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HIGHLIGHTS

o Dual-input solar still enables tunable water production up to 9.92 kg m 2 h!,

o Front-loaded evaporation and stage limits are identified with dissipation penalties.
e Optimization covers chamber height, radius, thickness, and magnetothermal input.
o At 2130 W m~2, z,,, reaches 335.29% via excellent multi-stage energy recovery.

ARTICLE INFO ABSTRACT
Keywords: Multi-stage solar stills improve energy efficiency by recycling condensation latent heat; however, conventional
Multi-stage solar stills designs are limited by fluctuating solar irradiation and boundary heat losses, resulting in a restricted effective

Magnetic heat-assisted
Theoretical model
Evaporation performance
Energy efficiency

stage number and performance saturation. Here, we propose a photothermal-magnetothermal dual-input mag-
netic heat-assisted multi-stage solar still (MHMSS), in which a magnetic porous carbon film acts as an integrated
energy-conversion layer, generating heat under both solar irradiation and an alternating magnetic field. A
comprehensive multi-stage heat and mass transfer model is developed to predict and optimize distillation per-
formance, showing good agreement with experiments, with relative deviations of 3.77%-5.14% for evaporation
rate and 2.10%-4.29% for glass-sheet outlet temperature. The system exhibits upstream-dominated water pro-
duction with diminishing returns as the stage number increases, while heat dissipation through the top wall and
sidewalls primarily limits the effective working stages. Parametric analysis indicates that reducing the chamber
height H enhances latent heat recovery, although excessively small gaps risk condensate contamination; an
optimal H of 0.4 cm is recommended by balancing efficiency and water quality. Increasing the evaporation-
surface radius R and sidewall thickness t further suppresses heat losses, and the phase-change driving force
can be substantially strengthened by regulating the magnetothermal input. At a total input power of 2130 W
m 2, the total efficiency () and recoverable efficiency (rec) reach 335.29% and 283.82%, respectively, with an
evaporation rate of 10.91 kg m™2 h™!. This research demonstrates the synergistic coupling of regulated mag-
netothermal heating with multi-stage latent heat cascading, supported by a unified theoretical framework that
quantitatively elucidates the effects of stage configuration, structural optimization, and operating conditions,
providing theoretical insight into the design of high-performance multi-stage solar stills for water production.

1. Introduction Chang et al., 2024). According to the United Nations World Water
Development Report 2024, approximately half of the global population

In recent years, escalating global water-security risks have made a experiences severe water scarcity, with nearly one quarter living under
secure, reliable, and sustainable freshwater supply a critical constraint extremely high water stress (UN-Water, 2024). Given that oceans cover
on socioeconomic development (Yuan et al., 2025; Miao et al., 2023; 71% of the Earth's surface, seawater represents the most abundant
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unconventional water resource, making desalination a promising
pathway for freshwater production (Li et al., 2024). Currently,
large-scale desalination is dominated by thermal processes (multi-stage
flash, MSF; multi-effect distillation, MED) and membrane-based tech-
nologies (reverse osmosis, RO) (Liu et al., 2025; Yu and Wang, 2022; Liu
et al., 2024). Despite widespread commercialization, these systems are
often constrained by high-grade energy demands, substantial infra-
structure requirements, and site-specific limitations associated with
coastal deployment (Xiao et al., 2025; Yang et al., 2023; Cui et al.,
2025). Consequently, the development of renewable energy driven,
low-carbon, off-grid, and portable desalination technologies suitable for
offshore islands, marine vessels, and deep-sea platforms is of significant
scientific and practical interest.

Solar-driven seawater desalination has attracted sustained attention
due to the abundance of solar energy and its compatibility with off-grid
and distributed deployment (Zhang et al., 2025; Yang et al., 2022).
Conventional solar distillation relies on bulk heating of seawater to
induce evaporation and condensation (Li et al., 2021), but severe heat
losses through bulk conduction, device-wall dissipation, and
convective-radiative transfer limit energy utilization and constrains
areal water yield (Fujiwara and Kikuchi, 2017). To address these limi-
tations, solar-driven interfacial evaporation has rapidly advanced by
localizing photothermal heating at the air-water interface, enabling
higher interfacial temperatures and evaporation driving forces without
significantly heating the bulk water, thereby suppressing heat loss and
improving solar to vapor conversion efficiency (Lu et al., 2025; S. Liu
et al., 2023). Interfacial evaporator design focuses on efficient solar
absorption and photothermal conversion (Tian et al., 2025), continuous
capillary water supply (Zhang et al., 2025), and effective thermal
management (Cheng et al., 2025). A diverse range of photothermal
materials, including carbon-based materials (Zhou et al., 2021), organic
absorbers (Ma et al., 2025), semiconductors (Liu et al., 2023), metal
nanoparticles (Jiang et al., 2025), and emerging two-dimensional ma-
terials, have been explored and further optimized through composite
engineering and interfacial tailoring to achieve high solar absorptance
(Yu et al., 2023). In parallel, supporting architectures such as porous
aerogels, fibrous membranes, biomimetic wood channels, and hydrogel
networks have been developed to enable rapid water transport and
vapor escape while maintaining heat localization via low effective
thermal conductivity (Zhang et al., 2024; Li et al., 2022; Yu et al., 2024;
Ma et al., 2021). Under one sun irradiation (1000 W m~2), interfacial
evaporation fluxes typically reach 1-2 kg m~2 h™!, significantly
exceeding that of bulk water evaporation (~0.37 kg m2h™) (Wuetal,
2022), with advanced designs incorporating enhanced thermal man-
agement, optical trapping, or reduced apparent evaporation enthalpy
achieving rates above 4 kgm~2h™! (Yang et al., 2022). Nevertheless, the
intermittency and variability of solar irradiation have motivated
increasing efforts to integrate supplementary energy inputs, such as
industrial waste heat (Luo et al., 2024), wave energy (Deng et al., 2022),
electrothermal heating (Fang et al., 2024), and magnetothermal con-
version (Zhang et al., 2026), to further enhance interfacial evaporation
and enable continuous freshwater production, offering a promising
strategy for next-generation solar desalination systems.

