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H I G H L I G H T S

Fully passive siphon removes salt from porous solar evaporators autonomously.
Evaporation-driven hydraulic head triggers self-sustained rinsing cycles.
Validated analytical model predicts hydraulic head and rinsing frequency.
Evaporator salinity restored to seawater levels within 3 h.
Salt removal >10× faster than diffusion-limited passive methods.
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 A B S T R A C T

Salt accumulation is a key bottleneck in solar- and waste-heat driven passive distillation systems, where evap-
oration inevitably leads to salt buildup that compromises long-term performance. Here, the first evaporation-
driven siphon architecture enabling fully passive and autonomous salt removal from a porous evaporator 
is introduced. The device operates in a fully passive manner, relying solely on evaporation-induced hy-
draulic head differences. The system functions without external energy, active control, or moving parts. An 
analytical model, developed through the electric–hydraulic analogy, predicts both the transient evolution 
of evaporation-induced hydraulic head difference and the frequency of self-triggered rinsing cycles, and is 
validated experimentally under controlled conditions. A case study shows that the system generates hydraulic 
head differences exceeding 1.5 cm and triggers multiple rinsing events within hours. Parametric analysis 
reveals that geometry and hydraulic resistance of the porous evaporator strongly influence performance, and 
that a simple topological modification – introducing a localized high-resistance segment – further boosts 
hydraulic head buildup. Compared to state-of-the-art passive strategies limited by diffusion, the siphon-
driven mechanism achieves over an order-of-magnitude faster salt removal, restoring seawater-level salinity 
within three hours. These results establish a new paradigm in solar distillation, providing a scalable strategy 
compatible with meter-scale evaporators and capable of drastically reducing maintenance requirements for 
robust salt management in evaporation-driven applications, e.g. desalination, particularly suited to off-grid 

and resource-limited environments.
1. Introduction

The growing scarcity of freshwater represents a critical global 
challenge, with profound environmental, economic, and social conse-
quences (Kelley et al., 2015; Mekonnen and Hoekstra, 2016; Stincone 
et al., 2024). Contributing factors such as climate change, overexploita-
tion of natural water resources, and population growth have worsened 
this crisis. Projections indicate that global water consumption is ex-
pected to grow 55% by 2050 (World Water Assessment Programme, 
2016; Meo et al., 2025), with more than 40% of the world’s population 

∗ Corresponding author at: Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy.
E-mail address: matteo.morciano@polito.it (M. Morciano).

living in regions facing severe water shortages. Currently, approxi-
mately 768 million people lack access to safe drinking water (World 
Water Assessment Programme, 2016; Meo et al., 2025). The impact 
is particularly severe in areas where financial constraints limit the 
adoption of expensive water production technologies that rely on 
conventional power grids (Mauter and Fiske, 2020; Angelis et al., 2021; 
Stincone et al., 2024). As a result, the development of sustainable and 
affordable solutions is crucial for addressing this crisis and ensuring 
access to water resources for future generations.
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Seawater desalination has emerged as a key solution to the esca-
lating water crisis (Kumar et al., 2022; Meo et al., 2025). However, 
conventional desalination methods are heavily reliant on fossil fuels, 
resulting in high energy costs and contributing to environmental con-
cerns such as carbon emissions (He et al., 2023; Sharon and Reddy, 
2015; Meo et al., 2025).

In response, research has increasingly focused on the develop-
ment of sustainable, energy-efficient, and passive desalination tech-
nologies (Meo et al., 2023, 2025). Among these, solar- or waste-heat 
driven passive distillation has gained prominence due to its ability 
to function without mechanical components, making it particularly 
suitable for remote and off-grid locations (Zhang et al., 2020; Chiavazzo 
et al., 2018; Stincone et al., 2024). Recent advances in the field have 
explored techniques to optimize performance (Stincone et al., 2024). 
Several approaches have been investigated, including the incorporation 
of carbon-based absorbers (Liu et al., 2017; Li et al., 2018; Yang et al., 
2018). Other studies have focused on nanomaterials (Wang et al., 
2017; Mauter et al., 2018; Wang et al., 2018). Polymers have also 
been explored as functional materials (Li et al., 2019; Huang et al., 
2017). Despite these advancements, a persistent challenge in solar-
driven evaporation systems is managing salt accumulation, which can 
significantly degrade long-term efficiency and scalability (Kuang et al., 
2019; Zhang et al., 2019; Stincone et al., 2024).

Several strategies have been explored to address this issue, leverag-
ing mechanisms such as ionic backflow, engineered surface treatments, 
and asymmetric membrane designs (Xu et al., 2021). However, each 
approach presents limitations in terms of durability, scalability, or op-
erational complexity. Passive strategies based on ionic backflow enable 
partial self-cleaning by redissolving salt and promoting its diffusion 
back into the bulk. For example, Zhang et al. (2024) demonstrated 
a 3D melamine sponge-polypyrrole evaporator with high evaporation 
rates and temporary mitigation of salt buildup through edge-priority 
crystallization and nocturnal back-diffusion. Yet, the efficiency of this 
process is strongly dependent on diurnal cycling (distillation during 
the day; salt removal during the night) and salinity conditions. Salt-
washable surface designs, such as the GRAMS (Graphene-Recycled 
Au-Melamine Sponge) device (Li et al., 2024), improve maintainabil-
ity by facilitating salt removal via gravity or simple rinsing. While 
promising in terms of regeneration and portability, these systems often 
require manual intervention or periodic downtime to maintain per-
formance. Architected devices with controlled salt deposition zones 
(e.g., nitrocellulose-based evaporators (Yang et al., 2023)) enable lo-
calized salt harvesting without compromising evaporation in central re-
gions. However, the fine-tuning required for such designs can limit their 
adaptability to variable environmental and feedwater conditions. Janus 
membranes with asymmetric wettability, such as vertically aligned 
MXene aerogels (Zhang et al., 2019), can effectively inhibit salt accu-
mulation through directional water transport. While achieving stable 
performance over extended periods, the fabrication of such advanced 
materials remains complex, posing challenges for large-scale deploy-
ment. Other approaches, such as those leveraging Marangoni-driven 
fluid dynamics (Lei et al., 2022; Chen et al., 2023; Stincone et al., 
2024), have shown potential for improving salt transport and rejection 
by significantly enhancing solute movement. In particular, the recent 
study by Stincone et al. (2024) provides a comprehensive numerical 
investigation on the role of the Marangoni effect in mitigating salt 
accumulation. Their sensitivity analysis demonstrates that Marangoni-
induced mass transport can outperform purely diffusive flow. Notably, 
their simulations indicate that nighttime brine discharge can rapidly 
restore seawater-like salinity levels within two hours, setting a new 
benchmark in the field. However, further theoretical and experimental 
work is needed to scale up these strategies.

Given the ongoing challenges of current passive desalination meth-
ods, innovative solutions are being explored to enhance efficiency and 
scalability. One such solution is siphon-based salt rejection, which 
offers a novel approach while maintaining simplicity and adaptability. 
2 
Siphon-based systems have recently gained attention as a promising 
means of addressing salt accumulation in passive solar distillation and 
desalination. Xue et al. (2024) developed a siphon-assisted evaporator 
with a Co3O4 nanoneedle array on a graphene-based solar absorber, 
successfully preventing salt accumulation even at high salinities. Simi-
larly,  Fan et al. (2023) introduced a spatial evaporation device incor-
porating a hydrogel-based evaporator and 3D-printed module, demon-
strating the effectiveness of siphon-driven fluid circulation. Deka et al. 
(2025) expanded on this by demonstrating the scalability of siphon 
systems in multistage thermal desalination setups, showcasing their 
potential for large-scale applications. However, existing siphon-based 
distillation/desalination systems still require an externally imposed 
hydraulic head difference to trigger and sustain siphoning, relying 
on manual intervention or auxiliary energy input. This dependence 
prevents fully passive operation.

The novelty of the present work does not lie in the siphon concept 
itself, which has been previously explored, but in demonstrating that 
the siphon activation head can be generated autonomously during 
operation in a fully passive way, in order to achieve autonomous 
salt removal from the porous evaporator. The key innovation is har-
nessing evaporation-driven mass loss to disrupt hydraulic equilibrium 
and passively generate the head difference required for siphon activa-
tion. The analytical model developed employs the electric–hydraulic 
analogy to predict the passively induced head differences and fre-
quency of siphon-triggered rinsing cycles. The model forecasts that, 
after 8 h of solar exposure, hydraulic heads on the order of cen-
timeters to tens of centimeters can be achieved, with the evaporator 
undergoing over ten rinsing cycles. Experimental validation under con-
trolled conditions confirms the system’s ability to induce the predicted 
hydraulic gradients and fully regenerate the evaporator through self-
sustained rinsing cycles. Furthermore, optimization of the evaporator 
and siphon-inducing device design can significantly improve system 
performance. It is worth noting that, while Marangoni-driven transport 
can achieve salt rejection rates comparable to siphon rinsing (Stincone 
et al., 2024), it requires the presence of a liquid–air interface and 
has so far been demonstrated only at small scales, with performance 
strongly dependent on concentration gradients. In contrast, the siphon 
mechanism operates independently of interfacial effects and gradient 
strength, offering a more robust and scalable pathway for passive salt 
management.

Therefore, this study establishes a new paradigm for fully passive 
distillation by enabling autonomous salt removal at the evaporator 
level. It is predicted that evaporation-driven siphons autonomously 
remove salt from the evaporator over extended periods without any 
external energy input, moving parts, or active control. The approach 
offers a scalable and maintenance-free solution for distillation, de-
salination and other evaporation-driven applications, particularly well 
suited for remote and resource-limited areas.

2. Methods

This section presents the methodological framework adopted to 
analyze the proposed spontaneous salt-disposal device integrated with 
an evaporation-driven distillation system. First, the device concept 
and its working principle are introduced. Subsequently, the hydraulic 
model based on the electric–hydraulic analogy is described, followed 
by a simplified Thevenin-equivalent formulation and the experimental 
validation of the proposed approach.

2.1. Device concept and working principle

The system depicted in Fig.  1 integrates a spontaneous salt-disposal 
device with an evaporation-based distillation unit. The distillation unit 
consists of an inverted U-shaped porous medium with two inlets for 
saline water uptake. Solar irradiation induces evaporation across the 
horizontal section of the inverted U-shaped structure.
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Fig. 1.  Schematic representation of the spontaneous salt-disposal device integrated with the evaporation-based distillation system. (a) Sectional view of the 
system, illustrating the inverted U-shaped porous evaporator and the integrated spontaneous salt-disposal device. Impermeable walls/materials delineating the 
salt-disposal pocket are highlighted in dark blue. The key geometric parameters are indicated: the horizontal evaporator is positioned at height 𝐻 above sea 
level, with porous medium thickness 𝑠, pore radius 𝑟, and an additional resistance characterized by pore radius 𝑟𝑎𝑑𝑑 and a length 𝐻𝑎𝑑𝑑 . The right end of the 
porous medium is located at a depth 𝑧𝑂, while the additional resistance is in contact with the sea at 𝑧𝑠𝑒𝑎. The water level inside the salt-disposal device reaches 
𝑧𝑑 , defining the hydraulic head difference 𝛥𝑧𝑑 = 𝑧𝑂 − 𝑧𝑑 . The reference coordinate system 𝑥 is also indicated. A narrow slit in the impermeable wall hydraulically 
connects the pocket to the porous medium. Solar irradiance 𝑞𝑠𝑢𝑛 induces localized evaporation 𝑑𝑄𝑒, concentrating salt molecules (represented by red and yellow 
circles). Some salt accumulates in the disposal device displaced by siphon-induced flow 𝑄𝑠𝑖𝑝ℎ𝑜𝑛, while the rest is discharged into the sea. (b) Top view of the 
system, highlighting the evaporator footprint: width 𝐵 and length 𝐿. The salt-disposal device section 𝑆𝑑 is also indicated.
The salt-disposal device, mounted at one of the inlets (the one on 
the right in Fig.  1a), functions analogously to a piezometer and incor-
porates an additional high hydraulic resistance with tailored geometry 
(pore radius 𝑟𝑎𝑑𝑑 and a length 𝐻𝑎𝑑𝑑 , see Fig.  1a) in series with that of 
the vertical leg of the system. Impermeable walls (highlighted in dark 
blue in Fig.  1a) delineate the salt-disposal device, creating a pocket 
and forcing water to flow exclusively through the additional high 
hydraulic resistance. Evaporation-induced water flow causes a pressure 
drop across this hydraulic resistance. The static pressure intake of the 
piezometer is located just upstream of the added hydraulic resistance. 
During evaporation-driven flow, viscous losses across this resistance 
reduce the local pressure at the intake compared to the static case. 
To match this lower pressure, the water level inside the salt-disposal 
device decreases, resulting in a free surface elevation lower than sea 
level. The height of the water column inside the device reflects the 
reduced pressure at the intake, according to Stevin’s principle.

