture, the abundant moisture contained in the atmosphere could

also serve as a cooling source.12 Mimicking the sweating of

mammals, sorption-based evaporative cooling could passively

provide a large cooling capacity based on the high enthalpy

of moisture desorption.13 Then, the spontaneous adsorption

enables the recovery process and thus achieves sustainable

operation. Based on the aforementioned principle, sorption-

based evaporative cooling has been evaluated on many devices

and systems such as space cooling,14–19 photovoltaic (PV)

panels,20–26 thermoelectric generators (TEGs),27–29 wearable
ember 22, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Schematic diagram of applying sorption-based evaporative cooling on base stations

(A) Typical normalized workload of a base station in business district54 and the working principle.

(B) Schematic water sorption isotherms.

(C) Heat transfer enhancement and thermal storage effect.

(D) Determination of the steady-state RH of sorbent based on the psychrometric chart.
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electronics,30 smartphones,5,31,32 practical or simulated

chips,21,33–36 and batteries.37–43 Among them, generally consid-

ered sorption materials include solid-state porous sorbents such

as metal-organic frameworks (MOFs)34,44 and polymeric-based

sorbents such as hygroscopic polymer gels (HPGs).45–47 For

MOFs and their modified forms, although fast sorption/desorp-

tion kinetics are preferred, the high cost, complexity of synthesis,

and weak adhesion with other surfaces might influence their

large-scale application. For HPGs, high water uptakes and flex-

ibility make them promising materials for cutting-edge energy-

water-related technologies, while the potential risks of swelling

and durability still present serious challenges.

Besides the aforementionedMOFs andHPGs, salt-embedded

composites, which confine hygroscopic salts such as lithium

chloride (LiCl) and calcium chloride (CaCl2) into the porous ma-

trix, are also popular sorbent materials.48 Their unique advan-

tages, such as stability, ease of synthesis, and relatively high

adsorption capacity especially at low relative humidity (RH),

make the salt-embedded composites become competitive

materials in many energy-water devices and systems such as

atmospheric water harvesting,49–51 thermal storage,52 and dehu-

midification.53 In this article, the performance of sorption-based

evaporative cooling on a state-of-the-art base station is evalu-

ated based on a popular salt-embedded composite, i.e., LiCl

with the matrix of active carbon fiber (ACF) felt. Specifically,

based on the workload fluctuation characteristic of the base sta-

tion, the proposed sorption-based evaporative cooling could in-

crease the heat dissipation capacity at peak hours and recover
2 Device 1, 100122, December 22, 2023
at resting time. A small-scale proof-of-concept experiment is

first conducted. The results demonstrate that a maximum equiv-

alent average cooling power of 602 W/m2 could be achieved,

which is higher than that of the previous studies and will result

in a maximum of 20�C temperature reduction compared with

the original device. The proposed cooling strategy is further

applied on a state-of-the-art commercial base station. The re-

sults show that a 5�C–8�C temperature reduction could be

achieved even if the original heat sink is carefully designed.

The utilization of the proposed sorption-based evaporative cool-

ing could break the heat dissipation limitation caused by natural

convection and radiation and thus create new opportunities for

the future development of electronic devices.

RESULTS

Working principle
Due to the fluctuation of user demand, the power consumption of

base stations has a stable peak in a day; power consumption

during the remaining time is relatively low.33,54 That is, the contin-

uous operation of the device will not result in the requirement of

continuous cooling. The corresponding fluctuation of tempera-

tures then provides opportunities for sustainable usage of sorp-

tion-based evaporative cooling, i.e., cyclic desorption and

adsorption (recovery). The basic working principle of applying

sorption-based evaporative cooling on state-of-the-art base sta-

tions is demonstrated in Figure 1. Specifically, the sorption ma-

terials (sorbent) are attached or coated on the exterior surface of



Please cite this article in press as: Liu et al., Passive thermal management of electronic devices using sorption-based evaporative cooling, Device
(2023), https://doi.org/10.1016/j.device.2023.100122

Article
ll

OPEN ACCESS
the heat sink. Under a certain operating temperature, the final

steady-state RH of the sorbent could be determined by a psy-

chrometric chart as shown in Figure 1D. Then, the equilibrium

point could be determined by the water sorption isotherms as

shown in Figure 1B. When the workload and the corresponding

temperature are relatively high, the equilibrium point of the sor-

bent (denoted as (RHh,Wh)) will migrate to a lower RH level, while

the equilibrium point of the sorbent will stay at a relatively high

RH level (denoted as (RHl, Wl)) under low workloads. In the

best condition, where the workload of the base station is zero,

the equilibrium point of the sorbent will achieve its maximum,

which is the same as the ambient RH (denoted as (RHa, Wa)).