Although solar interfacial evaporation can achieve high evaporation
rates, the latent heat released during vapor condensation is generally not
recovered and is instead dissipated to the surroundings as waste heat.
This single-stage heat utilization fundamentally constrains overall en-
ergy efficiency and limits further gains in areal freshwater yield (Tian
et al., 2024). To overcome this limitation, multistage stills have been
proposed to enable latent-heat recovery and cascade reuse by arranging
evaporation-condensation units in series. In such architectures, vapor
generated in an upstream stage condenses in a downstream stage,
releasing heat that simultaneously drives evaporation of the down-
stream interfacial water film, thereby enabling repeated utilization of
condensation latent heat (Wang et al., 2022; Chiavazzo et al., 2018; Liu
et al., 2024). Notably, when auxiliary energy inputs, such as

Journal of Cleaner Production 566 (2026) 148565

electrothermal heating, magnetothermal conversion, or waste heat, are
introduced to enhance evaporation flux and enable continuous water
production, the rate of latent-heat release increases accordingly (Shi
et al., 2023). Compared with other auxiliary energy sources, magneto-
thermal assistance is characterized by non-contact energy input, local-
ized heating within the functional layer, and good tunability of the
supplementary heat source, making it particularly suitable for coupling
with solar interfacial evaporation under fluctuating irradiation condi-
tions (Du et al., 2025). However, in the absence of matched condensa-
tion modules and efficient heat-recovery configurations, latent-heat
losses are further amplified, underscoring the necessity of multistage
evaporation—condensation architectures (Zhang et al., 2024). Despite
recent advances in heat and mass transfer modeling and parametric
sensitivity analyses for multistage systems, more systematic mechanistic
modeling and experimental validation remain essential to quantitatively
elucidate the coupled relationships among energy utilization, vapor
transport, condensation yield, and interfacial evaporation, and to
establish transferable design guidelines for structural optimization and
scale-up (Luo et al., 2024; Zhang et al., 2025).

In this work, we target system-level enhancement of solar interfacial
evaporation assisted by magnetothermal heating. We develop a multi-
stage distillation architecture featuring dual energy inputs from photo-
thermal and magnetothermal sources, and propose a theoretical
framework tailored for capillary-fed multistage systems to quantita-
tively predict interstage temperature distributions, evaporation rates,
and energy efficiency. The model is calibrated and validated against key
experimental measurements, establishing a reliable predictive method-
ology. On this basis, we conduct a comparative analysis of coupled heat
and mass transfer in single-stage and multistage stills, systematically
elucidating the conductive, convective, and radiative heat-loss path-
ways that constrain efficiency improvement. Through parametric anal-
ysis of key design parameters, we further reveal performance
dependence on geometric parameters, including chamber height H,
evaporating-surface radius R, and sidewall thickness t, and evaluate the
coupled effects of magnetothermal input power and ambient conditions
on evaporation driving force and cascaded latent-heat recovery.
Collectively, this study establishes a quantitative design and
performance-prediction framework for multistage interfacial evapora-
tion systems, providing a theoretical basis for the structural design and
operational control of efficient and scalable solar desalination devices.

2. Working principle and theoretical analysis

The magnetic heat-assisted multi-stage solar still (MHMSS) is
designed to efficiently utilize solar and magnetothermal energy for
vapor generation, while maximizing the recovery of the evaporation
heat and minimizing heat losses. This section describes the working
principle of the MHMSS, the construction of the physical model, and the
development of the theoretical model.

2.1. Working principle

As illustrated in Fig. 1, the MHMSS integrates a top absorber layer,
multiple stacked evaporation-condensation stages, thermally insulated
side walls, and a bottom heat-dissipation module to enable cascade heat
recovery. During operation, seawater is continuously supplied from the
feed tank and delivered into each evaporation stage through a super-
hydrophilic wicking layer, where a thin saline film is maintained to
promote interfacial evaporation. Under solar irradiation, the absorber
layer converts incident light into localized heat, rapidly increasing the
temperature of the upper evaporation interface. Simultaneously, when
an alternating magnetic field (AMF) is applied, the magnetothermal
component provides an additional, controllable heat input by magne-
tothermal effect. The combined photothermal-magnetothermal heating
enhances vapor generation and stabilizes the power input under weak or
fluctuating sunlight, and the generated vapor migrates to the adjacent
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Fig. 1. Schematic design of the magnetic heat-assisted multi-stage solar still (MHMSS). Seawater (left) is delivered into the MHMSS through a superhydrophilic
wicking layer, and freshwater is produced via multistage evaporation—condensation and subsequently transported by the wicking layer to the freshwater reservoir

(right) for collection.

cooler condensation layer and condenses into liquid water droplets.
Importantly, the released latent heat of condensation and sensible heat
transfer is transferred downward to the next evaporation stage, driving
subsequent evaporation. This multistage evaporation-condensation
cascade enables repeated utilization of the input heat across stages,
thereby improving the effective energy efficiency and freshwater yield
compared with a single-stage still. To sustain a strong driving force for
condensation and directional vapor transport, the bottom fins continu-
ously remove residual heat and maintain a favorable axial temperature
gradient. Meanwhile, the insulated side walls suppress parasitic heat
losses and vapor loss, the condensed freshwater is collected and guided
to the clean-water reservoir, whereas the remaining brine becomes
concentrated in the evaporation layers and can be discharged or
recirculated.

2.2. Physical model and experimental system

As shown in Fig. 2, the physical model, assembly configuration, and
experimental platform of the MHMSS are presented (Figs. S1 and S2). In
Fig. 2a, the MHMSS physical model mainly consists of three parts: a top
cover for fixing the glass sheet, repeated multistage distillation units for
the evaporation—condensation process, and a finned base for enhanced
heat dissipation to maintain a relatively low temperature. All compo-
nents are designed with alignment features for reliable assembly and are
globally tightened and sealed using a bolt-nut set, thereby ensuring
stable inter-stage distance and structural integrity. This modular archi-
tecture enables convenient adjustment of the stage number by adding or
removing unit modules, providing a structural basis for performance
comparison and theoretical modeling. Furthermore, as shown in Fig. 2b,
the MHMSS components were fabricated by the PC-based 3D-printed
(left). A superhydrophilic water ripple paper was employed as the
wicking layer, and an ultrathin plastic film was used as the condensation

layer. Both the wick and the condensation film were fixed within each
repeated unit, and an outlet channel was reserved to guide and collect
the condensed freshwater. During operation (middle), the top side of
MHMSS was simultaneously exposed to solar irradiation and an alter-
nating magnetic field (AMF) to enable coupled photo-
thermal-magnetothermal energy input, while the bottom fins were
immersed in water as a cold-end heat sink to maintain a low temperature
and strengthen the condensation driving force. To evaluate the evapo-
ration performance, a coupled SUN-AMF testing platform was estab-
lished (right), including a solar simulator for photothermal power input,
an AMF generator for magnetothermal power input, an infrared thermal
camera for real-time monitoring of the top temperature field, and a
computer for data acquisition and processing.