When evaporation stops and flow ceases, the pressure returns to 
equilibrium, and the water level in the device rises again, passively 
refilling from the sea. Refilling can occur through two paths: via the 
additional resistance or through the opposite inlet by siphoning. To 
remove accumulated salt from the evaporator, the system is designed 
to promote filling by siphon effect, ensuring water flows through the 
evaporator, rinsing it and transferring salt deposits into the disposal 
device. Salt removal from such disposal device to the sea can then 
occur through mechanisms such as diffusion or one-way valves, though 
these aspects are not detailed at this stage. A particularly interesting 
scenario arises when the hydraulic resistance at the inlet becomes 
infinite, i.e. effectively isolating the inlet from the sea and enabling 
interaction exclusively with the salt disposal device.

2.2. Hydraulic model

The electric–hydraulic analogy is used as the foundational frame-
work to model fluid dynamics in the siphon-based salt removal device 
proposed in this work. This approach allowed us to conceptualize and 
quantify the viscous losses within the porous medium, which plays 
a critical role in the capillary water flow driven by solar-induced 
evaporation.

Viscous losses within the porous medium were modeled through its 
permeability, estimated via the Kozeny–Carman correlation (Nishiyama 
3 
and Yokoyama, 2017). The permeability 𝐾 of the porous medium is 
given by: 

𝐾 = 𝜖𝑟2

𝛾𝜏2
, (1)

where 𝜖 is the porosity of the porous medium, defined as the ratio of 
the void volume to the total volume of the medium, 𝑟 is the mean 
radius of the pores, 𝛾 is a parameter that depends on the pore shape and 
geometry, and 𝜏 is the tortuosity of the porous medium, which accounts 
for the discrepancy between the actual mean flow path length and the 
thickness of the porous medium. For circular pores, as those assumed in 
this study, 𝛾 = 8 (Nishiyama and Yokoyama, 2017). The tortuosity 𝜏 is 
evaluated using the Mackie-Meares equation 𝜏 = (2−𝜖)2

𝜖 , which provides 
a robust means of quantifying how the porosity affects the flow path’s 
complexity and, consequently, the effective transport properties of the 
medium.

The pressure drop 𝛥𝑝 across the porous medium is then given 
by Meo and Morciano (2022): 
𝛥𝑝 =

𝜖𝜇
𝐾

𝐿𝑣, (2)

where 𝜇 is the dynamic viscosity, 𝐿 is the length of the porous medium, 
and 𝑣 is the flow velocity through the pores. Considering the definition 
of permeability 𝐾 in Eq.  (1) and defining the velocity 𝑣 as the ratio of 
the flow rate 𝑄 to the effective cross-sectional area 𝜖𝐴 of the porous 
medium, the pressure drop becomes: 

𝛥𝑝 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿𝑄. (3)

Starting from the hydraulic analogy 𝛥𝑝 = 𝑅ℎ𝑦𝑑𝑟𝑄, which relates the 
pressure drop 𝛥𝑝 across a flow path to the volumetric flow rate 𝑄
through the hydraulic resistance 𝑅ℎ𝑦𝑑𝑟, the hydraulic resistance of the 
porous medium can be expressed as: 

𝑅ℎ𝑦𝑑𝑟 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿. (4)

The hydraulic resistance 𝑅ℎ𝑦𝑑𝑟 encapsulates the influence of the porous 
medium’s structural and material properties on the flow resistance, 
serving as a critical parameter for evaluating the device’s efficiency.

As illustrated in Fig.  1, the device comprises three main sections of 
porous medium: the left vertical section, the right vertical section, and 
the central horizontal evaporator, each contributing a distinct hydraulic 
resistance due to its porous structure. Beyond these resistances, the 
hydraulic model also incorporates elevation effects and fluid storage 
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Fig. 2.  Equivalent circuit representation of the proposed passive distillation device using the electric–hydraulic analogy. Shaded boxes identify the three sub-
systems discussed in the text: the horizontal evaporator (orange), the left vertical section (blue), and the salt-disposal device (green). All ground symbols denote 
the same reference pressure 𝑝𝑎𝑡𝑚. Circuit parameters correspond to those defined in the physical system shown in Fig.  1, mapping hydraulic resistances (𝑅𝐻,𝑙𝑒𝑓𝑡, 
𝑑𝑅𝑒, 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡, 𝑅𝑎𝑑𝑑), pressures (𝜌𝑔𝐻 , 𝜌𝑔(𝐻 + 𝑧𝑂), 𝜌𝑔𝑧𝑑 , 𝜌𝑔𝑧𝑂, 2𝜎 cos 𝜃∕𝑟, 𝑝𝑐,𝑖), and flow rates (𝑄𝑣, 𝑄𝑒, 𝑑𝑄𝑒, 𝑄𝑎𝑑𝑑). From the Young–Laplace relation, the capillary 
element is modeled as a fixed pressure source 𝛥𝑝𝑐𝑎𝑝 = 2𝜎 cos 𝜃∕𝑟 (with 𝑟 the effective pore radius and 𝜎 the liquid–air surface tension, and 𝜃 the static contact angle 
at the liquid–solid interface) in series with a capacitor generating 𝑝𝑐,𝑖. The latter is an effective, model-derived pressure-like quantity that accounts for interfacial 
energy stored in the deformed meniscus whenever the available capillary pressure is not fully required to sustain the hydraulic head. Under transient increases 
in demanded pressure, this stored energy is released; when the demand decreases, the meniscus flattens and energy is stored again. To evaluate the equivalent 
pressure acting on the salt-disposal device, two conceptual terminals are defined, 𝛼 and 𝛽: 𝛼 coincides with the reference node (free surface at atmospheric 
pressure 𝑝𝑎𝑡𝑚) and 𝛽 is the node in the porous right leg immediately upstream of the static pressure tap 𝑂 (located at depth 𝑧𝑂), i.e., just above the added 
hydraulic resistance 𝑅𝑎𝑑𝑑 . Short-circuiting the ground nodes and open-circuiting these terminals allows us to perform the Thevenin reduction, yielding the circuit 
shown in Fig.  C.1 (Appendix  C).
within the salt-disposal device. In particular, the free-surface elevation 
𝑧𝑑 (𝑡) in the disposal device (see Fig.  1) evolves over time before reach-
ing steady state and is therefore modeled as a capacitor in the circuit 
analogy. Full and detailed derivations of the hydraulic resistances and 
the governing equations are provided in Appendices  A and B.

2.3. Thevenin equivalent model simplification

Fig.  2 presents the hydraulic schematic of the passive solar distilla-
tion system, derived using the electric–hydraulic analogy and assuming 
that dynamic pressure is negligible relative to other pressure contribu-
tions (see Appendix  B, for details on the validity of this assumption). 
From this schematic, the Thevenin equivalent circuit can be derived 
and thus the Thevenin equivalent pressure difference 𝛥𝑝𝛼𝛽,𝑡ℎ and re-
sistance 𝑅𝛼𝛽,𝑡ℎ between the two terminals 𝛼 and 𝛽, which bound the 
salt-disposal branch (see Appendix  C). Based on these quantities, the 
steady-state hydraulic head in the capacitor (𝑧𝑑) is obtained, where 
steady-state quantities are denoted by the subscript ‘‘𝑒𝑞’’:

𝛥𝑧𝑑,𝑒𝑞 = 𝑧𝑂 − 𝑧𝑑,𝑒𝑞 =
𝑅𝑎𝑑𝑑
𝜌𝑔

𝛥𝑝𝛼𝛽,𝑡ℎ + 𝜌𝑔𝑧𝑂
𝑅𝛼𝛽,𝑡ℎ + 𝑅𝑎𝑑𝑑

=

=
4𝜇𝜏2

𝜖𝑔𝜌2𝑟2
𝜂 𝑞𝑠𝑢𝑛

𝑠 𝐿

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
2𝐻 + 𝐿

1 +
𝑟2𝑎𝑑𝑑
𝑟2

2𝐻+𝐿+𝑧𝑂
𝐻𝑎𝑑𝑑

, (5)

where 𝜌 is the fluid density, 𝑔 the gravitational acceleration; then 
the parameters 𝑞𝑠𝑢𝑛, 𝑠 and 𝐿 correspond solar irradiance, evaporator 
thickness and length, respectively. Importantly, 𝜂 denotes an effective 
evaporation efficiency that lumpedly accounts not only for optical 
losses, but also for any energy losses associated with non-isothermal 
effects in the porous evaporator, including conductive heat diffusion to 
4 
the seawater thermostat and sensible heat advection required to warm 
the incoming liquid. As a result, 𝜂 quantifies the fraction of absorbed 
solar power that is ultimately converted into latent heat of evaporation. 
Additionally, ℎ𝑔𝑙 latent heat of vaporization, 𝑐𝑝,𝑤 specific heat capacity 
of water, and 𝑇  refers to the temperature of the porous medium. Then, 
𝐻 is the height of the section, 𝑟𝑎𝑑𝑑 and 𝐻𝑎𝑑𝑑 represent the pore radius 
and length of the additional high hydraulic resistance (see Fig.  1a). 
Finally, 𝑧𝑂 represents the depth at which the connection between the 
porous medium and the salt disposal device is established (see Fig.  1a). 
For clarity, a complete list of symbols and units is provided in Appendix 
E (Nomenclature). This model captures the coupling between the fluid 
velocity in the porous network (and the resulting viscous losses) and 
the evaporative flux driven primarily by solar irradiance 𝑞𝑠𝑢𝑛. Crucially, 
this coupling leads to 𝛥𝑧𝑒𝑞 , which is the quantity modeled in Eq. (5). 
The full derivation is provided in Appendix  C.