During the operation of sorption-based evaporative cooling,

when the current water content of the sorbent (Wi, gwater/gsorbent)

is higher than its equilibrium point, the endothermic desorption

process will occur and thus enhance the heat dissipation of the

whole device, as shown in Figure 1C. In this situation, the cooling

capacity (qc, W) at exterior surfaces could be expressed as

qcðtÞ = AhðtÞðTsðtÞ � TaðtÞÞ + Asε
�
TsðtÞ4 � TaðtÞ4

�
+ _mðtÞHde;

(Equation 1)

where A, h, Ts, Ta, ε, s, t, _m, and Hde denote the surface area (m2),

heat transfer coefficient of natural convection (W$m�2$K�1), sur-

face temperature (K), ambient temperature (K), emittance,

Stefan-Boltzmann constant (W$m�2$K�4), time (s), desorption

rate of the sorbent (g/s), and desorption enthalpy per gramof des-

orbed water (J/gwater), respectively. From the perspective of heat

transfer, the cooling capacity of sorption-based evaporative cool-

ing is intrinsically increased by involving the mass transfer, and

thus the obstacles caused by natural convection and radiation

could be overcome. The desorption rate could be further calcu-

lated by

_m = ms

dWi

dt
= KyAðYs � YaÞ; (Equation 2)

where ms, Ky, Ys, and Ya denote the mass of sorbent (g), mass

transfer coefficient (g$m�2$s�1), humidity ratio of air contained

in sorbent surface pores, and ambient air (g$kg�1). A more

detailed heat transfer analysis and design criteria of the pro-

posed cooling strategy are demonstrated in Note S1.

On the other hand, in situations whereWi is lower than the equi-

librium point, the adsorption processes will occur and thus

achieve the recovery of the sorbent. The adsorption heat released

at the surfaces of sorbents will be dissipated through natural con-

vection and radiation, as demonstrated in Figure 1C. Since the

operation temperature in this situation is usually relatively low,

the released adsorption heat will not affect the normal operation

of devices. Considering the adsorption and desorption processes

of the sorbent are temporally separate, the sorption-based evap-

orative cooling could also serve as a thermal storage system, i.e.,

thermal batteries.55–57 The thermal storage capacity (Q, J) of the

sorption-based evaporative cooling could be expressed as

Q = msHdeðWl � WhÞ: (Equation 3)
As shown in Figure 1C, the current storage level of the afore-

mentioned adsorption-based thermal battery could be evaluated

by the water content of the sorbent, and the adsorption and

desorption could be analogized as charging and discharging

processes, respectively. It should be mentioned that the thermal

storage capacity of the proposed sorption-based evaporative

cooling is sensitive to ambient RH, namely the ambient humidity

ratio based on Figure 1D. Under the same temperature range be-

tween high and low workloads, a lower ambient humidity ratio

will cause a smaller difference in RH and, finally, cause a smaller

difference in water content based on Figure 1B. Nonetheless,

considering the desorption enthalpy of sorption-based evapora-

tive cooling is usually one order of magnitude larger than that of

conventional solid-liquid phase-changematerials (PCMs) at near

room temperature,34,58 the proposed passive cooling strategy is

a promising one for regulation of the fluctuation workload and

corresponding temperature of base stations.

Proof-of-concept experiment
Asmentioned before, the performance of the proposed sorption-

based evaporative cooling will be significantly affected by the

property of sorption materials, such as the adsorption capacity

and kinetics. After a comprehensive consideration including

the cost, ease of fabrication, and working condition, the hygro-

scopic salt of LiCl and the matrix of ACF felt are considered

and combined as the composite sorbent, which is further de-

noted as LiCl@ACF. Specifically, as demonstrated in Figure 1D,

the adsorption of the sorbent might be operated under the con-

dition of a low RH due to an operating temperature that is higher

than ambient. Thus, the sorption capacity under low RH will play

an important role in sorption-based evaporative cooling, where

LiCl@ACF outperforms other materials.50 Figure 2A demon-

strates the sorbent preparation by the impregnation method.

Specifically, the original ACF felt is immersed in LiCl solution

with a mass concentration of 30%. The dried composite sorbent

is repeatedly adsorbed under the maximum RH of subsequent

experiments (i.e., 80%) until no leakage occurs to prevent poten-

tial leakage in the subsequent proof-of-concept experiment.59

The leakage could also be completely avoided by hydrophobic

encapsulations.60 The scanning electron microscope (SEM) im-

age, water sorption isotherms obtained by adsorption apparatus

(ASAP 2020 plus) under 25�C, and thermogravimetric analysis

coupled with differential scanning calorimetry (TGA-DSC) dia-

grams of the prepared sorbents are further evaluated and

demonstrated in Figures 2B–2E and S1. Specifically, the results

of isotherm curves demonstrate that the steady-state water up-

takes under ambient RH conditions of 80%, 60%, and 40% are

3.31, 2.11, and 1.5 g g�1, respectively, which are similar to liter-

ature.50,53 The large gradient of thewater sorption isotherms also

increases the adaptability under different working conditions.

That is, once the temperature and the corresponding RH differ-

ence exist, the adsorption/desorption cycles will occur. Besides,

to avoid uncertainties, the TGA-DSC diagrams of two samples

are measured by a simultaneous thermal analyzer (STA). Before

measurement, all samples are placed in an environment-

controlled chamber with an ambient condition of 25�C, RH

80%, for about 12 h. During the STA measurement, the

steady-state temperature is set as 80�C, and the temperature
Device 1, 100122, December 22, 2023 3



Figure 2. Preparation and characterization of the proposed LiCl@ACF composite sorbent

(A) Schematic illustration of sorbent fabrication.

(B) SEM images of pure ACF matrix.

(C) SEM images of LiCl@ACF composite sorbent.