2.3. Theoretical analysis

A comprehensive theoretical analysis of the MHMSS was conducted
by developing a mathematical model and performing numerical calcu-
lations. The analysis focuses on the temperature distribution, evapora-
tion efficiency, and heat losses, and further elucidates the effects of key
design parameters, input power, and ambient conditions on the overall
performance. To simplify the model and highlight the dominant physical
processes, the following assumptions were adopted: (1) The thermal
resistances of the condensation layer and the evaporation layer are
neglected; (2) Convective heat transfer inside the chamber is neglected;
(3) Water vapor diffusion is modeled using pure water vapor; (4) Heat
and mass transfer within the chamber are simplified as one-dimensional
processes; (5) The distillation module is assumed to be sufficiently
sealed, with negligible vapor leakage and condensate leakage. (Note S1-
$3).
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Fig. 2. Physical model, assembly configuration, and solar irradiation-alternating magnetic field (SUN-AMF) coupled experimental platform of the magnetic heat-
assisted multi-stage solar still (MHMSS). (a) Physical model and system components of the MHMSS. (b) Photographs of the 3D-printed assembled device (left), the
coupled photothermal-magnetothermal operation under SUN-AMF (middle), and the SUN-AMF experimental test platform (right).

2.3.1. Mathematical model of single-stage stills

As illustrated in Fig. 3a, the single-stage evaporation-condensation
unit can be treated as a steady coupled heat and mass transfer model
comprising a hot-side evaporation interface, a vapor gap, and a cold-side
condensation interface. A magnetic porous carbon film located at the top
serves as the energy conversion layer, generating photothermal heat
under solar irradiation (gs,) and magnetothermal heat under an alter-
nating magnetic field (gmagneric), thereby elevating the up-side tempera-
ture T,. The supplied energy is distributed through three major

(a)
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pathways: (i) interfacial evaporation, producing a vapor flux Jee and
Qevgp- (ii) Parasitic heat conduction q.nq and heat radiation g,.q across
the vapor gap to the cold side. And (iii) heat dissipation to the ambient
through the glass cover via convection and radiation, qcony + Greg- In
addition, radial heat loss through the sidewall, gyq., is accounted for
using an equivalent thermal resistance network consisting of a
conductive resistance in series with an external convective resistance.
Based on these heat flux pathways, the following section first establishes
the energy balance equation, then formulates the expressions for the

P={Gsun Guagnericr Tar T D, b, R, H, 4, Ky, lg, kg, &

—v| Energy balance calculation

N
Update 7,
Update J,,,,,
Update heat flux

O={Ysicer Gradr eomr Deondr Gnerr Jevap Tr

To, Tor Mreo Mok

Fig. 3. Heat and mass transfer processes and computational logic of the single-stage evaporation—-condensation unit. (a) Schematic illustration of the coupled heat
and mass transfer in the single-stage evaporation-condensation module. (b) Flowchart of the iterative solution procedure for the single-stage model.
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individual heat fluxes and the evaporation flux, and finally evaluates the
single stage efficiency.

Taking the up-side evaporation interface as the control surface, the
steady-state energy balance per unit area is as follows:

Qin = Qsun + Qmagnetic = Qup loss + Qcond + Qrad + Gevap = Gour (l)

where g, and gmagreic are the equivalent photothermal and magneto-
thermal heat input fluxes (W-m™2), and the Qmagneiic s calculated based
on previous reports (Zhang et al., 2025, 2026). qyp 1oss» Gcond> Grad 8N Gevap
represent the up-wall heat loss, heat conduction, heat radiation across
the vapor gap, and the latent-heat flux associated with evaporation,
respectively.

The inner-wall temperature of the glass is assumed to be equal to the
hot-side interfacial temperature T,, and the outer-surface temperature of
the glass, denoted as Ty oy, is implicitly determined by enforcing energy
continuity between one-dimensional heat conduction through the glass
and the combined convection-radiation heat transfer at the outer sur-
face of the glass sheet:
ks (o(Th— T
g (Tu - Tg,uut) = ha(Tg.out - Too) + 5g(7( gout w) (2)

Accordingly, the up-wall heat loss flux is taken as the conductive heat
flux through the glass:

k,
qup,loss = t_g (Tu - Tg.out) 3)
3

where kg, t,, hq, &, 0, and T, are the thermal conductivity and thickness
of the glass, the external convective heat-transfer coefficient, the emis-
sivity, the Stefan-Boltzmann constant, and the ambient temperature,
respectively.

When convection in the vapor gap is neglected, one-dimensional
conduction across the vapor gap is as follows:

qcond :% (Tu - Td) (4)
where H is the height of vapor-gap, k, is the thermal conductivity, and
T4 is the cold side temperature.

The radiative heat transfer between the high-temperature evapora-
tion surface and the low-temperature condensation surface is expressed
as follows

qrad = ECO'(TE - T‘d‘) (5)

where ¢ is the Stefan-Boltzmann constant, and the term ¢, represents the
effective emissivity.

When convective mass transfer in the vapor gap is neglected, vapor
transport across the gap is dominated by diffusion (Lu et al., 2019;
Zhang et al., 2020b). The geyq can be calculated as follows:

Gevap = Jevaprhfg (6)

where M,, is the molar mass of water and hg, is the latent heat of
vaporization.
The corresponding diffusion-controlled vapor flux Je,qp is as follows:

D,
Jevap :ﬁ (Cu - Cd) (7)

The corresponding vapor concentration is closely related to the
temperature and can be further calculated as follows:

P _ P
=R, “ T RT, ®)
Du :psat(Tu)ypd :psat(Td) (9)

where D, is the diffusivity of water vapor in air, R is the universal gas
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constant.