Assuming that the pore radius of the additional resistance is several 
orders of magnitude smaller than the pore radius of the remaining 
porous material, i.e., 𝑟𝑎𝑑𝑑 ≪ 𝑟, the simplified expression of Eq. (5) 
becomes 

𝛥𝑧𝑑,𝑒𝑞 ≈
4 𝜇

𝜌2 𝑔
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿

) 𝜂𝑞𝑠𝑢𝑛
𝜖𝑠

. (6)

To evaluate the temporal evolution of the water level in the ca-
pacitor (i.e., the salt-disposal pocket), in addition to the steady-state 
hydraulic head difference 𝛥𝑧𝑑,𝑒𝑞 , it is essential to assess the charac-
teristic time constant governing water accumulation and release. The 
temporal evolution of 𝑧𝑑 (𝑡) follows the first-order RC (see Fig.  C.2b in 
Appendix  C) differential equation: 

𝑧̇𝑑 +
𝜌𝑔

𝑧𝑑 =
𝛥𝑝𝑒𝑓𝑓 , (7)
𝑅𝛼𝛽𝑆𝑑 𝑅𝛼𝛽𝑆𝑑
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where 𝛥𝑝𝑒𝑓𝑓  represents an effective pressure source that varies be-
tween daytime and nighttime according to the operating conditions, 
specifically the presence or absence of evaporative flow. At rest, in the 
absence of evaporation, 𝛥𝑝𝑒𝑓𝑓 = 𝜌𝑔𝑧𝑂 (as predicted by the Thevenin 
equivalent) and 𝑧𝑑 = 𝑧𝑂. During daytime, evaporation lowers 𝛥𝑝𝑒𝑓𝑓
relative to its rest value and thereby decreasing 𝑧𝑑 and establishing 
a positive hydraulic head difference 𝛥𝑧𝑑 = 𝑧𝑂 − 𝑧𝑑 (piezometer-like 
behavior). At night, when evaporation ceases, 𝛥𝑝𝑒𝑓𝑓  rises back to 𝜌𝑔𝑧𝑂
and 𝑧𝑑 relaxes toward 𝑧𝑂, allowing backflow thus pocket refilling and 
the gradual decay of 𝛥𝑧𝑑 . The transient evolution of 𝑧𝑑 , described by 
the first-order differential equation Eq. (7), is characterized by the time 
constant: 

𝜏𝑐ℎ =
𝑅𝛼𝛽 ⋅ 𝑆𝑑

𝜌𝑔
=

8𝜇
𝜌𝑔

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿
+

𝑧𝑂
𝐿

) 𝑆𝑑
𝜖𝑠𝐵𝐿

, (8)

yielding 

𝛥𝑧𝑑 (𝑡) = 𝛥𝑧𝑑,𝑒𝑞

(

1 − 𝑒
− 𝑡

𝜏𝑐ℎ

)

. (9)

Considering the magnitude of the involved parameters, 𝜏𝑐ℎ can be 
on the order of hundreds of hours, which is significantly greater than 
the operational time 𝑡 of the solar distiller, typically on the order of few 
hours. Under the assumption 𝑡

𝜏𝑐ℎ
→ 0, Eq. (9) can be then linearized by 

Taylor expansion:
𝛥𝑧𝑑 (𝑡) ≈ 𝛥𝑧𝑑,𝑒𝑞

𝑡
𝜏𝑐ℎ

=

=
𝜂𝑞𝑠𝑢𝑛

(

1 + 2𝐻
𝐿

)

2 𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

(

1 + 2𝐻
𝐿 + 𝑧𝑂

𝐿

)

𝑆𝑑
𝐵𝐿

𝑡 (10)

All symbols appearing in the formulation are summarized in Ap-
pendix  E (Nomenclature). To evaluate the performance of the sponta-
neous salt-removal device, the rinse number is introduced and defined 
as a dimensionless metric that quantifies how many times the effective 
evaporator volume (𝑉 𝑜𝑙𝑒) is replenished by the siphon-driven flow from 
the salt-disposal device (𝑉 𝑜𝑙𝑑): 

𝑛𝑅 =
𝑉 𝑜𝑙𝑑
𝑉 𝑜𝑙𝑒

=
𝛥𝑧𝑑𝑆𝑑
𝜖𝑠𝐵𝐿

. (11)

Moreover, considering Eq. (10), the number of complete rinsing events 
per operational time can be expressed as: 

𝑛𝑅
𝑡

=
𝜂𝑞𝑠𝑢𝑛

2 𝜖𝑠𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

1 + 2𝐻
𝐿

1 + 2𝐻
𝐿 + 𝑧𝑂

𝐿

. (12)

Overall, the model predicts the steady-state hydraulic head differ-
ence, its simplified expression, the characteristic time constant, the 
transient evolution of 𝑧𝑑 , and the rinse number. Further details and 
derivations are provided in Appendix  C.

2.4. Experimental validation

The configuration shown in Fig.  1 represents the conceptual design 
of the passive siphon-driven salt removal introduced in this work. For 
experimental validation of the proposed hydraulic model, however, a 
simplified proof-of-concept layout was implemented (see Figs.  3a,b) to 
facilitate fabrication.

This experimental configuration differs from the conceptual design 
in that the hydraulic resistance 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 no longer accounts for the 
entire segment 𝑧𝑂, but only for the portion 𝛥𝑧𝑑 . This modification 
arises from the removal of the porous medium impermeable walls. As 
a consequence, the segment 𝛥𝑧𝑑 remains hydraulically active, since it 
is not submerged, whereas the lower part of the leg is fully immersed 
and thus offers negligible flow resistance. Consequently, the expression 
for the hydraulic resistance on the right-hand side becomes 

𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 =
8𝜇𝜏2

𝜖𝐴𝑟2
(𝐻 + 𝛥𝑧𝑑 ). (13)

Moreover, since the pore radius of the additional resistance is 𝑟𝑎𝑑𝑑 = 0
and there is no direct connection to the sea, the associated hydraulic 
5 
resistance 𝑅𝑎𝑑𝑑 can be considered infinite. Under these conditions, as 
in Eq. (6), the equilibrium hydraulic head difference becomes: 

𝛥𝑧𝑑,𝑒𝑞 =
4𝜇

𝜌2 𝑔
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿

) 𝜂𝑞𝑠𝑢𝑛
𝜖𝑠

. (14)

A disadvantage of such siphon experimental implementation, which 
lacks the additional hydraulic resistance and a direct seawater connec-
tion with respect to the layout in Fig.  1, is its inability to discharge 
accumulated salt from the disposal compartment. However, this issue 
could be mitigated by implementing one-way valves or designing engi-
neered techniques for selective salt release, without compromising the 
device’s performance.

In this proof-of-concept implementation, the expressions for the 
key variables are accordingly modified. In the original configuration, 
although 𝑅𝑒𝑓𝑓  depended on 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡, the latter was constant in time 
(Appendix  A, Eq. (A.8)), and thus 𝑅𝑒𝑓𝑓  was also constant. In the present 
configuration, instead, 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 depends explicitly on 𝛥𝑧𝑑 (𝑡) = 𝑧𝑂−𝑧𝑑 (𝑡), 
so that 𝑅𝑒𝑓𝑓  varies with time and Eq. (7) becomes nonlinear: 

𝑧̇𝑑 +
𝜌𝑔

𝑅𝑒𝑓𝑓 (𝑧𝑑 ) 𝑆𝑑
𝑧𝑑 =

𝛥𝑝𝑒𝑓𝑓
𝑅𝑒𝑓𝑓 (𝑧𝑑 ) 𝑆𝑑

. (15)

As shown in Eq. (C.18) (see Appendix  C), for 𝑟𝑎𝑑𝑑 = 0 the effective 
resistance reduces to the Thevenin resistance, i.e. 𝑅𝑒𝑓𝑓 ≈ 𝑅𝛼𝛽,𝑡ℎ, which 
reads: 

𝑅𝛼𝛽,𝑡ℎ =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿
(

1 + 2𝐻
𝐿

+
𝛥𝑧𝑑
𝐿

)

. (16)

Assuming 𝛥𝑧𝑑 ≪ 𝐿, the ratio 𝛥𝑧𝑑∕𝐿 can be neglected. In this limit, 
𝑅𝑒𝑓𝑓  simplifies to a constant value: 

𝑅𝑒𝑓𝑓 ≈
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿
(

1 + 2𝐻
𝐿

)

. (17)

Consequently, 𝑅𝑒𝑓𝑓  can be regarded as constant, and the governing 
differential equation reduces to a linear form, as in the original con-
figuration. In this case, the characteristic time 𝜏𝑐ℎ is derived from the 
linearized form of Eq. (15): 

𝜏𝑐ℎ =
𝑅𝑒𝑓𝑓𝑆𝑑

𝜌𝑔
=

8𝜇
𝜌𝑔

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿

) 𝑆𝑑
𝜖𝑠𝐵𝐿

. (18)

In the initial stages, when 𝑡
𝜏𝑐ℎ

→ 0, Eq. (9) can be linearized again 
via a first-order Taylor expansion. Furthermore, if 𝜏𝑐ℎ is sufficiently 
large – i.e., several orders of magnitude greater than a typical opera-
tional timescale of 8 h – the linearized model can accurately capture the 
whole daily behavior of the device. In this limit, the temporal evolution 
of the hydraulic head difference in the salt-disposal device becomes: 

𝛥𝑧𝑑 (𝑡) ≈ 𝛥𝑧𝑑,𝑒𝑞
𝑡
𝜏𝑐ℎ

=
𝜂𝑞𝑠𝑢𝑛

2𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
) 𝑆𝑑

𝐵𝐿

𝑡. (19)

Besides, the number of complete rinsing events per unit time can be 
expressed according to Eq. (11) as: 
𝑛𝑅
𝑡

= 1
2 𝜌

(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

𝜂𝑞𝑠𝑢𝑛
𝜖𝑠

. (20)

The experimental test rig used for validation is illustrated in Figs. 
3c and d. Its primary purpose is to measure the evaporation-induced 
hydraulic head difference 𝛥𝑧𝑑 (𝑡) and compare it with the model pre-
dictions (Eq. (19)). The head difference is not measured directly but 
inferred from the time-resolved mass loss of a beaker (component 3 in 
Fig.  3c), which is converted into the corresponding hydraulic head.

Solar irradiance is mimicked by a heat source placed beneath the 
porous evaporator (hydrophilic cloth). In detail, heating is provided 
by two electrical resistance mats (RS PRO Silicone Heater Mat) with a 
total area of 25 cm2, connected in parallel and powered by a DC supply 
(Teledyne LeCroy T3PS). The effective heat absorption efficiency was 
determined experimentally as 𝜂 = 0.52 ± 0.03 by running control 
tests without the seawater reservoir and measuring the mass of water 
evaporated from the beaker. Mass variation during each experiment 
was continuously recorded with a precision balance (Kern PCB).
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Fig. 3. Experimental proof-of-concept of the spontaneous salt-disposal device integrated with the evaporation-based passive distillation system. (a) Sectional view 
of the inverted U-shaped porous evaporator coupled to the spontaneous salt-disposal pocket. Unlike the conceptual design, in the experimental proof-of-concept, 
the right vertical leg lacks impermeable walls and additional hydraulic resistance, thus preventing direct connection with the sea. The key geometric parameters 
are highlighted: the horizontal evaporator is positioned at height 𝐻 above sea level, with porous medium thickness 𝑠 and pore radius 𝑟. The right end of the 
porous medium is located at a depth 𝑧𝑂, while the water level inside the salt-disposal device reaches 𝑧𝑑 , introducing the hydraulic head difference 𝛥𝑧𝑑 = 𝑧𝑂 − 𝑧𝑑 . 
The reference coordinate system 𝑥 is shown. Solar irradiance 𝑞𝑠𝑢𝑛 induces localized evaporation 𝑑𝑄𝑒, resulting in salt accumulation within the impermeable-walled 
salt-disposal device, with no direct discharge path. (b) Top view showing evaporator dimensions (width 𝐵, length 𝐿) and the disposal section 𝑆𝑑 . (c) Photograph 
of the experimental setup used for validation, which consists of the following elements: (1) saline water reservoir, (2) porous evaporator (hydrophilic cloth), (3) 
beaker, (4) DC power supply, (5) precision scale, (6) electric heater. (d) Schematic illustration of the experimental test rig.
To reproduce the seawater boundary condition, the beaker (com-
ponent 3 in Fig.  3c) was hydraulically connected to a large reservoir 
of artificial seawater (component 1 in Fig.  3c) through the porous 
evaporator. The hydrophilic cloth is characterized by 𝜖 = 0.75 ± 0.05, 
𝑟 = 100 ± 25 μm, and 𝑠 = 0.1 ± 0.05 cm. Each experiment began with 
a 24 h preconditioning phase, during which the setup was covered 
to suppress environmental evaporation and allow equilibration. At the 
end of this stage, no measurable mass variation was observed in the 
beaker, confirming 𝛥𝑧 = 0mm between the beaker and the reservoir. 
The cover was then removed, heating initiated, and the experiment 
run for approximately 2 h while continuously recording beaker mass. 
Finally, the mass-loss curve was converted into 𝛥𝑧𝑑 (𝑡) by dividing the 
measured mass variation by the water density 𝜌 and the section of the 
beaker.