(D) Water sorption isotherms of the pure ACF matrix and LiCl@ACF composite sorbent under an ambient condition of 25�C.
(E) TGA-DSC diagrams of the LiCl@ACF composite sorbent; two samples saturated under an ambient of 25�C, RH 80%, are measured.
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fluctuation between 10 and 40 min shown in Figure 2E might be

caused by the built-in temperature control algorithms. The ob-

tained desorption enthalpies (per gram of desorbed water) of

the two samples are about 2,424 and 2,386 J/gwater, respec-

tively. Thus, an overall desorption enthalpy of 2,400 J/gwater is

considered in the following analysis in this article.

To evaluate the performance of the proposed sorption-based

evaporative cooling, the aforementioned LiCl@ACF composite

sorbent is applied on an aluminum heat sink (hereinafter denoted

as ‘‘with ACF’’). The schematic illustration and photo of the

proof-of-concept experiment are shown in Figures 3A and S2.

Specifically, an electric heater is used to simulate the wasted

heat generated by the inner power components of base stations.

The electric heater is glued on the back side of the heat sink and

further coved by a 20-mm-thick insulating form to ensure that

most of the heat is dissipated through the heat sink. Besides, the

structure and geometry of the heat sink are carefully designed

based on a state-of-the-art base station with an overall dimension

of about 603 323 65mm (more details are in Figure S2). The heat

sinkcontains threefins.Foreachfin, twocubicLiCl@ACFcompos-

ite sorbents (603 303 2 mm) are closely attached on both sides

and tightened by two strings, as shown in Figures 3A and 3B. Two

thermocouples (denoted asT1 and T2) and an infrared (IR) camera

are considered tomeasure the temperature distribution of the heat

sink, and themasschangeof the heat sinkwithACF is recordedby

a precision electronic balance. For comparison, the same experi-

mental setup is implemented on another heat sink with bare sur-

faces (without ACF, hereinafter denoted as ‘‘baseline’’). A more

detailed description of the experimental procedure is demon-

strated inNoteS1.All experimentsare implementedonanenviron-

ment-controlled chamber, and the corresponding ambient tem-

perature and RH are demonstrated in Figure S5.
4 Device 1, 100122, December 22, 2023
The cooling performance of the proposed sorption-based

evaporative cooling is first tested under a 15 W constant work-

load, as shown in Figures 3, S3, and S4. Specifically, to

comprehensively evaluate the influence of ambient RH, the

experiment is conducted under three ambient RH conditions,

i.e., 80%, 60%, and 40%. The results show that, compared

with the baseline, the LiCl@ACF composite sorbent could bring

about significant temperature reduction (i.e., the temperature

difference at the same location between the heat sink with

ACF and the baseline) of the whole system until the stored wa-

ter is exhausted. As demonstrated in Figure 3C, the tempera-

ture reduction of two monitor points (T1 and T2) is almost the

same, showing that not only the surface of the heat sink but

also the heat source are effectively cooled. The IR images

shown in Figure 3B clearly demonstrate the strong cooling ef-

fect of the proposed sorption-based evaporative cooling and

also prove the good contact between the LiCl@ACF composite

sorbent and the heat sink. The maximum temperature reduc-

tions between the heat sink with ACF and the baseline for

ambient RH conditions of 80%, 60%, and 40% are about

20.4�C, 12.7�C, and 9.8�C, respectively. The mass change of

the sorbent during the 3-h high-workload period is demon-

strated in Figure 3E, and a corresponding analysis based on

the linear driving force (LDF) model is demonstrated in Note

S2. The maximum mass losses under the aforementioned three

ambient RH conditions are about 13.7, 8.4, and 6.1 g. Consid-

ering the total mass of the LiCl@ACF composite sorbent

attached to the heat sink is about 5.1 g (including the strings),

the water uptake of the sorbent on heat sinks is a little lower

than that of the samples measured by ASAP. The average cool-

ing capacity of the sorption-based evaporative cooling (qde,

W$m�2) could be calculated by24



Figure 3. Proof-of-concept experiment under the constant workload
(A) Schematic illustration of the experimental setup.

(B) IR images of exterior surfaces after a fixed time sample under an ambient RH of 80%.

(C) Transient temperature (T) of monitor points, temperature difference (DT) between the heat sink with ACF and baseline, and workload (P) under an ambient RH

of 80%.

(D) Transient temperature distribution of monitor point T2 under different ambient RH conditions.

(E) The corresponding mass change of LiCl@ACF composite sorbent under different ambient RH conditions.
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qde =
Hde 3Dms

t3A
; (Equation 4)

where Dms represents the mass change of the LiCl@ACF com-

posite sorbent. For the 3-h operation under three different

ambient RH conditions, the average cooling capacities are about

281, 172, and 125 W/m2, respectively.

Considering the attachment of the LiCl@ACF composite sor-

bent will also bring about an extra thermal conductive resistance,

the application of sorption-based evaporative cooling will also

inevitably bring about a negative impact after the stored water

is almost exhausted. As demonstrated in Figure 3D, the effective

times, which are defined as the time duration when the temper-

ature of the heat sink with ACF is lower than that of the baseline,

of three ambient RH conditions are about 150, 70, and 60 min.

During the effective time, the average temperature reductions

of sorption-based evaporative cooling of three ambient RH con-

ditions are about 7.6�C, 6.9�C, and 5.6�C, respectively. Finally,
after a 3-h long-term operation, the temperatures of the heat

sink with ACF under three ambient RH conditions are about

1�C, 5�C, and 5�C higher than that of the baseline. To avoid

the negative impact caused by sorption-based evaporative cool-

ing, amore comprehensive co-design between the effective time

and the duration of the peak workload could be considered.