Sidewall heat dissipation is modeled using a series thermal resistance
network consisting of radial conduction through the insulation and
external convection. Let the evaporation-area radius be R, the sidewall
insulation thickness be t, the outer radius be Rp = R + t, and the outer
lateral area be A, = 27RoH.

Radial conduction resistance:

In (R,/R
Rside.cond = ZETTOW/I’I) (10)
External convective resistance:
1
R an

side,conv =
haA,

The side wall temperature can be approximately regarded as the
average temperature of the up wall and down wall:

T, + T
Tavg === D) d 12)
The sidewall heat loss power is
Tavg - Too
Qupg=—28 " 13)
ide Rside.cond + Rside.conv
which can be converted into a heat flux based on A, = 27RoH:
Gside = QsAi:ie (14)

The overall single-stage energy utilization efficiency, #,,,, is defined
by taking the evaporative latent-heat flux q.,q, as the useful output and
normalizing it by the total input flux(qsu» + Gmagnesic), thereby quantifying
the capability of converting the supplied energy into phase-change
evaporation, and the 7,,, can be calculated by the following formula:

Aqevup

N =—"F———— (15)
A (an + qmagnetic)

Among them, A represents the evaporation and condensation area,
which is A = zR2.

However, not all of the heat associated with evaporation/conden-
sation is recoverable. Owing to sidewall heat loss, a fraction of the
condensation-released latent heat is dissipated to the surroundings
through the sidewalls, whereas only the heat transferred toward the
bottom boundary can be effectively collected and potentially reused for
cascading heat recovery. Accordingly, a recoverable efficiency is further
defined to evaluate the reusability of the condensation latent heat,
which is calculated as follows:

Aqevap - Aoqside

T :A (qsun + qmagnetic) (e

To solve the mathematical model described by Egs. (1)-(16), an
iterative solver was developed, taking the parameter set P as input and
returning the output set O. As shown in Fig. 3b, the single-stage model is
solved by enforcing the steady-state energy balance. A parameter set P
(including Gsun, Gmagnetic> Tu> T, the gap height H, and the relevant
thermo-physical and heat-transfer properties of air and glass) is first
specified, and an initial guess for the up-side interfacial temperature T,
is prescribed. For a given T,, all heat-transfer pathways are evaluated:
the up-wall loss is obtained by implicitly solving the glass conduction
and heat exchange to determine T,,, and thus g, . Meanwhile, the
heat conduction g4, heat radiation g,,q across the vapor gap and the
diffusion-controlled evaporation flux J.,q, and the associated latent-heat
flux ge,q are updated. The total heat outflow is then compared with the
input gun + Gmagneic to form the energy balance residual, and T, is iter-
atively corrected until the convergence criterion |y —qou| < & is satis-
fied, after convergence, Ty, Tgour> Jevap, and the heat-flux components are
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reported. Additionally, the sidewall heat loss gy, is estimated using a
thermal-resistance network, based on which the overall efficiency 7,
and the recoverable efficiency #,,, are finally evaluated.

2.3.2. Mathematical model of multi-stage stills

Building upon the previously developed single-stage evapo-
ration—condensation model, a photothermal-magnetothermal coupled
multi-stage stills heat-transfer model is further established. At the first
stage, the magnetic porous carbon functional layer converts incident
solar irradiation and an alternating magnetic field into photothermal
and magnetothermal heat inputs, thereby driving successive evapo-
ration—condensation cycles across multiple stages for freshwater pro-
duction. The bottom cold end fins are immersed in water to maintain a
low temperature and provide a stable heat-sink boundary for the
cascading system. With the resulting multi-stage mathematical
modeling, the stage-wise temperature distribution, evaporation fluxes,
and overall freshwater yield can be predicted.

For stage i (i = 1,---,n), the cross-gap transfer capability consists of
the heat conduction gq..,q;, heat radiation q,,q; and the evaporative
latent-heat power geq;. Meanwhile, the sidewall heat loss ggqe; dissi-
pates heat to the surroundings and reduces the net heat available for
cascading. Therefore, the net output power delivered to the next stage
satisfies:

Aqou[.i :chand.i + Aqrad.i + Aqevap.i - Aoqside.i (17)
In addition, a positive evaporation driving force is enforced by
Tyi > Tay (18)

Among them, q.nq; and qrqq; are the heat conduction and heat radi-
ation of stage i, which can be calculated according to Egs. (4) and (5),
Jevap.i is the evaporative latent-heat flux of stage i, which can be calcu-
lated according to Egs. (6)—(9), and g, is the side wall heat loss of stage
i, which can be calculated according to Egs. (10)—(14).

To achieve a prescribed net output gy i, Stage i requires an input
power gj,; from the up stage. Since stage 1 additionally experiences heat
dissipation through the glass cover, the input power is expressed as
follows:

{Aqin.i = Aqupi + Aqouri + AoGside (i=1) 19)

Aqin,i = Aqout,i + Aoqside,i (l > 1)

Physically, internal stages allocate their input mainly to produce the
net cascading output and to compensate sidewall loss, whereas the top
stage must further offset the up-cover convection and radiation loss,
thereby reducing the effective heat entering the cascading stack.

The multi-stage stack is coupled via ideal heat cascading through
power continuity and temperature continuity:

Qouti-1 = Gini> Tai-1 = Tus (20)

where Equation (20) indicates that the net output of stage i— 1 supplies
the required input of stage i, and assumes negligible interfacial thermal
resistance.

The input energy of the first stage is provided by sunlight and an
alternating magnetic field as follows:

qing = qtot = Qsun + Amagnetic (21)

Treating the sum of evaporative latent-heat powers across all stages

as the useful output, the overall efficiency is defined as follows:
E(lzlAqevap.i
no_ 2 22

Mot Ao (22)

This metric quantifies the overall capability of converting the
external input into phase-change vapor generation and is directly linked
to the water-production potential.