3. Results

This section presents the main results of the study. First, the ana-
lytical model is validated against experimental measurements obtained 
with the laboratory prototype. Subsequently, the applicability of the 
proposed mechanism is evaluated through a case study involving a 
passive solar distillation device. The analysis is then extended to scal-
ability constraints and generalized design guidelines derived from the 
linearized model.
6 
3.1. Validation of the model

Fig.  4 summarizes the validation of the analytical model. Fig.  4a 
compares predicted and measured values of 𝛥𝑧𝑑 after 90 min of op-
eration. Experimental data are reported as mean value with 95% con-
fidence interval, derived from three independent tests using Student’s
t -distribution. Model uncertainty was obtained by propagating input-
parameter uncertainties through the general (non-linearized) form of 
Eq. (9). To obtain the experimental value at 90 min, a linear inter-
polation was performed between the two experimental measurements 
immediately preceding and following this time. This procedure was 
repeated for the three independent test sets, resulting in three interpo-
lated values at the 90-minute mark. At 𝑡 = 90 min, the analytical model 
predicts 𝛥𝑧𝑑 = 0.17 mm (range: 0.06–0.26 mm), corresponding to an 
uncertainty of ±0.10 mm. The experimental value is 0.202 ± 0.044 mm
(mean ±95% CI, 𝑛 = 3). The relative deviation between the two 
mean values is approximately 15%, indicating good agreement. The 
model slightly underestimates 𝛥𝑧𝑑 within the observed timeframe, a 
discrepancy primarily associated with the characteristic time 𝜏𝑐ℎ, whose 
sensitivity to uncertain parameters becomes significant at the chosen 
reference time.

Panel (b) compares the full time evolution of 𝛥𝑧𝑑 . The solid black 
line corresponds to predictions using nominal parameter values (i.e., 
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Fig. 4.  Model validation against experimental data under operating conditions: 𝑞𝑠𝑢𝑛 = 1000 W m−2, 𝐻 = 3±1 cm, 𝑠 = 0.1±0.05 cm, 𝜖 = 0.75±0.05, 𝑟 = 100±25 μm, and 
𝜂 = 0.52±0.03. (a) 𝛥𝑧𝑑 after 90 minutes: the blue bar represents the mean analytical prediction, with uncertainty estimated as half the min–max interval resulting 
from input-parameter variations. The red bar indicates the mean experimental value at 90 min, with error bars corresponding to the 95% confidence interval 
(Student’s t -distribution, 𝑛 = 3). (b) Temporal evolution of 𝛥𝑧𝑑 : analytical prediction (black line) with uncertainty gray band versus experimental measurements. 
Distinct symbols and colors correspond to independent experimental test repetitions. The 𝑥-axis represents time (min), and the 𝑦-axis shows 𝛥𝑧𝑑 (mm).
Fig. 5.  Performance of siphon-induced flushing for salt removal. (a) Time evolution of the average salt concentration in the evaporator 𝑎̃ (left y-axis) and 
hydraulic head difference 𝛥𝑧𝑑 (right y-axis) for an initial concentration of 𝑎̃(0) = 250 g∕L, comparing pure diffusion and siphon-induced flushing. For siphon 
flushing, both an ideal advection-only model (neglecting diffusion during flushing) and an advection-diffusion model (including diffusion during flushing) are 
reported. (b) Same analysis for an initial concentration of 𝑎̃(0) = 150 g∕L. Including diffusion smooths the concentration front and removes the non-differentiable 
corner observed in the advection-only approximation, while only mildly affecting the overall rinsing performance.
the central values within their uncertainty ranges), while the shaded re-
gion represents the uncertainty envelope. The lower bound corresponds 
to parameter sets that minimize 𝛥𝑧𝑑—reducing 𝜏𝑐ℎ and accelerating the 
transient, whereas the upper bound increases 𝜏𝑐ℎ, producing a slower 
approach to steady state. The experimental trend shows progressive 
flattening, indicating the onset of steady-state conditions and confirm-
ing that the characteristic time is comparable to the experimental 
duration.

Overall, the agreement between analytical predictions and exper-
imental observations confirms the model’s validity and its ability to 
capture the dominant physical mechanisms governing 𝛥𝑧 (𝑡).
𝑑

7 
3.2. Case study: Application to a passive solar distillation device

The salt removal capability of the proposed passive siphon-based 
system was assessed considering as case study the passive solar distiller 
developed by Chiavazzo et al. (2018). The validated hydraulic model 
was parameterized with standard water properties: dynamic viscosity 
𝜇 = 8.9×10−4 Pa s, density 𝜌 = 1000 kg m−3, latent heat of vaporization 
ℎ𝑔𝑙 = 2.26 × 106 J kg−1. The porous evaporator dimensions were 12 ×
12 cm2 with 1 mm thickness (Chiavazzo et al., 2018), elevated 𝐻 = 4 cm
above the seawater level. The material of the porous evaporator was 
assumed to be a woven cotton fabric with a hydraulic pore diameter 
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𝐷ℎ ≈ 50 μm and porosity 𝜖 ≈ 75% (Zupin et al., 2024) (fabric code R 2/4 
29.3/20). The characteristic pore radius was taken as 𝑟 = 𝐷ℎ∕2 ≈ 25 μm. 
The cross-sectional area of the salt-disposal device was assumed to be 
a fraction of the evaporator area, namely 𝑆𝑑 = 0.1𝐵𝐿, where 𝐵 and 𝐿
are the width and length of the evaporator, respectively. An effective 
absorbed solar irradiance 𝜂𝑞𝑠𝑢𝑛 of 600 W m−2 was assumed.

Based on these parameters, the system characteristic time constant 
was 𝜏𝑐ℎ = 4.48 h and the steady-state head difference 𝛥𝑧𝑑,𝑒𝑞 = 2.14 cm. 
According to the analytical model (see Eq.  (9)), after 6 h of solar 
irradiation, the hydraulic head difference reaches 𝛥𝑧𝑑 = 1.58 cm, 
corresponding to a rinse number 𝑛𝑅 = 2.11, as defined in Eq.  (11). 
This indicates that the salt accumulated on the evaporator during the 
considered irradiation period could be completely rinsed at least once 
(𝑛𝑅 > 1) as soon as evaporation process stops (e.g., during nighttime), 
confirming the effectiveness of the passive siphon-based system for 
autonomous, energy-free salt management.

To further compare the efficiency of the siphon-induced flushing 
mechanism against pure diffusion, the average salt concentration in the 
evaporator, 𝑎̃(𝑡), was evaluated under three transport assumptions: (i) 
diffusion only, (ii) siphon-driven flushing with advection-only transport 
(diffusion neglected during flushing), and (iii) siphon-driven flushing 
with coupled advection-diffusion transport during the discharge phase. 
The average concentration 𝑎̃(𝑡) was computed as the ratio between the 
total mass of salt contained within the porous evaporator and the actual 
volume of liquid present in the porous medium, i.e. 𝜖𝐵𝐿𝑠, where 𝜖 is 
the porosity and 𝐵, 𝐿, and 𝑠 are the width, length, and thickness of the 
evaporator, respectively.

The resulting 𝑎̃(𝑡) values, together with the time evolution of the 
hydraulic head difference 𝛥𝑧𝑑 , are presented in Fig.  5, where panels 
a and b correspond to initial concentrations of 𝑎̃(0) = 250 gL−1

(near saturation condition) and 𝑎̃(0) = 150 gL−1, respectively. In the 
diffusion-only scenario, salt decreases slowly, reaching 238.1 g L−1
and 143.6 g L−1 after 10 h for the two initial concentration values, 
respectively. In sharp contrast, siphon-induced flushing rapidly reduces 
the concentration to the seawater value within a few hours, regardless 
of the initial concentration value. In the idealized advection-only case 
(diffusion neglected during flushing), the seawater level is restored 
within 2.88 h. When diffusion is included during flushing (advection-
diffusion model), the rinsing remains highly effective, although the 
complete concentration decay becomes 1.2 h slower due to diffusive 
mixing at the flushing front. At 𝑡 = 2.88 h, the hydraulic head difference 
has decreased from its initial value of 1.58 cm (hydraulic head differ-
ence reached after 6 h of solar irradiation) to 0.83 cm. After 10 h of 
operation, the hydraulic head difference further decreases to 0.17 cm. 
This reduction in hydraulic head difference reflects the occurrence of 
multiple rinsing events: as predicted by 𝑛𝑅 > 1, the system is able 
to perform more than one complete flushing over the considered time 
interval, ensuring excellent salt removal and evaporator cleanliness.

The initial sharp decrease in salt concentration observed during 
siphon-induced flushing is due to the high hydraulic head difference 
𝛥𝑧𝑑 , which enables a fast brine outflow. As the salt-disposal pocket 
fills and its free surface rises approaching sea level, 𝛥𝑧𝑑 decreases, 
reducing the driving head and thus the flushing rate, thus resulting in 
a progressively gentler slope of the concentration curve. This dynamic 
accurately reflects the physical process whereby the rinsing efficiency 
is self-regulated by the available hydraulic gradient.

It is worth noting that the non-differentiable corner observed in the 
concentration curve (siphon-induced flushing case) corresponds to the 
moment when the flushing front reaches the outlet of the evaporator (at 
𝑥 = 𝐿 in Fig.  1a), meaning that the entire internal volume has been fully 
rinsed. At this point, the expelled salt-enriched water is rapidly replaced 
by ambient seawater, which acts as the flushing fluid. This abrupt re-
placement produces the sharp corner in the concentration curve. When 
diffusion is included during siphon-driven flushing (advection-diffusion 
model in Fig.  5), the salinity front is progressively spread, the corner 
disappears, and the concentration evolution becomes smooth. In this 
8 
more realistic case, diffusion mildly reduces the rinsing performance, 
since salt is partially transported back toward the evaporator from 
nearby higher-concentration regions during the replacement process. 
Importantly, this adverse diffusive mixing can be straightforwardly 
counteracted at the design level by targeting a rinse number slightly 
above unity (𝑛𝑅 > 1). This guarantees complete regeneration even in 
the presence of diffusion, while preserving the fully passive nature of 
the mechanism.