To demonstrate a deeper analysis of the proposed sorption-

based evaporative cooling, a computational fluid dynamic

(CFD) simulation is conducted based on ANSYS Icepak. Specif-

ically, the transient equivalent cooling capacity of the sorbent is
calculated based on Equation 4 and is further approximated as a

surface cooling source term at the interface between the sorbent

and the heat sink.61 The detailed simulation setup and corre-

sponding thermal properties62 are demonstrated in Note S2

and Table S1, respectively. The results show that the proposed

CFD model has good accuracy compared with the experiment.

The transient deviation between the simulation and experimental

results is within 10% in both the baseline and the heat sink with

ACF. The comparison of temperature distribution obtained from

the IR camera and the CFD model is further presented in

Figures S7 and S8. The simulated temperature is slightly higher

than that of the experimental results partly due to the minor air

disturbance caused by the inner fan of the environment-

controlled chamber, which is not considered in the CFD simula-

tion. A heat flow analysis is further conducted based on the pro-

posed CFD model as demonstrated in Figures 4B and 4D. In the

baseline, about 95% of the total power (15 W) is dissipated

through the heat sink, and the remaining power is transferred

through the insulating form. Of the heat flow transferred through

the heat sink, about 29% is dissipated by heat radiation, and the

remaining heat flow is transferred to the ambient by natural con-

vection. It should be mentioned that since the heat flow of the

natural convection is calculated by the difference between

the total heat flow transferred through the heat sink and that of

the radiation, it might be slightly exaggerated at the beginning

due to the influence of thermal capacity. The steady-state heat

transfer coefficient of the natural convection is about 12.8 W

m�2$K�1. A transient heat flow analysis of the heat sink with

ACF is then demonstrated in Figure 4D. Due to the application
Device 1, 100122, December 22, 2023 5



Figure 4. CFD simulation results of the proof-of-concept experiment

(A) Comparison of experimental and simulation results for baseline.

(B) Heat flow analysis for baseline.

(C) Comparison of experimental and simulation results for heat sink with ACF.

(D) Heat flow analysis for heat sink with ACF.
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of sorption-based evaporative cooling, on average, about 22%

and 23% of the heat transferred through the heat sink are dissi-

pated by the desorption and the heat radiation, respectively, and

the steady-state heat transfer coefficient of the natural convec-

tion is about 11.7 W m�2$K�1.

Since the practical base station is usually operated under a

transient workload—i.e., a stable peak in a day and a low work-

load during the remaining time—the cooling performance of the

proposed sorption-based evaporative cooling is then evaluated

under the intermittent workload. In the proof-of-concept experi-

ment, the high workload lasts about 40 min (i.e., discharging),

while the low workload lasts about 160 min for recovery (i.e.,

charging). Namely, the ratio of desorption and recovery duration

is kept at 1:4. To comprehensively evaluate the proposed cool-

ing strategy under different working conditions, three different

ambient RH conditions, 80%, 60%, and 40%, and different po-

wer consumption under the recovery process, i.e., different

adsorption temperatures, are considered, as shown in Figure 5.

In Figure 5A, the cooling effect under a 15-0 W cyclic workload

with an ambient RH of 80% is demonstrated. As mentioned

before, the water content of the sorbent could represent the re-

maining cooling capacity of the thermal battery; thus, the results

show that the LiCl@ACF composite sorbent is not completely

recovered in 160 min. The cooling performance of three high-

lowworkload cycles is gradually degraded. The average temper-

ature reductions under the 40-min high-workload duration of

three cycles are about 16.1�C, 11.6�C, and 10.4�C, respectively.
Themass losses of the sorbent of three cycles are about 6.5, 4.9,

and 4.4 g, respectively, which correspond to equivalent average

cooling capacities of 602, 435, and 306 W/m2, respectively. The

temperature of the heat sink with ACF is slightly higher than that

of the baseline in the recovery period due to the exothermic
6 Device 1, 100122, December 22, 2023
adsorption process. Furthermore, the mass change of a longer

timescale is demonstrated in Figure S6. The results show that

the system could achieve sustainable operation (i.e., balance be-

tween charging and discharging) under the working condition of

the last cycle if an about 10-min-longer recovery time is

considered.

The cooling performance under the 15-4-15-2.5 W transient

workload with an ambient RH of 80% is demonstrated in Fig-

ure 5B. As demonstrated in Figure 1D, when the adsorption pro-

cess is operated under a relatively low workload, the equilibrium

RHand the correspondingwater sorption capacity of the sorbent

will decrease, which will further cause a performance deteriora-

tion of both the thermal storage and the cooling. In the first low

workload duration (40–200min in Figure 5B), since the remaining

water content after the 40-min desorption is still higher than the

equilibrium point under the temperature conditions, the desorp-

tion process, rather than the adsorption process, occurs. The

average temperature reductions under the 40-min high-workload

duration of three cycles are about 16.2�C, 4.7�C, and 5.1�C,
respectively. The mass losses of the sorbent of three cycles are

about 6.5, 2.9, and 3 g, which correspond to equivalent average

cooling capacities of 602, 269, and 278 W/m2, respectively. The

mass change of the sorbent also illustrates that the system could

achieve a sustainable operation under the working condition of

the last cycle since the sorbent could adsorb about 3 g water

from the ambient in 160 min with a power consumption of 2.5

W. Finally, the cooling effect under the 15-0-15-2.5 W transient

workloadwith ambientRHconditions of 60%and40% isdemon-

strated in Figures 5C and 5D. Similar to previous results, the low

ambient RH will bring about a negative impact on the cooling

performance, and the average temperature reduction will

also decrease due to incomplete recovery. Nonetheless, the



Figure 5. Proof-of-concept experiment under intermittent workload

(A) The transient T of monitor points, DT between the heat sink with ACF and baseline, intermittent P, andmass change of LiCl@ACF composite sorbent under an

ambient RH of 80%, with a zero low workload.