Accordingly, the recoverable efficiency is defined as follows:
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E:lzl <Aqevap.i - Auqside,i)
Aot

Hree = (23)

By adopting a multistage latent-heat cascading strategy, the present
distiller enables both the total efficiency #f,, and the recoverable effi-
ciency 7. to exceed 100%, as condensation heat released in one stage
can be repeatedly recovered and reused to drive evaporation in down-
stream stages.

To quantitatively determine the effective stage number of the multi-
stage distiller, the incremental gain in total efficiency caused by adding
one more stage is defined as:

Mot — ’727:1

8, (n) ==*——% x 100% 24)
tot

When §,(n) falls below a prescribed threshold, the corresponding stage

number is regarded as the effective stage limit for the given configura-

tion. In the present study, a threshold of 1% is adopted.

To solve the heat and mass transfer process of MHMSS, an iterative
algorithm based on Fzero was constructed. As illustrated in Fig. 4b, the
multi-stage model is solved using a power-matching, bottom-up iterative
scheme that maps the input parameter set P to the output set O. For a
given total input Gior = Gsun + Gmagnetic,; the algorithm first initializes the
boundary conditions by prescribing the cold-end temperature of the last
stage, T = T, and assigning an initial guess for the net heat flux
leaving the last stage, gou:n- The stages are then solved sequentially from
i = ndown to 1: at each stage, the up-side temperature T, ; is obtained by
enforcing the stage energy balance, where the conductive heat loss
Qcond,i> tadiation heat loss qrqq;, diffusion-limited evaporation flux Jeyqp i,
and sidewall dissipation g4, ; are updated consistently. For the top stage
(i = 1), adedicated glass cover solver is additionally invoked to account
for the coupled conduction and convection-radiation loss. Based on the
converged stage solution, the heat-flux variables are updated and
propagated to the next upstream stage until the full stack is resolved.
Finally, the calculated top-stage required input g;,; is compared with
the prescribed gy, if |qm,1 - qmt| < 6, the iteration terminates and O
(including Grads Geonvs Geond> Gnets Jevap, Ty, Ty, Tg.out; Mot and M) 1S TE-
ported. Otherwise, a global scaling factor y = qot/qoutn is used to update
the initial guess yqour,n—qoutn, and the bottom-up sweep is repeated until
convergence is achieved.

2.4. Verification of heat transfer model

To validate the reliability of the proposed multi-stage evapo-
ration—condensation model, experiments were conducted using
different numbers of stages (n = 3,5,7,10) under gy, = 1000 W m~2 and
Qmagnetic = 226 W m~2. For the evaporation rate (Fig. 5a), the simulated
values were 2.47, 3.18, 3.48, and 3.62 kg m 2 h™!, while the corre-
sponding experimental values were 2.39, 3.04, 3.31, and 3.43 kg m 2
h™!. The relative deviations were 3.77%, 4.37%, 4.91%, and 5.14%,
respectively, these results indicate that the model captures both the
magnitude and the increasing trend in water production with increasing
stage number. For the temperature prediction (Fig. 5b), the simulated
upper-glass temperatures were 52.3 °C, 56.7 °C, 58.3 °C, and 59.0 °C,
compared with experimentally measured values of 51.2 °C, 54.7 °C,
55.8 °C, and 57.1 °C. The corresponding relative deviations were 2.10%,
3.53%, 4.29%, and 3.22%, with an average deviation of approximately
4%. The infrared thermographs (Fig. 5c) further show that the high-
temperature region is localized near the top energy-input zone, and
the stage-dependent temperature evolution agrees well with the simu-
lation trend. The experimental setup and operating configuration are
shown in Fig. 5d, where the bottom cold-end fins were immersed in
water to maintain a low cold-side temperature and provide a stable heat-
sink boundary. Overall, the predicted evaporation rates and key tem-
perature metrics agree well with the experiments, with deviations
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confined to roughly 2-5%, confirming the validity of the model for
predicting the temperature field, freshwater yield, and energy-
utilization performance of the multi-stage stills. The remaining dis-
crepancies are likely attributable to practical factors such as interfacial
contact thermal resistance introduced during assembly, non-uniform
sidewall heat dissipation, weak natural convection within the vapor
chambers, and ambient disturbances.

3. Results and discussion
3.1. Single-stage evaporation performance

We first performed numerical simulations of the coupled heat and
mass transfer in the single-stage evaporation—condensation unit, with a
particular focus on the effect of the vapor-chamber height H. The
detailed parameters used in the theoretical calculations are provided in
Table S1. As shown in Fig. 6, the evaporation rate (Fig. 6a), upper-wall
temperature (Fig. 6b), heat flux (Fig. 6¢), and energy efficiency (Fig. 6d)
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are obtained for different chamber heights H.

Fig. 6a—d collectively quantify the coupled heat and mass transfer
response of a single-stage evaporation—condensation unit to the vapor-
chamber height H under an input power of 1226 W m™2. As H in-
creases, the evaporation rate decreases monotonically (Fig. 6a), drop-
ping from 1.36 kg m2h~! to 0.62 kg m~2h~. According to Eq. (7),
enlarging H increases the diffusion-controlled mass transfer resistance
approximately linearly, which suppresses vapor transport. Although the
upper-wall temperature T, rises with H, thereby enhancing the evapo-
ration driving force through the nonlinear increase of the saturation
vapor concentration, this gain is insufficient to offset the geometric
penalty, leading to a net reduction in evaporation flux. As shown in
Fig. 6b, both up wall temperature T, and the outer glass temperature
T our increase monotonically with H, while a persistent temperature gap
remains between them, primarily due to the thermal resistance of the
glass cover. The energy distribution in Fig. 6¢ further reveals that, in the
limit H—0, cross-gap conduction dominates (0.39 W), indicating a
pronounced sensible-heat short-circuit. With increasing in H, the heat
conduction decreases rapidly following the intrinsic 1/H scaling to 0.06
W at H = 2 cm, whereas cross-gap heat radiation becomes increasingly
important and approaches a plateau as the temperature rises. Mean-
while, external dissipation through the top cover and sidewall increases
steadily with H and becomes a major penalty at large gaps, giving 0.63
W for the top loss and 0.41 W for the sidewall loss at H = 2 cm, thereby
undermining effective energy utilization. Consistently, Fig. 6d shows
that both the total efficiency #,,, and the recoverable efficiency #,,.
decline with H, where 7, drops from 72.79% to 33.59%, while 7,,.
decreases from 72.79% to 6.47% at large H. Overall, under the present
conditions, reducing H is favorable for alleviating diffusion limitations
and suppressing boundary heat losses, thereby improving evaporation
and efficiency.