These results highlight not only the superior performance of siphon-
induced hydraulic flushing for salt removal, but also its independence 
from the initial concentration in the evaporator, making it robust 
even for highly concentrated brines. For comparison, Xia et al. (2019) 
demonstrated continuous steam generation with edge-preferential crys-
tallization and gravity-assisted salt harvesting for 600 h, with evapo-
ration rates of 1.05–1.42 kg m−2 h−1 at 3.5 wt% NaCl under 1 sun. A 
Janus 3D graphene evaporator maintained stable operation without salt 
accumulation up to 10 wt% brine, delivering 1.71 kg m−2 h−1 under 
1 sun (Yang et al., 2023).  Stincone et al. (2024) reported Marangoni-
assisted salt rejection up to two orders of magnitude above diffusion, 
enabling overnight removal of accumulated salt with distillate rates of 
2 L m−2 h−1 under < 1 sun. Zeng et al. (2019) demonstrated continuous 
osmotic pumping using a polyelectrolyte hydrogel foam, achieving 
stable evaporation rates of 1.3 kg m−2 h−1 in 3.5 wt% NaCl under 1 sun 
for 72 h. Compared to these strategies, the key novelty of the present 
work is that salt removal occurs through bulk advective regeneration 
of the porous evaporator via siphon flushing, autonomously triggered 
by evaporation-induced hydraulic head. This provides a robust, scal-
able, and interfacial-independent salt-management approach, capable 
of restoring seawater-level salinity within a few hours.

3.3. Scalability and size constraints

An important question for practical deployment concerns the max-
imum evaporator length 𝐿 that can be operated without salt clogging 
or performance degradation. This limit is governed by two distinct 
and conceptually independent constraints: (i) a capillary dry-out limit, 
𝐿𝑑𝑟𝑦-𝑜𝑢𝑡, which ensures continuous wetting of the porous evaporator, 
and (ii) a siphon-regeneration limit, 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛, which requires that the 
siphon-driven discharge is sufficiently fast to flush the porous volume 
during a rinsing event.

The dry-out constraint 𝐿𝑑𝑟𝑦-𝑜𝑢𝑡 is intrinsic to capillary-fed evapora-
tors and has been extensively analyzed in our previous works (Meo and 
Morciano, 2022; Meo et al., 2023). Those studies provide quantitative 
design guidelines for wick thickness (typically in the millimeter range) 
and geometry to prevent dry-out and premature salt crystallization, and 
predict feasible evaporator lengths up to the order of meters under 
realistic solar operating conditions.

The present analysis therefore focuses on the siphon-regeneration 
constraint 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛. Importantly, the dominant limitation associated 
with siphon operation is generally not the ability to generate the 
hydraulic head required to trigger siphon activation. For a fixed op-
erational time 𝑡𝑜𝑝, a target head difference 𝛥𝑧𝑡𝑎𝑟𝑔𝑒𝑡 can always be 
achieved by appropriately tuning the geometrical ratio 𝑆𝑑∕(𝐵𝐿), within 
reasonable design bounds. Instead, the critical constraint is associated 
with the discharge phase, namely the requirement that at least one full 
evaporator volume is flushed within the available discharge time 𝑡𝑑𝑖𝑠.

By combining the governing relations of the model and considering 
the asymptotic regime 𝜏𝑐ℎ ≫ 𝑡op (i.e., large systems), the maximum 
sustainable evaporator length for effective siphon-driven regeneration, 
𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛, can be expressed as:
( 𝜏𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛

𝑟

)2 1 + 2𝐻∕𝐿
𝜖𝑠

=

= −
𝑡𝑑𝑖𝑠

8𝜇 𝑆𝑑 ln
(

1 − 2𝜌
(

ℎ𝑔𝑙 (𝑇 )−𝑐𝑝,𝑤𝑇
)

𝜖𝑠
) (21)
𝜌𝑔 𝐵𝐿 𝜂𝑞𝑠𝑢𝑛 𝑡𝑜𝑝
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All symbols are defined in Appendix  E. Eq. (21) highlights that 
the siphon-related size limit is primarily controlled by viscous losses 
(hydraulic resistances) in the porous medium and by the volume of 
liquid to be flushed, rather than by the capability of generating the 
triggering hydraulic head.

The trends predicted by Eq. (21) are physically intuitive. Smaller 
pore radii 𝑟 reduce 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛 by increasing the hydraulic resistance 
and slowing down the discharge flow. Similarly, increasing the porous 
thickness 𝑠 decreases 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛, since a thicker wick stores a larger 
liquid volume that must be flushed (at least one complete rinse) within 
the available discharge time 𝑡𝑑𝑖𝑠.

Using representative design parameters (e.g., 𝑆𝑑∕(𝐵𝐿) ≈ 0.1, 𝑠 in the 
millimeter range, and 𝑟 between tens and hundreds of micrometers), 
Eq. (21) predicts 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛 values typically on the order of meters 
(e.g., 0.5–2 m depending on 𝑟 and 𝑠, and larger for larger pore sizes). 
Consequently, depending on operating conditions and design choices, 
the siphon-related constraint can be comparable to or less restrictive 
than the dry-out limit 𝐿𝑑𝑟𝑦-𝑜𝑢𝑡, indicating that siphon regeneration is 
generally not the dominant scalability bottleneck.

To provide a concrete and quantitative demonstration of scalability, 
we consider a device similar to that analyzed in Section 3.2 but on 
meter-scale, with 𝐿 = 1 m, 𝐵 = 0.5 m, 𝑟 = 25 μm, 𝜖 = 0.75, 𝑠 = 2 mm, 
𝐻 = 4 cm, 𝜂 = 0.6, and 𝑞𝑠𝑢𝑛 = 1000 Wm−2, operated under a 10 h 
irradiation phase followed by 14 h discharge. Using the capillary-driven 
transport model of Ref. Meo and Morciano (2022), the dry-out limit 
is found to be 𝐿𝑑𝑟𝑦-𝑜𝑢𝑡 ≈ 2.1 m, confirming that a 1 m evaporator 
remains safely below the capillary constraint. Imposing a conservative 
regeneration criterion 𝑛𝑅 > 1.5 yields a geometrical ratio 𝑆𝑑∕(𝐵𝐿) =
0.008, corresponding to a characteristic time 𝜏𝑐ℎ = 8.2 h. Under the 
assumed daily cycle, the hydraulic head available for siphon flushing, 
computed from the full transient evolution during both evaporation and 
discharge, reaches approximately 𝛥𝑧𝑑 ≈ 28 cm and ensures 𝑛𝑅 = 1.506
over the cycle. The resulting disposal-pocket area remains geometri-
cally reasonable, 𝑆𝑑 = 0.004 m2, with 𝑆𝑑∕(𝐵𝑠) = 4, thus avoiding 
extreme aspect ratios or impractical design constraints. This example 
demonstrates that a 1 m evaporator operates safely below the dry-
out limit, autonomously generates a substantial evaporation-induced 
hydraulic head under realistic transient solar cycles, and satisfies a 
conservative rinsing requirement without restrictive geometrical condi-
tions. Therefore, the proposed fully passive siphon-driven regeneration 
strategy does not exhibit intrinsic scalability limitations at the meter 
scale.

An additional aspect relevant for large-scale operation concerns the 
progressive increase of salinity within the salt-disposal pocket during 
prolonged evaporation. As freshwater is produced and brine is dis-
placed into the pocket, salt accumulates in the disposal compartment. 
Importantly, the geometrical constraint associated with siphon activa-
tion, namely the ratio 𝑆𝑑∕(𝐵𝐿), applies only to the activation region 
near the free surface where the hydraulic head is generated. Below 
this region, the pocket cross-section can be enlarged without affecting 
siphon triggering. This decoupling provides design freedom to increase 
total storage volume independently of the activation geometry, thereby 
mitigating salinity rise through volumetric dilution. To quantify this 
effect for the representative 1 m device, the evaporative mass flux 
per unit length follows Eq. (C.2). Integration over the full evaporator 
length, assuming 10 h daily irradiation, yields a daily freshwater pro-
duction of approximately 4.8 L. For seawater salinity 𝑐𝑠𝑒𝑎 = 35 gL−1, 
this corresponds to a daily salt accumulation of about 0.17 kg, or 
roughly 1.2 kg after one week of autonomous operation. If the disposal 
pocket is designed with a total volume 𝑉𝑝𝑜𝑐𝑘𝑒𝑡 = 10 L, achievable by 
enlarging the lower storage region beneath the activation section, the 
resulting concentration after one week becomes 𝑐𝑝𝑜𝑐𝑘𝑒𝑡 ≈ 150 gL−1. 
This value remains well below the NaCl solubility limit at ambient 
temperature, approximately 350 g L−1, thus preventing crystallization 
within the pocket. At such concentrations the increase in brine vis-
cosity and density remains moderate, introducing only second-order 
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corrections to hydraulic resistance and not altering the qualitative 
mechanism of evaporation-driven head generation, which primarily 
depends on geometric ratios. Consequently, simple volumetric design 
enables multiple autonomous regeneration cycles over extended peri-
ods before any manual intervention is required. Beyond this first-level 
mitigation strategy, long-term brine management can be supported 
by passive concepts such as density-driven release, diffusive transport 
through hydraulically resistive salt-permeable interfaces, or one-way 
hydraulic elements. These system-level strategies are decoupled from 
the evaporator-regeneration mechanism demonstrated here and can 
be integrated without modifying the autonomous siphon activation 
process.

3.4. Generalization through the linearized model

The following results are based on the linearized model of the 
experimental configuration, as detailed in Eqs.  (10) and (12). As dis-
cussed, linearization is valid when the characteristic time constant 𝜏𝑐ℎ
exceeds the operational timescale (a few hours) by at least two orders 
of magnitude, ensuring that the hydraulic head temporal evolution 
𝛥𝑧𝑑 (𝑡) in the salt-disposal device is accurately captured by the analytical 
framework. Device performance is quantified using two key metrics: 
the hydraulic head difference 𝛥𝑧𝑑 and the number of siphon-induced 
rinsing events 𝑛𝑅, both normalized per hour of solar irradiation. These 
metrics are critical for promoting regular brine removal and preventing 
salt accumulation in the evaporator.

Fig.  6a illustrates how the accumulated hydraulic head difference 
per hour, 𝛥𝑧𝑑∕𝑡, depends on the effective solar irradiance 𝜂𝑞𝑠𝑢𝑛 and 
the device area ratio 𝑆𝑑∕(𝐵𝐿) (where 𝑆𝑑 is the assumed uniform cross-
sectional area of the salt-disposal device and 𝐵𝐿 is the evaporator foot-
print). As expected, higher solar irradiance increases 𝛥𝑧𝑑 , thereby en-
hancing the hydrostatic pressure available to drive the siphon-induced 
flow for brine removal. A higher 𝛥𝑧𝑑 also enables a larger brine 
storage volume within the salt-disposal device before discharge. For 
effective siphon operation, the accumulated head should reach a few 
centimeters over 8 h, corresponding to a logarithmic threshold of 
log10(2.5 cm∕8 h) ≈ −0.5. This reference value of 2.5 cm should be 
regarded as an order-of-magnitude estimate. It originates from prelim-
inary simulations indicating that, depending on the overall hydraulic 
resistance of the circuit, a head difference of roughly 1–2 cm is typically 
required to sustain a flushing flow sufficient to rinse the evaporator. 
Compact devices with large pores (low hydraulic resistance) may re-
quire even smaller 𝛥𝑧𝑑 . Conversely, the linearized regime is obtained 
for large 𝜏𝑐ℎ, which is generally associated with high 𝑅𝑒𝑓𝑓  in Eq. (18), 
and thus with higher overall hydraulic resistance. A more accurate 
estimate of the required head difference 𝛥𝑧𝑑 for efficient rinsing will, 
however, require further investigation of the flushing phase. In par-
ticular, as previously discussed, the required 𝛥𝑧𝑑 must be assessed in 
relation to the hydraulic resistance of the system to ensure that 𝛥𝑧𝑑
can drive a sufficient flushing volume within the non-operating period. 
Finally, lower values of 𝑆𝑑∕(𝐵𝐿) are preferred, as they promote head 
buildup and rinsing even under moderate solar irradiance.