(B) Cooling performance under an ambient RH of 80%, with non-zero low workload.

(C) Cooling performance under an ambient RH of 60%.

(D) Cooling performance under an ambient RH of 40%.

(E) Outdoor experiment under 15-0 W transient workload.
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sorption-based evaporative cooling could still bring about a 2�C–
3�C temperature reduction even in the worst cases. The equiva-

lent cooling capacities of the first cycle under ambient RH condi-

tions of 60%and 40%are about 435 and 306W/m2, respectively.

To further demonstrate the feasibility of the proposed sorption-

based evaporative cooling, an outdoor experiment was conduct-

ed continuously for 3 days. The experimental setup and ambient

conditions are demonstrated in FiguresS9 andS10, respectively.

Specifically, a 15-0 W transient workload with different adsorp-

tion durations is tested. As shown in Figure 5E, the results

demonstrate that the proposed cooling method could bring

about an 8�C–14�C average temperature reduction compared
with the baseline situation in outdoor conditions. It should be

mentioned that outdoor wind will increase both the desorption

and adsorption rates, and the relatively high RH during the night

time will also be helpful for adsorption. Meanwhile, although the

sunlight will increase the surface temperature, the relatively

high RH also provides the possibility for adsorption. As a result,

the outdoor experiment could achieve similar and even better re-

sults compared with that of the indoor experiment.

Demonstration on a state-of-the-art base station
To further evaluate the cooling performance of the proposed

sorption-based evaporative cooling, the proposed sorption
Device 1, 100122, December 22, 2023 7



Figure 6. Demonstration on a state-of-the-art base station

(A) Schematic illustration of the experimental setup.

(B) Cooling performance under a 270 W constant workload.

(C) Cooling performance with different adsorption durations under zero power consumption.

(D) Cooling performance under a 270-50 W intermittent workload.
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material, i.e., LiCl@ACF, is applied on a state-of-the-art base sta-

tion. The experimental setup and photo are demonstrated in

Figures 6A and S11, respectively. Specifically, seven electronic

heaters are carefully connected with wires and then sandwiched

between the back side of the base station and the thermal insu-

lating form to simulate the power components (e.g., chips). Since

the enclosure and fins on the state-of-the-art base station are

carefully designed and optimized, the inner structure of the

base station is extremely complicated and irregular. As a result,

after comprehensive consideration, only eight of the eighteen

fins are covered by the sorption materials, to achieve good con-

tact between the sorbent and the surface of fins. For both sides

of the finswith sorptionmaterials, six cubic LiCl@ACF composite

sorbents are connected in series by two strings, as demon-

strated in Figure S11. Considering about 90-mm-height water

could be vertically held in the pores of ACF by its strong capillary

force,50 the height of the cubic LiCl@ACF composite sorbents

here is determined as 60 mm to prevent leakage. Four thermo-

couples (denoted as T1 to T4) are considered to comprehen-

sively monitor the temperature profile of the base station. In

particular, the monitor points of T1 to T4 respectively record

the temperature of the heat source (electric heater), the upper

side of fins without ACF, the upper side of fins with ACF, and

the lower side of fins with ACF. For comparison, the same work-

load is re-implemented on the same base station without the

LiCl@ACF composite sorbents (denoted as baseline). All exper-

iments are implemented on an environment-controlled chamber,
8 Device 1, 100122, December 22, 2023
and the corresponding ambient temperature and RH are demon-

strated in Figure S12.

The cooling performance of the proposed cooling strategy un-

der a constant highworkloadwithin 2 h is first evaluated, as shown

inFigure6B.Thewholeexperiment isconductedunder anambient

condition of 25�C, 80%RH.Before the experiment, both the base-

line and the base station with ACF are placed under the ambient

condition for more than 12 h. The results show that during this

long-lasting high workload, the proposed cooling strategy could

distinctly reduce the temperature of the whole base station. The

average andmaximum temperature reductions of the fourmonitor

points are about 5�C–7�C and 8�C–10�C, respectively. The tem-

perature profile of the base station has a spatially uneven distribu-

tion due to the floorplan of heat sources, thus causing a different

temperature reduction of the four monitor points. It should be

mentioned that not only the temperature of fins with ACF (T3 and

T4) but also the temperature of the heat source and fins without

ACF (T1 and T2) are reduced, which demonstrates that the whole

base station is cooled by the proposed cooling strategy. Mean-

while, since the commercial base station has been extensively de-

signed and optimized and almost reaches the heat dissipation

bottleneck caused by the natural convection and radiation, any

further improvement is extremely difficult and valuable. Further-

more, considering the risk of potential damage to electric heaters

under long-lasting operation with high temperatures, a longer

operation duration is thus not explored. And the effective time

could be approximately determined as more than 120 min since
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the temperature of the baseline is still higher than that of the base

station with ACF at the end of the 2-h experiment.