3.2. Multi-stage evaporation performance

To enhance heat recovery and thereby increase freshwater produc-
tion, a multi-stage evaporation—condensation module was constructed
to analyze the coupled heat and mass transfer in the MHMSS (Fig. 4).
Unless otherwise specified, all parameters were kept identical to those
used in the single-stage model (Table S1). A representative case withn =
16 stages and a chamber height of H = 0.4 cm was adopted for the
following analysis. As evidenced by Fig. 7a—c, the MHMSS exhibits a
pronounced front-loaded evaporation behavior, where the upstream
stages dominate the overall vapor generation while the downstream
stages contribute marginally. In Fig. 7a, the stage-wise evaporation rate
decreases rapidly with increasing stage number, from 0.91 kg m 2h ! at
stage 1 to only 0.05 kg m~2 h™! at stage 10, indicating that effective
evaporation is largely confined to the first several stages. This decay is
consistent with the cascading temperature drop shown in Fig. 7b, the
upper-wall temperature T, decreases from 63.7 °C at stage 1 to 25.5 °C
at stage 10, which substantially reduces the driving force for diffusion-
controlled evaporation Ac = csq(Ty) — Csar(T4), and thereby suppresses
the vapor flux according to Je,qyxD,Ac/H. Meanwhile, the outer-surface
temperature of the glass cover is 59.16 °C, remaining lower than the
stage-1 up-side temperature and thus reflecting the insulating role of the
glass in mitigating top-surface convection and radiation losses. Fig. 7c
further rationalizes the stage to stage attenuation from an energy allo-
cation perspective. At stage 1, only 44.7% of the input power is trans-
ferable to the next stage, while 44.5% is dissipated through the top wall
and 10.9% through the sidewall (Pie chart illustration). Although the
top wall loss vanishes in internal stages, sidewall dissipation persists
along the cascade and continuously extracts the transferable heat,
leading to a rapidly diminishing heat input to downstream stages and an
insufficient temperature head to sustain appreciable evaporation.
Overall, the top cover of Stage 1 is a critical thermal bottleneck in the
present design, and further reduction of this loss through improved
cover insulation will be an important direction for future optimization.
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Based on the current results, the heat and mass transfer processes of
MHMSS under different total series were further explored. Fig. 8
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emerges. The temperature response in Fig. 8a shows that both the up-
wall temperature T, and the outer-glass surface temperature Tg oy rise
rapidly with n and approach plateaus for n = 10, approximately 63.54 °C
for T, and 59.02 °C for Tg oy, indicating that enhanced cascading enables
a higher and more stable effective temperature head under the same
external input. The persistent offset Tg o, <T, further reflects the ther-
mal resistance of the glass cover, which suppresses top-surface con-
vection-radiation exchange and favors internal heat recirculation.
Accordingly, the overall evaporation rate increases markedly but grad-
ually saturates (Fig. 8b), the evaporation rate rises from 1.05 kg m™2
hlatn=1to3.62kg m 2h~! around n = 10, beyond which additional
stages offer limited gains, implying an upper bound of effective working
stages for the present configuration. As shown in Fig. 8c, the efficiency
metrics exhibit a similar plateau trend, where the 7, increases from
56.51% to 194.56% and levels off at larger n, highlighting the sub-
stantial heat gain enabled by repeated evaporation heat reuse, whereas
M. Teaches 143.81% at n = 10 and then remains close to 139.81%,
suggesting that the recoverable contribution becomes increasingly
constrained by parasitic dissipation at higher n. Finally, the evolution of
energy partitioning provides a mechanistic explanation for the observed
saturation. As shown in Fig. 8d, at low stage number n, the bottom loss is
dominant (1.1—-1.2 W), indicating that a large fraction of evaporation
heat is discharged without being cascaded. With increasing n, this term
decreases rapidly and becomes nearly negligible at high n, directly
driving the rise in evaporation rate and #,,,. Meanwhile, adding stages
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increases the effective sidewall heat-transfer area and the overall heat-
transfer path length, causing the sidewall loss to plateau at 0.8 W,
while the top-wall loss also increases and stabilizes at 0.6—0.7 W.
Overall, for the present geometry, the effective stage limit appears at
about n = 10 because the benefit of further suppressing bottom heat loss
is nearly exhausted by this point, whereas the cumulative sidewall
dissipation and the large Stage-1 top-wall loss already consume most of
the transferable heat. As a result, the additional downstream stages
receive insufficient thermal driving force to sustain appreciable evapo-
ration, leading to the observed plateau in evaporation rate and
efficiency.

3.3. Effect of structural parameters

Based on this, we explored the effect of chamber height H, evapo-
ration surface radius R and side wall thickness t. Fig. 9 provides a sys-
tematic parametric assessment of how key geometric factors govern
latent-heat cascading and freshwater production in the MHMSS. For n
= 1-16, the cumulative efficiencies #,,, and #,,., cumulative evaporation
rate, and heat loss are compared.