Fig.  6b shows how the effective solar irradiance 𝜂𝑞𝑠𝑢𝑛 and the 
effective porous-medium thickness 𝜖𝑠 affect the rinsing frequency 𝑛𝑅∕𝑡. 
The logarithmic scale of 𝑛𝑅∕𝑡 highlights the operating conditions under 
which the siphon mechanism is sufficiently activated to guarantee regu-
lar flushing. For robust performance, at least one rinsing event per hour 
is desirable; adopting a practical threshold of 1.5 rinsing events over an 
8-hour period yields a logarithmic benchmark of log10(1.5∕8 h) ≈ −0.7. 
As expected, both higher 𝜂𝑞𝑠𝑢𝑛 and smaller 𝜖𝑠 lead to higher rinsing 
frequencies, thereby supporting effective evaporator cleaning.

Overall, these results highlight two complementary design levers 
for sustained, passive brine removal: (i) promoting head buildup via 
a low area ratio 𝑆𝑑∕(𝐵𝐿) (panel a) and (ii) increasing the rinsing 
frequency by reducing the effective porous-medium thickness 𝜖𝑠 while 
maintaining sufficient irradiance (panel b). Lower values of 𝑆 ∕(𝐵𝐿)
𝑑
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Fig. 6.  (a) Contour map showing the accumulated hydraulic head difference per hour on a logarithmic scale, log10(𝛥𝑧𝑑∕𝑡), as a function of effective solar 
irradiance 𝜂𝑞𝑠𝑢𝑛 (x-axis) and device area ratio 𝑆𝑑∕(𝐵𝐿) (y-axis). Larger 𝛥𝑧𝑑 values correspond to higher hydrostatic pressure and greater internal brine storage, 
both enhancing siphon-driven evaporator flushing. Optimal performance is achieved at high irradiance and low area ratio. The thick black line marks the practical 
activation threshold corresponding to 𝛥𝑧𝑑 ≈ 2.5 cm accumulated over 𝑡 = 8 h, i.e., log10(2.5 cm∕8 h) ≈ −0.5. (b) Contour map of rinsing frequency on a logarithmic 
scale, log10(𝑛𝑅∕𝑡), as a function of effective solar irradiance 𝜂𝑞𝑠𝑢𝑛 (x-axis) and effective porous-medium thickness 𝜖𝑠 (y-axis, in mm). Higher rinsing frequency, 
indicating more effective salt removal, is achieved with increased irradiance and smaller thickness. The thick black line marks the practical operating threshold 
of 𝑛𝑅 ≈ 1.5 rinses over 𝑡 = 8 h, i.e., log10(1.5∕8 h) ≈ −0.7. The threshold 𝑛𝑅 ≈ 1.5 is conservatively set above unity to account for residual salt and diffusion during 
flushing, which may partially drive salt back into the evaporator (see Fig.  5).
Fig. 7. Relative gains in hydraulic head difference as functions of the dimensionless parameters 𝛥𝐿∕𝐿 and 𝐻∕𝐿. Here, steady state refers to the long-time limit, 
while linear regime denotes the early-time dynamics (𝑡 ≪ 𝜏𝑐ℎ), where 𝛥𝑧𝑑 (𝑡) ≈ (𝛥𝑧𝑑,𝑒𝑞∕𝜏𝑐ℎ) 𝑡. (a) Steady-state relative gain 𝐺𝑒𝑞 (in %). (b) Linear-regime relative 
gain 𝐺𝑙𝑖𝑛 (in %). In both cases, the gain increases monotonically with 𝛥𝐿∕𝐿, and decreases monotonically with 𝐻∕𝐿. Both 𝐺𝑒𝑞 and 𝐺𝑙𝑖𝑛 are induced by the added 
localized resistance 𝑅𝑙𝑜𝑐 (equivalently, by the extra porous length 𝛥𝐿) and are reported with respect to the baseline device (𝛥𝐿 = 0). At steady state, 𝐺𝑒𝑞 grows 
approximately as 2𝛥𝐿∕𝐿, reaching up to 2000% within the explored range. In the linear regime, 𝐺𝑙𝑖𝑛 asymptotically approaches 90% for large 𝛥𝐿∕𝐿, representing 
the theoretical upper limit.
promote reliable siphon activation by increasing the available head, 
while reducing the effective porous-medium thickness 𝜖𝑠 lowers the 
required flushing volume (𝑉𝑒 = 𝜖𝑠𝐵𝐿), thus increasing 𝑛𝑅∕𝑡. However, 
low 𝜖 is undesirable, as it would suppress capillary transport and 
limit liquid supply to the evaporating interface. Hence, 𝜖 should be 
optimized in conjunction with 𝑠, seeking a balance between efficient 
capillary flow and sufficient resistance for head buildup. Adequate 
solar irradiance remains essential to sustain both hydrostatic pressure 
and rinsing frequency. Collectively, these design guidelines provide a 
framework for long-term, maintenance-free operation of passive solar 
distillation systems.

3.5. Topological design modification to boost hydraulic difference

A simple and effective strategy to enhance the hydraulic head differ-
ence 𝛥𝑧  is to modify the system topology by increasing the hydraulic 
𝑑
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resistance of the left-hand branch, 𝑅𝐻,𝑙𝑒𝑓𝑡. This branch supplies more 
water directly from the sea than the right-hand branch, where an addi-
tional resistance 𝑅𝑎𝑑𝑑 is located. The two resistances, 𝑅𝑎𝑑𝑑 and 𝑅𝐻,𝑙𝑒𝑓𝑡, 
act synergistically while influencing opposite sides of the network. A 
sufficiently large 𝑅𝑎𝑑𝑑 reduces the refill of the pocket from the sea, 
while an increased 𝑅𝐻,𝑙𝑒𝑓𝑡 forces the evaporator to draw a greater 
fraction of water from the pocket instead of the sea. In essence, 𝑅𝑎𝑑𝑑
restricts inflow (i.e., pocket refilling), while 𝑅𝐻,𝑙𝑒𝑓𝑡 promotes outflow 
(i.e., pocket emptying); and together they contribute to a larger 𝛥𝑧𝑑 .

A practical way to achieve this is to introduce a localized hydraulic 
resistance 𝑅𝑙𝑜𝑐 in series between the left vertical branch and the ir-
radiated horizontal evaporator. The corresponding equivalent circuit 
is reported in Appendix  D. For consistency with the porous-medium 
formulation, 𝑅  can be represented by an equivalent porous length 
𝑙𝑜𝑐
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𝛥𝐿 defined as 

𝛥𝐿 = 𝑅𝑙𝑜𝑐
𝜖𝐴𝑟2

8𝜇𝜏2
, (22)

where the notation follows Eq. (4). Introducing 𝑅𝑙𝑜𝑐 redistributes the 
replenishment flows: the flow from the left branch decreases while 
that from the right branch increases by an equal amount, so that the 
total flow still matches the evaporative flux. This implies that a greater 
fraction of the evaporated water is extracted from the pocket. This 
redistribution is favorable for the buildup of 𝛥𝑧𝑑 : flow from the left 
vertical section comes directly from the sea and does not alter the 
water level in the salt-disposal device. In contrast, flow from the pocket 
lowers its water level and the buildup of 𝛥𝑧𝑑 is accelerated.

To confirm this principle, the equivalent hydraulic circuit is ana-
lyzed (see Fig.  D.1 in Appendix  D), consistent with the experimental 
setup described in Section 2.4. In this configuration, 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 depends 
on 𝛥𝑧𝑑 as given in Eq. (13). Since the circuit is interrupted at the 
location corresponding to 𝑅𝑎𝑑𝑑 , this resistance tends to +∞, so that 
𝑅𝑎𝑑𝑑 ≫ 𝑅𝛼𝛽,𝑡ℎ. The analysis is performed under the condition 𝛥𝑧𝑑 ≪ 𝐿.

The added localized resistance 𝑅𝑙𝑜𝑐 increases 𝛥𝑝𝛼𝛽,𝑡ℎ and hence the 
steady-state hydraulic head difference 𝛥𝑧𝑑,𝑒𝑞 in Eq. (14), giving: 

𝛥𝑧∗𝑑,𝑒𝑞 ≈
4𝜇

𝜌2 𝑔
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿
+ 2𝛥𝐿

𝐿

) 𝜂𝑞𝑠𝑢𝑛
𝜖𝑠

. (23)

The steady-state relative gain in hydraulic head is then: 

𝐺𝑒𝑞 =
𝛥𝑧∗𝑑,𝑒𝑞 − 𝛥𝑧𝑑,𝑒𝑞

𝛥𝑧𝑑,𝑒𝑞
=

2𝛥𝐿∕𝐿
1 + 2𝐻∕𝐿

. (24)

Because the time constant 𝜏𝑐ℎ depends on 𝑅𝛼𝛽,𝑡ℎ (Eq. (18)), the modifi-
cation also affects system dynamics. In the new configuration, 

𝜏∗𝑐ℎ ≈
8𝜇
𝜌𝑔

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿
+ 𝛥𝐿

𝐿

) 𝑆𝑑
𝜖𝑠𝐵𝐿

. (25)

and the relative variation is 
𝜏∗𝑐ℎ − 𝜏𝑐ℎ

𝜏𝑐ℎ
=

𝛥𝐿∕𝐿
1 + 2𝐻∕𝐿

. (26)

Eq. (26) shows that the relative increase in 𝜏𝑐ℎ scales linearly with 
𝛥𝐿∕𝐿. In contrast, the relative gain in steady-state hydraulic head 
difference 𝛥𝑧𝑑,𝑒𝑞 increases proportionally to 2𝛥𝐿∕𝐿, twice as much. 
Thus, the topological modification improves both steady-state and tran-
sient (early-time dynamics) performance. This becomes evident when 
analyzing the linear regime, valid for 𝑡 ≪ 𝜏𝑐ℎ, in which the hydraulic 
head difference evolves approximately as 𝛥𝑧𝑑 (𝑡) ≈ (𝛥𝑧𝑑,𝑒𝑞∕𝜏𝑐ℎ) 𝑡. In this 
limit, 𝛥𝑧∗𝑑 (𝑡) for the modified configuration becomes: 

𝛥𝑧∗𝑑 (𝑡) ≈
𝜂𝑞𝑠𝑢𝑛

2𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
) 𝑆𝑑

𝐵𝐿

1 + 2𝐻
𝐿 + 2 𝛥𝐿

𝐿

1 + 2𝐻
𝐿 + 𝛥𝐿

𝐿

𝑡. (27)

The relative gain 𝐺𝑙𝑖𝑛 in hydraulic head difference due to the added 
localized resistance in the linear regime is: 

𝐺𝑙𝑖𝑛 =
𝛥𝑧∗𝑑 (𝑡) − 𝛥𝑧𝑑 (𝑡)

𝛥𝑧𝑑 (𝑡)
= 1 −

1 + 2𝐻∕𝐿
1 + 2𝐻∕𝐿 + 𝛥𝐿∕𝐿

. (28)