The cooling performance under intermittent workload, i.e.,

different incomplete recovery conditions, is further evaluated.

In specific, Figure 6C demonstrates the cooling performance

with different recovery (i.e., charging) times under the power

consumption of zero. After a 40-min 270 W high workload (i.e.,

discharging) process, the cooling performances of another

round of 40-min high workloads after 240 and 360 min adsorp-

tion durations are measured. The results show that incomplete

recovery will result in performance deterioration. The average

temperature reduction within the first round of the 40-min high

workload (i.e., fully recovered) is about 5.2�C–7.3�C, while those

of the second round of the 40-min high workload after 240 and

360 min adsorption durations are about 3.7�C–4.9�C and

4.3�C–5.6�C, respectively. Figure 6D demonstrates the cooling

performance when the power consumption of 50 W is consid-

ered in the recovery process. In the first four high-low workloads

cycles, the discharging and charging durations are determined

to be 40 and 160 min, respectively, while in the last round of

the 40-min high workload, the cooling performance after a

400-min adsorption process is evaluated. The results demon-

strate that the proposed cooling strategy could still bring appre-

ciable cooling effects under such adverse adsorption conditions.

Under the aforementioned cyclic high-lowworkload, the average

temperature reduction will gradually decrease from the begin-

ning 5.3�C–7.8�C to 2.7�C–3.7�C and then achieve a sustainable

operation. Then, after long-term (400 min) adsorption under the

power consumption of 50 W, the temperature reduction could

then slightly increase to 3.4�C–4.1�C.
In summary, the application of sorption-based evaporative

cooling on the practical base station could generally bring about

a 5�C–8�C temperature reduction of the surface temperature. On

one hand, temperature reduction has great benefits for the reli-

ability of electronics. It is estimated that for every 10�C rise in

temperature, the average reliability will be decreased by 50%.

On the other hand, assuming the surface temperature of original

devices is about 70�C under a 270 W power consumption. The

temperature reduction of 5�C–8�C is equivalent to a 13%–21%

increase in power consumption (i.e., performance) when keeping

the same surface temperature. The aforementioned results

comprehensively evaluate the cooling performance under

different working conditions and thus demonstrate the wide

applicability of the proposed cooling strategy.

DISCUSSION

Evaluation criteria and comparison with representative
studies
As an emerging cooling strategy, sorption-based evaporative

cooling is still at its very early stage of development.63 Thus, uni-

form evaluation criteria for comparisons between different de-

vices and systems are still absent. A comprehensive comparison

under multiple indexes of the proposed cooling strategy with the

existing work is demonstrated in Table 1. Among them, the most

intuitive index is the temperature reduction after utilizing the

sorption-based evaporative cooling compared with the original

system. As demonstrated in Table 1, the temperature reduction
of the proposed system, either the maximum or the average,

altogether outperforms most of the existing works. However,

pure temperature reduction cannot reflect the overall cooling

performance of the sorption-based evaporative cooling since

different devices have different backgrounds andworking condi-

tions. For instance, if the heat transfer structure of the baseline

device is well designed, any further heat transfer enhancement

is difficult and thus will naturally result in a relatively small tem-

perature reduction. Meanwhile, considering the temperature

reduction is generally evaluated in a transient heating process,

the average temperature reduction during the effective time

might be more suitable than the maximum temperature reduc-

tion to avoid uncertainties and thus demonstrate the overall cool-

ing performance. Furthermore, it should be mentioned that the

temperature of the exterior surface, which could be easily

measured by an IR camera, might be inappropriate to directly

adopt in the calculation of temperature reduction. Compared

with the original bare surface, the outer surface temperature of

the sorbent materials will naturally decrease no matter whether

desorption occurs since an extra conductive thermal resistance

is involved. Namely, directly using the temperature obtained

from the IR camera might make the temperature reduction

exaggerated.

The average cooling capacity of the proposed sorption-based

evaporative cooling in different working conditions is further

demonstrated in Table 1. It should be mentioned that in many

previous studies, the average cooling capacity is absent, and

thus the specific values are secondarily calculated based on

their experimental results through Equation 4. Although the

equivalent cooling capacity is still influenced by the working con-

ditions, e.g., a higher operating temperature usually leads to a

faster desorption rate and, finally, results in a larger equivalent

cooling capacity, it might be more suitable to serve as a repre-

sentative evaluation index since it combines the key parameters

of the sorption-based evaporative cooling, including the desorp-

tion dynamics and enthalpy. Meanwhile, the dimension of the

equivalent cooling capacity (W, or W/m2) makes it more conve-

nient for comparison between different cooling strategies, such

as convection and radiation, and also more straightforward to

thermal engineers. Furthermore, governed by Equation 2, in gen-

eral, the desorption rate is relatively fast when the water content

of the sorbent is high. Namely, once the adsorption-based ther-

mal battery is fully charged before discharge, the average cool-

ing capacity of the first several minutes will be larger than that of

the whole complete discharge process. Thus, both the operating

temperature and the water content state of the sorbent should

be considered when evaluating the average cooling capacity be-

tween different devices and systems. Since the working condi-

tion in this article is not the same as those of the previous studies,

it is hard to quantitatively evaluate the improvement from the

perspective of cooling capacity. However, the proposed cooling

strategy generally outperforms the existing works partly due to

the good heat transfer design and low mass transfer resistance.