As shown in Fig. 9a and b, the chamber height H strongly governs
cascaded heat and mass transfer in the MHMSS. Decreasing H increases
both the cumulative evaporation rate and the cumulative efficiencies
and allows the system to reach the plateau with fewer stages. With a H of
0.2 cm, 7, reaches 378.00% and 7,,. reaches 333.75%, this behavior
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stems from the geometric sensitivity of diffusion controlled evaporation.
A smaller H reduces mass transfer resistance and improves the utiliza-
tion of transferable heat along the cascade, and the recyclable heat in-
cludes phase change latent heat as well as the energy delivered across
the gap by heat conduction and radiative exchange. The energy parti-
tioning in Fig. 9c and Fig. S3 show that the bottom heat loss fraction
decreases rapidly with stage number and becomes nearly negligible,
whereas the fractions of top and side losses increase and dominate at
large stage numbers. As a result, once bottom heat loss is largely sup-
pressed, the plateau is primarily determined by parasitic boundary
dissipation. An excessively small H may also compromise condensate
quality, and based on the wastewater treatment validation, H equal to
0.4 cm is recommended for subsequent analyses (Figs. S4 and S5). As
shown in Fig. 9d-f, increasing the evaporation-surface radius R mark-
edly enhances both the cumulative evaporation rate and the cumulative
efficiencies, and the plateau values increase monotonically with R. For
example, at R = 3.0 cm, 7, and 7, reach 234.16% and 185.78%,
respectively, with a cumulative evaporation rate of 4.38 kgm~2h ™%, this
improvement is primarily attributed to the geometric scaling of parasitic
sidewall dissipation. For a cylindrical configuration, the effective
evaporation area is Agpce = 7#R?%, whereas the sidewall area can be
approximated as Agg. = 27(R + t)H, yielding Asige/Afoce ~ 2H/R. As a
result, a larger R reduces the sidewall edge-loss burden per unit evap-
oration area, allowing a greater fraction of the input energy to be con-
verted into phase-change latent heat and cascaded to downstream
stages. The energy partitioning in Fig. 9f and Fig. S6 confirms that
bottom heat loss is progressively suppressed as stage number increases,
while top and side losses rise and then plateau. A larger R leads to a
lower plateau level of side loss, supporting higher evaporation and en-
ergy efficiency. Once bottom heat loss is largely minimized, the residual
top and side losses ultimately govern saturation. Fig. 9g-i indicate that
increasing the sidewall thickness t enhances multistage performance
mainly by strengthening sidewall insulation and suppressing sidewall
dissipation. Consequently, its impact is more pronounced on efficiency

@
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metrics than on the evaporation rate. In Fig. 9h, the cumulative evap-
oration rate curves for different t are very close, with a plateau around
4.3 to 4.6 kg m~2h~L. In contrast, Fig. 9g shows that both 7,,, and 7,,,
shift upward with increasing t, reaching about 242.46% to 195.55% at
the plateau. Mechanistically, sidewall loss is governed by radial con-
duction combined with external convection. Increasing t raises the radial
thermal resistance and reduces sidewall heat loss, retaining more energy
and directly benefiting the efficiency. As shown in Fig. 9i and Fig. S7,
once bottom heat loss becomes nearly negligible at sufficiently large
stage number, the system enters a plateau stage dominated by parasitic
top and side losses. Consequently, the marginal benefit of further
increasing t diminishes and is ultimately capped by top wall dissipation.
Overall, reducing H strengthens diffusion-limited evaporation and
cascaded heat recovery but may introduce water quality risks when the
gap becomes too small. Increasing R mitigates the sidewall loss burden
per unit evaporation area and elevates plateau performance, while
increasing t mainly improves efficiency by suppressing sidewall dissi-
pation, with increasing stage number, the controlling limitation shifts
from bottom heat loss to parasitic top and side heat losses, providing
physically grounded guidance for geometric design and stage number
configuration.

3.4. Effect of operating conditions

Under solar irradiation, the MHMSS can change freshwater produc-
tion by regulating the magnetothermal contribution to the total input
heat flux. As the total input heat flux increases from 1226 W m™~2 to
2130 W m ™2, the cumulative evaporation rate rises rapidly with stage
number and then approaches a plateau (Fig. 10a). At a total input power
of 2130 W m™2, the total efficiency 7,,, and recoverable efficiency 7,
reach 335.29% and 283.82%, with an evaporation rate of 10.91 kg m 2
hl, indicating that stronger heat input establishes a larger evaporation
driving force in upstream stages and sustains more effective inter-stage
energy transfer. The temperature response in Fig. 10b shows that the
characteristic temperature increases with stage number and gradually
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stabilizes, while the steady plateau shifts upward monotonically with
increasing input heat flux. At sufficiently large stage numbers, the
temperature plateau increases from about 62.71 °C to about 82.55 °C,
implying that the upper steady temperature is primarily dictated by
boundary dissipation and is pushed to a higher level as the input in-
creases. Fig. 10c further indicates that both the cumulative total effi-
ciency and the cumulative recoverable efficiency shift upward with
increasing input flux, yet still exhibit saturation with stage number,
suggesting that multistage reuse significantly improves energy utiliza-
tion but the ultimate gain remains constrained by parasitic losses.
Fig. 10d provides the energy basis for this limitation, the bottom heat
loss dominates at low stage numbers, reflecting substantial terminal heat
loss that has not been effectively cascaded. With increasing stage
number, bottom loss decreases rapidly, whereas top and side losses in-
crease and become the primary dissipation channels at large stage
numbers. As a result, higher input flux amplifies the absolute magni-
tudes of top and side losses and causes the transition to a boundary loss
dominated plateau to occur earlier, thus higher input flux delivers a
pronounced productivity gain, while efficiency improvement is ulti-
mately capped by top and side dissipation (Fig. S8). Overall, increasing
the input power effectively boosts the temperature and freshwater
productivity, but further gains require suppressing top and side heat
losses or strengthening bottom heat recovery.

As environment temperature T, increases, the cumulative
evaporation-rate curves shift upward and gradually approach a plateau
(Fig. 11a), while the Ty, increases monotonically (Fig. 11b). This in-
dicates an elevated up-side temperature and a higher saturation vapor
pressure, which strengthens the evaporation driving force and enhances
cumulative freshwater productivity. Consistently, both #,,, and 7, in-
crease with T, and exhibit higher plateau values (Fig. 11c), suggesting
that a higher ambient temperature suppresses ineffective heat loss to the
surroundings and allows a larger fraction of the input energy to be
retained and utilized as recoverable cascade heat. Fig. 11d provides the
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energetic basis for this trend, increasing T, reduces the boundary
temperature difference (Tg o — To), thereby decreasing or slowing the
growth of the top and side heat-loss, whereas the bottom heat loss re-
mains more dominant over the upstream stages and persists over a
broader stage range. The combined effect yields a concurrent improve-
ment in evaporation performance and efficiency, indicating higher T,
may also reduce the cooling margin at the cold end. Therefore, the
condenser-side heat dissipation should be properly matched to avoid
condensation-limited operation under warm-ambient conditions.