Figs.  7a and 7b show the relative gains 𝐺𝑒𝑞 and 𝐺𝑙𝑖𝑛, expressed as 
percentages, as functions of 𝛥𝐿∕𝐿 and 𝐻∕𝐿. In both cases, the gains 
increase monotonically with the dimensionless parameter 𝛥𝐿∕𝐿, inde-
pendently of 𝐻∕𝐿. At steady-state, the relative change grows propor-
tionally to 2𝛥𝐿∕𝐿, reaching values up to 2000% within the considered 
parameter range, i.e., up to twenty times the baseline value of 𝛥𝑧𝑑,𝑒𝑞 . 
In the linear regime, which includes the early transient, the relative 
gain follows Eq. (28), approaching 90% for large 𝛥𝐿∕𝐿. This value 
represents the theoretical limit where nearly all evaporated water is 
supplied from the salt-disposal pocket. Conversely, increasing 𝐻∕𝐿 has 
a monotonically negative effect on both gains, with 𝐺𝑒𝑞 being more 
sensitive than 𝐺𝑙𝑖𝑛. As a result, the topological modification based on 
𝑅  is more effective in systems characterized by low 𝐻∕𝐿 ratios.
𝑙𝑜𝑐
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The larger value of 𝐺𝑒𝑞 compared to 𝐺𝑙𝑖𝑛 is physically consistent. 
While 𝐺𝑙𝑖𝑛 reflects the instantaneous enhancement in pocket-supplied 
flow during early transients (linear regime), 𝐺𝑒𝑞 incorporates cumu-
lative effects over the entire operating period. In particular, 𝐺𝑒𝑞 is 
strongly influenced by the increase in 𝜏𝑐ℎ (see Eq. (26)), which implies 
a longer time available for water withdrawal from the salt-disposal 
pocket during operation. However, excessively large increases in 𝜏𝑐ℎ do 
not always translate into practical benefits, particularly when the base-
line 𝜏𝑐ℎ is already comparable to or larger than the device’s operating 
period. In such cases, further extending the time constant does not lead 
to significant gains, since the additional absorption time cannot be fully 
exploited within the available operational window. The key insight 
from these plots is that the proposed topological modification yields a 
consistent and monotonic enhancement of 𝛥𝑧𝑑 across all timescales, not 
only at steady state. Since siphon performance directly benefits from 
increased hydraulic gradients, this strategy provides a scalable way to 
further boost salt-rejection capability.

4. Conclusions

This study demonstrates the feasibility and effectiveness of a fully 
passive, siphon-based mechanism for salt removal from the porous 
evaporator in solar-driven distillation devices. In this work, ‘‘fully pas-
sive’’ refers to the autonomous operation of the siphon-driven flushing 
mechanism responsible for evaporator regeneration, while downstream 
brine handling is treated as a decoupled, system-level design aspect. 
The novelty of this study lies in the autonomous generation of the 
hydraulic head required to trigger siphon flushing, rather than in the 
siphon mechanism per se. The system autonomously generates the 
hydraulic head required to activate siphon-driven rinsing cycles by 
coupling evaporation-induced mass loss with hydraulic equilibrium, 
enabling continuous brine flushing of the evaporator without external 
energy or manual intervention.

The analytical model, developed through the electric–hydraulic 
analogy, accurately captures both the transient and steady-state evo-
lution of the hydraulic head difference 𝛥𝑧𝑑 and the rinse number 
𝑛𝑅. Experimental validation under controlled conditions confirms the 
predictive capability of the model: the device reliably develops mea-
surable hydraulic heads and performs multiple rinsing cycles under 
typical solar irradiation. These findings directly address one of the 
primary limitations of passive distillation and desalination systems – 
salt accumulation – which hinders long-term stability and scalability.

Compared to diffusion-limited salt removal, the siphon mechanism 
achieves an order-of-magnitude faster regeneration, reducing near-
saturated salinity to seawater levels within three hours. This confirms 
that passive hydraulic flushing is not only feasible but substantially 
more effective than diffusion for salt management. The scalability anal-
ysis further demonstrates that the proposed mechanism remains effec-
tive at meter-scale evaporator lengths. Representative numerical case 
studies show that 1-meter-long devices can safely operate below both 
dry-out and siphon-regeneration limits, while achieving rinse numbers 
exceeding unity under realistic solar irradiation. The geometric flex-
ibility of the disposal pocket allows substantial salt dilution without 
compromising hydraulic head generation, ensuring operational stability 
over extended periods. Therefore, no intrinsic hydraulic limitation 
prevents scaling the concept to practical device sizes.

Despite the promising results, certain limitations remain. Proof-
of-concept-experiments were conducted under controlled conditions. 
Nevertheless, because hydraulic head buildup depends on the time-
integrated evaporative flux rather than on instantaneous irradiance, 
moderate temporal fluctuations in solar input are expected to primarily 
affect the timing and frequency of siphon activation rather than the fea-
sibility of the flushing mechanism. Real-world deployments will need 
to account for fluctuating solar input, variable seawater composition, 
biofouling, and long-term material stability. Additionally, while the 
system effectively isolates salt in a disposal compartment, through the 



R.R. Meo et al. Journal of Cleaner Production 554 (2026) 148137 
fully passive operation of the siphon-based flushing mechanism, active 
or semi-passive removal mechanisms have yet to be integrated. By 
periodically and completely regenerating the evaporator, the siphon-
driven flushing mechanism inherently suppresses salt crystallization 
within the porous matrix, helping preserve porosity and hydraulic re-
sistance over time. While the present model assumes constant porosity, 
this assumption is justified for the operating regime targeted here and 
will be relaxed in future studies addressing long-term exposure to high 
salinity and fouling. Future designs should explore passive ejection 
strategies – such as overflow channels, one-way valves, or density-
driven expulsion – to support continuous, maintenance-free operation. 
Addressing these challenges is essential for scaling the concept toward 
field-deployable distillation/desalination solutions. Alternatively, in a 
zero-liquid-discharge perspective, the concentrated brine collected in 
the disposal pocket could be periodically harvested for salt recovery, 
turning waste into a potentially valuable resource.

In summary, the proposed concept offers a scalable strategy compat-
ible with meter-scale evaporators for salt management in evaporation-
based desalination, capable of drastically reducing maintenance re-
quirements. By overcoming diffusion limits and operating entirely with-
out external power or control, it paves the way for robust, off-grid 
freshwater production in resource-limited settings. Beyond desalina-
tion, the same principle could be extended to other evaporation-driven 
processes where autonomous liquid regulation and solute management 
are required.
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Appendix A. Hydraulic model

The electric–hydraulic analogy is used as the foundational frame-
work to model fluid dynamics in the siphon-based salt removal device 
proposed in this work. This approach allowed us to conceptualize and 
quantify the viscous losses within the porous medium, which plays 
a critical role in the capillary water flow driven by solar-induced 
evaporation.
12 
Viscous losses within the porous medium were modeled through its 
permeability, estimated via the Kozeny-Carman correlation (Nishiyama 
and Yokoyama, 2017). The permeability 𝐾 of the porous medium is 
given by: 

𝐾 = 𝜖𝑟2

𝛾𝜏2
, (A.1)

where 𝜖 is the porosity of the porous medium, defined as the ratio of 
the void volume to the total volume of the medium, 𝑟 is the mean 
radius of the pores, 𝛾 is a parameter that depends on the pore shape and 
geometry, and 𝜏 is the tortuosity of the porous medium, which accounts 
for the discrepancy between the actual mean flow path length and the 
thickness of the porous medium. For circular pores, as those assumed in 
this study, 𝛾 = 8 (Nishiyama and Yokoyama, 2017). The tortuosity 𝜏 is 
evaluated using the Mackie-Meares equation 𝜏 = (2−𝜖)2

𝜖 , which provides 
a robust means of quantifying how the porosity affects the flow path’s 
complexity and, consequently, the effective transport properties of the 
medium.

The pressure drop 𝛥𝑝 across the porous medium is then given 
by (Meo and Morciano, 2022): 

𝛥𝑝 =
𝜖𝜇
𝐾

𝐿𝑣, (A.2)

where 𝜇 is the dynamic viscosity, 𝐿 is the length of the porous medium, 
and 𝑣 is the flow velocity through the pores. Considering the definition 
of permeability 𝐾 in Eq.  (1) and defining the velocity 𝑣 as the ratio of 
the flow rate 𝑄 to the effective cross-sectional area 𝜖𝐴 of the porous 
medium, the pressure drop becomes: 

𝛥𝑝 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿𝑄. (A.3)

Starting from the hydraulic analogy 𝛥𝑝 = 𝑅ℎ𝑦𝑑𝑟𝑄, which relates the 
pressure drop 𝛥𝑝 across a flow path to the volumetric flow rate 𝑄
through the hydraulic resistance 𝑅ℎ𝑦𝑑𝑟, the hydraulic resistance of the 
porous medium can be expressed as: 

𝑅ℎ𝑦𝑑𝑟 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐿. (A.4)

The hydraulic resistance 𝑅ℎ𝑦𝑑𝑟 encapsulates the influence of the porous 
medium’s structural and material properties on the flow resistance, 
serving as a critical parameter for evaluating the device’s efficiency.

The schematic of the device shown in Fig.  1 consists of three main 
sections of the porous medium: the left vertical section, the right 
vertical section, and the central horizontal evaporator. Each of these 
sections is characterized by a hydraulic resistance due to their porous 
nature. For the left vertical section, the hydraulic resistance is expressed 
as: 

𝑅𝐻,𝑙𝑒𝑓𝑡 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝐻, (A.5)

where 𝐻 is the height of the section, and 𝑟 represents the pore radius. 
The right vertical section, on the other hand, consists of two segments 
in series. The first segment (that is an additional resistance), shorter 
and located at depth in direct contact with the sea, has the following 
hydraulic resistance: 

𝑅𝑎𝑑𝑑 =
8𝜇𝜏2

𝜖𝐴𝑟2𝑎𝑑𝑑
𝐻𝑎𝑑𝑑 , (A.6)

where 𝐻𝑎𝑑𝑑 and 𝑟𝑎𝑑𝑑 are the height and equivalent pore radius of this 
specific segment, respectively. To characterize the second segment, it 
is necessary to introduce the quantity 𝑧𝑂, which represents the depth 
at which the connection to the salt disposal device is established. This 
is defined as: 
𝑧𝑂 = 𝑧𝑠𝑒𝑎 −𝐻𝑎𝑑𝑑 , (A.7)

where 𝑧𝑠𝑒𝑎 represents the depth of the interface between the first 
segment (i.e., the additional resistance) and the sea. The hydraulic 
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resistance of the second segment of the right vertical section can then 
be expressed as: 

𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 =
8𝜇𝜏2

𝜖𝐴𝑟2
(𝐻 + 𝑧𝑂). (A.8)

The central horizontal evaporator is assumed to undergo distributed 
evaporation. To capture this behavior, it is initially modeled as a 
continuum of infinitesimal hydraulic resistances arranged in series. 
Each infinitesimal resistance is defined by the following expression: 

𝑑𝑅𝑒 =
8𝜇𝜏2

𝜖𝐴𝑟2
𝑑𝑥, (A.9)

where 𝑑𝑥 represents an infinitesimal length of the evaporator.
In addition to hydraulic resistances, the circuit representation of 

the hydraulic model must also account for elevation effects and fluid 
storage within the salt-disposal device. A fixed elevation difference can 
be modeled as a voltage generator. According to Stevin’s law, which 
relates pressure differences to fluid properties and height variations, 
the following expression is obtained: 
𝛥𝑝 = 𝜌𝑔𝛥𝑧, (A.10)

where 𝜌 is the fluid density, 𝑔 the gravitational acceleration, and 𝛥𝑧
the elevation difference. In contrast, the elevation 𝑧𝑑 (𝑡) of the water 
free surface in the salt-disposal device (as indicated in Fig.  1) evolves 
in time, before reaching steady state, and is therefore modeled as a 
capacitor. The corresponding pressure difference between the static 
pressure intake and the free surface in the salt-disposal device is again 
given by Stevin’s law: 
𝛥𝑝(𝑡) = 𝜌𝑔𝑧𝑑 (𝑡), (A.11)

Throughout the analysis, dynamic pressure contributions 𝛥𝑝𝑑 are as-
sumed to be negligible compared to viscous pressure drops 𝛥𝑝𝑣. This 
assumption is validated in the following Appendix  B: Dynamic pressure 
assessment, where 𝛥𝑝𝑑 and 𝛥𝑝𝑣 are explicitly compared for each section 
of the device.