For instance, compared to literature,21 where the highest cooling

capacity of previous works is obtained, the proposed cooling

strategy could achieve a 6% improvement in cooling capacity

under worse working conditions, such as lower desorption tem-

perature and longer desorption duration.
Device 1, 100122, December 22, 2023 9



T
a
b
le

1
.
C
o
m
p
a
ri
s
o
n
o
f
th

e
p
ro

p
o
s
e
d
s
o
rp

ti
o
n
-b

a
s
e
d
e
v
a
p
o
ra

ti
v
e
c
o
o
li
n
g
w
it
h
re

p
re

s
e
n
ta
ti
v
e
s
tu

d
ie
s

S
o
rb
e
n
t
m
a
te
ri
a
l

O
b
je
c
t

A
m
b
ie
n
t

O
p
e
ra
ti
n
g

T
(o
C
)

C
o
o
lin
g
e
ff
e
c
t

M
a
s
s
o
f
th
e
s
o
rb
e
n
t
(g
)

E
v
/A
d

d
u
ra
ti
o
n

H
d
e

(J
/g

w
a
te
r)

C
o
s
t
o
f

s
o
rb
e
n
t

(U
S
D
/k
g
)

T
a
(o
C
)

R
H

(%
)

D
T
a
v
g

(o
C
)

D
T
m
a
x

(o
C
)

q
d
e
(W

/m
2
)

D
ry

D
m

s
S
a
tu
ra
te
d

T
h
is

w
o
rk

L
iC
l@

A
C
F

b
a
s
e

s
ta
ti
o
n

2
5

8
0
,

6
0
,

4
0

5
0
–
6
0

9
.3
,
6
.9
,

5
.6

2
0
,
1
2
.7
,

9
.8

2
8
2
/6
0
2
,

1
7
3
/4
3
5
,

1
2
6
/3
0
6

5
.1

1
3
.7
/6
.5
,

8
.4
/4
.7
,

6
.1
/3
.3

1
8
.8
,
1
3
.5
,

1
1
.2

3
/2
0
h
,

3
/1
3
h
,

3
/1
0
h

2
,4
0
0

�1
0

W
a
n
g
e
t
a
l.3

4
M
IL
-1
0
1
(C
r)

c
h
ip

2
5

6
0

�5
5

N
/A

8
.6

1
9
0
–
2
4
0

0
.1
2
4
–

0
.2
8
8

0
.0
8
1
–

0
.2
4
3

0
.2
0
5
–

0
.5
3
1

2
0
/6
0
m
in

2
,4
0
0

>
1
0
0
,0
0
0

X
u
e
t
a
l.
3
7

M
IL
-1
0
1
(C
r)
@
C
F

b
a
tt
e
ry

3
0

6
0

4
0
–
5
0

N
/A

8
.3

3
2
–
4
0

0
.5
1

0
.3
5
7

0
.8
6
7

1
0
0
–
1
3
0
/

1
3
0
–
1
3
7
m
in

2
,5
4
1

>
1
0
0
,0
0
0

L
i
e
t
a
l.
2
4

P
A
M
-C

N
T
-C

a
C
l2

P
V

2
2

6
0

5
0

1
0
–
1
5

1
0
–
1
5

2
5
0
–
3
3
0

6
.2

2
.7
5
–
3
.6
5

1
1

1
1
/1
7
h

2
,4
5
0

N
/A

P
u
e
t
a
l.2

1
L
i-
P
A
A
m

h
y
d
ro
g
e
l

P
V

3
0

4
0

5
0

1
3
–
1
7

1
3
–
1
7

1
4
4

N
/A

1
3

4
2

6
/1
0
h

N
/A

N
/A

P
u
e
t
a
l.2

1
L
i-
P
A
A
m

h
y
d
ro
g
e
l

c
h
ip

2
5

7
0

8
0

N
/A

1
5
.2

5
7
0

N
/A

0
.1
3

1
.1
3

1
2
/7
0
m
in

P
u
e
t
a
l.3

8
th
e
rm

o
g
a
lv
a
n
ic

h
y
d
ro
g
e
l

b
a
tt
e
ry

2
6

8
0

5
0

N
/A

2
0

2
1
8

N
/A

0
.4

2
.6
5

1
.7
/5
.8
8
h

N
/A

N
A

L
i
e
t
a
l.
2
0

P
A
m
/a
lg
in
a
te
-C

a
C
l2

P
V

3
0

7
5

4
5
–
5
5

3
.5

7
.5

1
4
0

2
5
.5

1
1
.5

4
5
.5

1
2
/1
2
h

N
/A

2
.6
8

Z
e
n
g
e
t
a
l.3

3
[P
(S
A
)]
h
y
d
ro
g
e
l

c
h
ip

2
2

8
5
(A
d
),

6
0
(E
v
)

3
0
–
3
5

N
/A

�8
3
4
.6

2
7
.2

1
5
.5

5
1
.7

3
/1
2
h

2
,3
0
0

�2

A
d
e
fa
u
lt
d
e
s
o
rp
ti
o
n
e
n
th
a
lp
y
o
f
2
,4
0
0
J
/g

w
a
te
r
is

c
o
n
s
id
e
re
d
w
h
e
re

it
s
s
p
e
c
ifi
c
v
a
lu
e
is
a
b
s
e
n
t.
A
d
,
a
d
s
o
rp
ti
o
n
;
E
v
,
e
v
a
p
o
ra
ti
o
n
.