In solar multi-stage distillation, the external heat-transfer coefficient
h essentially quantifies the intensity of heat dissipation to the sur-
roundings and thus serves as a key boundary condition governing tem-
perature establishment and heat recovery. To relate the external heat-
transfer coefficient to practical ambient conditions, the commonly
adopted engineering relation h = 5.7 + 3.8v was used, the three
representative values considered here, h = 5, 10, and 15 W m 2
approximately correspond to near-stagnant air (v = 0 m s 1), weak
breeze (v = 1.1 m s’l), and moderate weak breeze (v = 2.4 m s’l),
respectively. As shown in Fig. 12, increasing h from 5 to 15 W/m2.K
markedly reduces the cumulative evaporation rate and causes an earlier
plateau (Fig. 12a), while the outer-glass surface temperature Ty, de-
creases substantially (Fig. 12b). This indicates that a larger h enhances
external heat exchange, depresses the steady-state hot-side temperature,
and weakens the saturation vapor pressure and concentration differ-
ence, thereby reducing the evaporation driving force and the associated
evaporation heat flux. Consistently, both #,, and 75, decrease with
increasing h (Fig. 12¢), implying that stronger external heat dissipation
reduces the fraction of input energy available for effective cascading.
The heat-term decomposition in Fig. 12d further clarifies the mecha-
nism, at higher h the top and sidewall loss terms increase more rapidly
and dominate at lower stage numbers, prematurely extracting cas-
cadeable bottom heat in the upstream stages and leaving insufficient
driving energy for downstream stages. In contrast, a smaller h suppresses
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Fig. 12. Effects of heat-transfer coefficients during operation on the performance of the MHMSS. (a) Cumulative evaporation rate. (b) Outer-glass-surface tem-
perature Ty oy . (¢) Cumulative total efficiency 7, and cumulative recoverable efficiency #,,.. (d) Evolution of major heat terms with stage number, including bottom

heat loss, top heat loss, and sidewall heat loss.

these parasitic pathways, allowing a larger portion of the input energy to
enter the evaporation term and be transferred stage by stage, resulting in
higher evaporation-rate and efficiency plateaus. Overall, reducing the
effective h is beneficial for maximizing the heat recovery advantage of
multi-stage architectures.

An economic feasibility assessment was conducted by combining the
manufacturing cost with the operating energy expense of the MHMSS.
The fabrication cost of the evaporator is estimated to be 950 RMB/m 2,
as summarized in Table S2. Table 1 reports the operating-cost evaluation
for the evaporation process at an energy-recovery efficiency of 300%.
Under a daily solar irradiation of 4.5 kWh, the solar-only mode produces
21.54 L of freshwater (Zhang et al., 2020a). In the combined solar and
alternating magnetic field mode, the freshwater yield increases to 40.69
L, but the alternating magnetic field requires an additional electricity
consumption of 4.0 kWh. Using an electricity price of 0.41 RMB/kWh,
the corresponding energy cost is 1.64 RMB (Xia et al., 2022). Although
auxiliary power input increases the operating expense, the resulting cost
per liter remains well below typical retail prices of drinking water. This
cost can be further reduced by integrating renewable electricity or
exploiting off-peak tariffs (Zhang et al., 2026). An extended preliminary
economic analysis considering the amortized capital cost of the AMF
unit was further provided in Note S4. The results show that, even after
including the amortized capital cost of the AMF unit, the
water-production cost in the SUN-AMF mode is still only about 0.148
RMB-L~}, indicating that the overall cost remains at a relatively low

Table 1
Economic evaluation of magnetic heat-assisted multi-stage solar stills.
Condition  Daily irradiation ~ Daily consumption ~ Energy cost water
(kWh) (kwh) (RMB) yield (L)
SUN-only 4.5 / / 21.54
SUN- 4.5 4 1.64 40.69
AMF

level. Overall, the MHMSS enables a flexible production strategy by
operating in solar-only mode under abundant sunlight and switching to
the solar-magnetothermal mode under low-irradiance conditions or at
night, thereby supporting low-cost freshwater production with tunable
productivity.

4. Conclusion

In this work, we developed a photothermal-magnetothermal dual-
input magnetic heat-assisted multi-stage solar still (MHMSS) and
established a comprehensive theoretical framework to elucidate coupled
heat and mass transfer, temperature evolution, and energy allocation in
multistage cascading distillation. The main conclusions are summarized
as follows.

(1) The model predictions agree well with experimental measure-
ments, with relative deviations of 3.77%-5.14% for the evapo-
ration rate and 2.10%-4.29% for the top temperature, confirming
the reliability of the proposed model in predicting the tempera-
ture distribution, evaporation rate, and energy efficiency.

(2) The single-stage analysis indicates that reducing the vapor-
chamber height H suppresses overall heat losses and improves
energy utilization. Multi-stage simulations further reveal a pro-
nounced upstream-dominated evaporation behavior with clear
diminishing as stage number increases: the evaporation rate de-
cays from 0.91 kg m~2 h™! to 0.05 kg m2 h™!, and heat dissi-
pation through the top wall and sidewall is identified as the
primary factor limiting the effective working stages.

(3) Regarding structural parameters, decreasing H strengthens
diffusion-controlled evaporation and promotes evaporation-heat
cascading, but an excessively small gap may induce back-
mixing/entrainment in the condensation region and contami-
nate the condensate. Considering both efficiency and water
quality, H = 0.4 cm is identified as a favorable choice. Increasing
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the evaporation-surface radius R effectively improves both cu-
mulative evaporation rate and efficiencies, at R = 3.0 cm, #,,, and
Nrec Teach 234.16% and 185.78%, with a cumulative evaporation
rate of 4.38 kg m~2 h™!. In addition, increasing the sidewall
thickness t suppresses sidewall loss by enhancing the thermal
resistance, leading to a more pronounced improvement in
efficiency.

The phase-change driving force can be effectively adjusted by
varying the magnetothermal input, when the total input heat flux
increases to 2130 W m ™2, the total efficiency 7,,, and recoverable
efficiency 7,,. reach 335.29% and 283.82%, with an evaporation
rate of 10.91 kg m~2 h™!. Higher ambient temperature reduces
heat-loss driving forces, increases the steady-state temperature
and enhances productivity and efficiency, whereas a larger
external heat-transfer coefficient h increases top/side losses and
diminishes the benefit of evaporation-heat cascading.
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