Please cite this article in press as: Liu et al., Passive thermal management of electronic devices using sorption-based evaporative cooling, Device
(2023), https://doi.org/10.1016/j.device.2023.100122

10 Device 1, 100122, December 22, 2023

Article
ll

OPEN ACCESS
Limitations and future works
In Note S1, it has been demonstrated that the proposed cooling

strategy will not naturally exhibit the cooling effect for every sys-

tem unless certain criteria are satisfied. Besides the thermal

design, the effectiveness of the proposed cooling strategy will

also be influenced by the sorbent performance and ambient con-

ditions. In particular, the proposed cooling strategy will achieve

its best performance (i.e., upper limit) when the sorbent is satu-

rated, and then the equivalent cooling power will gradually

decrease, as demonstrated in Equation 2 and Figure 4. The

saturation state of the sorbent will be affected by the adsorption

condition, including ambient condition, power consumption of

low-workload period, and duration of low-workload period. To

achieve better performance, a higher ambient RH, near-zero po-

wer consumption of low-workload period, and longer adsorption

duration are preferred. In the current situation, although the

adsorption (recovery) rate is relatively slow, the proposed cool-

ing strategy could still meet the requirement of some specific

base stations whose peak hours are more compact, such as de-

vices nearmeeting rooms and stadiums. The system (ormaterial)

with a shorter ratio of adsorption and desorption duration is ex-

pected in the future.

Cycle stability is another main concern of the sorption-based

techniques. For the sorbent material used in this article, its cycle

stability has been proven in previous literature.53,60 In our exper-

iment, about thirteen cycles were conducted in the proof-of-

concept experiment, and nine cycles were carried out in the

practical base station experiment. Nonetheless, considering

the proposed cooling strategy ismainly operated outside, hydro-

phobic encapsulations or physical structures could be consid-

ered to prevent the scouring of rainwater. Furthermore, different

from the other moisture-adsorption-based techniques, the co-

design among the storage capacity (i.e., sorbent mass, adsorp-

tion capacity, and enthalpy), adsorption/desorption kinetics,

workloads, and ambient conditions is more critical for achieving

the practical and sustainable application of the sorption-based

evaporative cooling.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for additional details should be directed to

and will be fulfilled by the lead contact, Prof. Ruzhu Wang (rzwang@sjtu.edu.

cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data needed to evaluate the conclusions in this article are present in the pa-

per and/or the supplemental information and are available from the lead con-

tact upon reasonable request.
Synthesis of LiCL@ACF composite sorbent

The ACF felt with a thickness of about 2 mm (purchased from Jiangsu Kejing

Carbon Fiber Company) is cut into specific shapes and then immersed into

the LiCl (98%, purchased from Innochem) solution with a mass concentration

of 30% for about 12 h. Then, the samples are dried at 90�C for about 8 h. The

obtained sorbent is repeatedly adsorbed in a constant climate chamber

(BINDER) for about 12 h with an ambient of 25�C, RH 80%, until no leakage

occurs after 12-h adsorption.
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mailto:rzwang@sjtu.edu.cn
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Characterization

The obtained LiCL@ACF composite sorbent is observed by scanning electron

microscopy (VEGA 3, TESCAN) operating at 20.0 kV. The TGA-DSCdiagram of

the sorbent is measured by the STA device (STA 499, NETZSCH) equipped

with a humidity generator. Before themeasurement, the samples are fully satu-

rated under an ambient of 25�C, RH 80%. An about 30-mg sample is put inside

the measurement chamber. The measurement starts at a temperature lifting

rate of 5 K/min from the room temperature to about 80�C and is then kept at

80�C for about 120 min. The variations of mass and heat flow rate are tested

with accuracies of 0.1 mg and 1 mW, respectively. The water sorption isotherms

of the sorbents are measured by an adsorption apparatus (ASAP 2020 plus,

Micromeritics) with the addition of a water vapor generator, a jacketed beaker,

and a constant temperature water bath. These additional components

together precisely control and adjust the temperature and RH of the test

chamber.

Experimental setup

The aforementioned sorbent is attached to an aluminum heat sink (in the proof-

of-concept experiment) fabricated by the computer numeric control (CNC)

machine and a practical heat sink of 5G base station on both sides of the

fins and is tightened by two strings. K-type thermocouples (TT-K-40-SLE,

Omega) with an ultra-thin wire (80 mm in diameter) and an IR camera

(T630sc, FLIR, with an accuracy of ±1�C) are employed tomeasure the thermal

profile. The thermocouples are pre-calibrated with an accuracy of 0.1 K before

experiments and connected to a data logger (TP700, TOPRIE). The mass

change of test devices is recorded by a precision electronic balance

(ME503TE, METTLER TOLEDO) with a resolution of 1 mg, which is in real-

time communication with the computer. All experiments are conducted in a

constant climate chamber (BINDER), and the ambient condition is measured

by a thermo-hygrometer sensor (COS-4, Renke).

The outdoor experiment was continuously conducted on the roof of the

Sino-Italy Green Energy Laboratory at Shanghai Jiao Tong University, China,

from September 4th to 6th, 2023. The temperature is measured by the afore-

mentioned thermocouples. Other ambient data are collected from a portable

meteorological station (YGC-BYX-M, YIGU).
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

device.2023.100122.
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