Appendix B. Dynamic pressure assessment

For the left vertical section in Fig.  1, let 𝑧̇ represent the flow velocity 
within the porous medium section. The dynamic pressure is given by: 

𝛥𝑝𝑑 = 1
2
𝜌𝑧̇2, (B.1)

while the viscous pressure drop is expressed as: 

𝛥𝑝𝑣 =
8𝜇𝜏2

𝑟2
𝑧̇. (B.2)

Considering water as fluid, the ratio between the two contributions 
becomes: 
𝛥𝑝𝑑
𝛥𝑝𝑣

≃ 106 𝑟
2

𝐻
𝑧̇ (B.3)

Given that 𝑟 is on the order of 10−6 m for typical porous medium 
employed in passive distillation applications, 𝐻 is in the range of mm, 
and 𝑧̇ is much smaller than 1 m/s, it follows that 𝛥𝑝𝑑𝛥𝑝𝑣

≪ 1. This confirms 
the validity of the assumption that the dynamic pressure is negligible 
compared to the viscous pressure drop in this section.

For the right vertical section, a similar analysis is performed. For 
simplicity, only one segment is considered to calculate the viscous 
losses, neglecting 𝑅𝑎𝑑𝑑 , which is a conservative assumption. In this case, 
the ratio becomes: 
𝛥𝑝𝑑
𝛥𝑝𝑣

≃ 106 𝑟2

𝐻 + 𝑧𝑂
𝑧̇. (B.4)

Again, using the same typical values for 𝑟, 𝐻 , 𝑧𝑂, and 𝑧̇, the ratio 𝛥𝑝𝑑𝛥𝑝𝑣
 is 

found to be ≪ 1, demonstrating that the dynamic pressure is negligible 
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compared to the viscous pressure drop for the right vertical section as 
well.

For the horizontal section, the analysis must be conducted in in-
finitesimal terms. Let 𝑥̇ denote the flow velocity in the section. The 
infinitesimal variation of the dynamic pressure, obtained by differenti-
ation, is expressed as: 

𝑑𝛥𝑝𝑑 = 𝜌𝑥̇ 𝑑𝑥̇. (B.5)

The viscous pressure drop is given by: 

𝑑𝛥𝑝𝑣 =
8𝜇𝜏2

𝑟2
𝑥̇ 𝑑𝑥. (B.6)

The ratio between the infinitesimal contributions is then: 
𝑑𝛥𝑝𝑑
𝑑𝛥𝑝𝑣

=
𝜌𝑟2

8𝜇𝜏2
𝑑𝑥̇
𝑑𝑥

. (B.7)

𝑑𝑥̇
𝑑𝑥  can be derived from the expression that describes the evaporator 
flow velocity. Under the assumption of steady-state isothermal condi-
tions, the flow velocity is given by the following relation (Meo and 
Morciano, 2022): 

𝑥̇(𝑥) = 𝑥̇0 −
𝜂 𝑞𝑠𝑢𝑛

𝑠 𝑥

𝜖𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
) , (B.8)

where 𝑥̇(𝑥) represents the flow velocity as a function of the position 𝑥, 
and 𝑥̇0 denotes the inlet flow velocity of the evaporator. The parameters 
𝜂, 𝑞𝑠𝑢𝑛 and 𝑠 correspond to solar absorption efficiency, solar irradiance, 
and evaporator thickness, respectively. Additionally, 𝜌 is water density, 
𝜖 is the porosity of the porous medium, ℎ𝑔𝑙 latent heat of vaporization, 
𝑐𝑝,𝑤 specific heat capacity of water, and 𝑇  refers to the temperature of 
the porous medium. Hence: 

𝑑𝑥̇
𝑑𝑥

= −
𝜂 𝑞𝑠𝑢𝑛

𝑠

𝜖𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
) . (B.9)

Substituting typical values for the parameters involved, the ratio sim-
plifies to: 
𝑑𝛥𝑝𝑑
𝑑𝛥𝑝𝑣

≃ −10−5𝑟2
𝜂𝑞𝑠𝑢𝑛
𝑠

. (B.10)

Given that 𝑟 is on the order of 10−6 m, 𝜂𝑞𝑠𝑢𝑛 is approximately 1000 
W/m2, and 𝑠 is on the order of a few mm, it follows that, even in 
the horizontal section, for each infinitesimal segment, 𝛥𝑝𝑑𝛥𝑝𝑣

≪ 1. This 
confirms that the dynamic pressure contribution is negligible in every 
infinitesimal segment of the horizontal section.

Appendix C. Thevenin equivalent model

Fig.  2 presents the hydraulic schematic of the passive solar distilla-
tion system, derived using the electric–hydraulic analogy and assuming 
that dynamic pressure is negligible relative to other pressure contribu-
tions. The objective is to determine the Thevenin equivalent circuit and 
the corresponding pressure difference 𝛥𝑝𝛼𝛽,𝑡ℎ between the two terminals 
𝛼 and 𝛽, which bound the salt-disposal branch (see Fig.  C.1). In the 
following derivation, the vertical flow rate 𝑄𝑣 and the evaporative 
flow rate 𝑄𝑒 are defined for the open-circuit configuration shown in 
Fig.  C.1, where the salt-disposal branch is disconnected and the entire 
flow passes through the left leg. The same notation is used in Fig. 
2 for consistency, although the corresponding values differ since that 
configuration represents the complete, closed circuit. 

To obtain 𝛥𝑝𝛼𝛽,𝑡ℎ, the pressure drops along the main porous sections 
of the system are evaluated individually. First, the pressure drop in 
the left vertical section is evaluated, which is associated to the cor-
responding flow rate 𝑄𝑣. This flow rate is obtained as the integral of 
all infinitesimal contributions associated with the evaporative flow rate 
in the central section. Under the assumption of steady-state isothermal 
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Fig. C.1. Procedure for evaluating the Thevenin equivalent pressure and resistance with respect to terminals 𝛼 and 𝛽. The equivalent pressure is computed under 
open-circuit conditions; the equivalent resistance is obtained by suppressing independent sources and measuring the resulting impedance.
conditions, it is possible to demonstrate that (Meo and Morciano, 
2022): 

𝑑𝑥̇ = −
𝜂𝑙𝑜𝑐𝑎𝑙

𝑞𝑠𝑢𝑛
𝑠

𝜖𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)𝑑𝑥, (C.1)

where 𝑥̇ represents the flow velocity through the pores in the horizontal 
evaporator. The parameters 𝜂𝑙𝑜𝑐𝑎𝑙, 𝑞𝑠𝑢𝑛 and 𝑠 correspond to effective 
local evaporation efficiency, solar irradiance, and evaporator thickness, 
respectively. Additionally, 𝜌 is water density, 𝜖 is the porosity of the 
porous medium, ℎ𝑔𝑙 latent heat of vaporization, 𝑐𝑝,𝑤 specific heat ca-
pacity of water, and 𝑇  refers to the temperature of the porous medium. 
Here, 𝜂𝑙𝑜𝑐𝑎𝑙(𝑥) accounts not only for heat losses to the ambient, but also 
for the fraction of absorbed solar energy that is locally converted to 
sensible heating of the liquid/porous medium rather than driving evap-
oration. This is particularly relevant near the evaporator inlet, where 
entering seawater is warmed up in a short region and the temperature 
field may not be uniform. As shown in our previous work (Meo and 
Morciano, 2022), the resulting temperature gradients remain limited 
under typical operating conditions, supporting the use of the present 
formulation. Hence, the infinitesimal contributions to the evaporative 
flow rate are expressed as: 

𝑑𝑄𝑒 =
𝜂𝑙𝑜𝑐𝑎𝑙

𝑞𝑠𝑢𝑛
𝑠 𝐴

𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)𝑑𝑥 (C.2)

where 𝐴 is the cross-section of the porous medium. The flow rate in the 
left vertical section can be thus derived as 

𝑄𝑣 = ∫

𝐿

0
𝑑𝑄𝑒 =

𝜂 𝑞𝑠𝑢𝑛
𝑠

𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)𝐿 𝐴, (C.3)

with the corresponding pressure drop 

𝛥𝑝𝑅𝐻,𝑙𝑒𝑓𝑡
= 𝑅𝐻,𝑙𝑒𝑓𝑡𝑄𝑣 =

8𝜇𝜏2

𝜖𝜌𝑟2
𝜂 𝑞𝑠𝑢𝑛

𝑠
ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇

𝐿𝐻. (C.4)

𝜂 is the effective global efficiency, i.e. the ratio between the total 
vapor flow rate produced by the real evaporator and that of an ideal 
evaporator converting all the absorbed heat into vapor. Second, the 
pressure drop within the horizontal evaporator is evaluated. Since the 
evaporator is characterized by distributed evaporation, the contribu-
tions from individual segments must be integrated. Specifically, the 
flow rate as a function of the distance 𝑥 is expressed as: 

𝑄𝑒 = 𝑄𝑣 −
𝑥
𝑑𝑄𝑒 =

𝜂∗𝑙𝑜𝑐𝑎𝑙
𝑞𝑠𝑢𝑛
𝑠

( )𝐴(𝐿 − 𝑥), (C.5)
∫0 𝜌 ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
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Here, 𝜂∗𝑙𝑜𝑐𝑎𝑙 is an effective correction of 𝜂𝑙𝑜𝑐𝑎𝑙 that accounts for its 
spatial variability along the evaporator, i.e. it represents the equivalent 
coefficient resulting from the integration of 𝜂𝑙𝑜𝑐𝑎𝑙(𝑥) in the definition of 
𝑄𝑒(𝑥). The total pressure drop across the horizontal evaporator is given 
by 

𝛥𝑝𝑒 = ∫

𝐿

0
𝑄𝑒 𝑑𝑅𝑒 =

8𝜇𝜏2

𝜖𝜌𝑟2
𝜂∗ 𝑞𝑠𝑢𝑛

𝑠
ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇

𝐿2

2
. (C.6)

𝜂∗ is an hydraulic correction of 𝜂, since it accounts for the impact 
of a spatially non-uniform evaporation profile on viscous dissipation. 
Third, the hydrostatic contributions in the two vertical branches are 
accounted for (see Fig.  C.1). Using Stevin’s law (𝛥𝑝 = 𝜌𝑔 𝛥𝑧) and 
adopting the sign convention of Kirchhoff’s second law along the loop 
from 𝛼 to 𝛽: (i) in the left branch the path rises by a height 𝐻 from 
the reference free surface at 𝑝𝑎𝑡𝑚 to the horizontal evaporator plane, 
hence the contribution is +𝜌𝑔𝐻 ; (ii) in the right branch, the circuit is 
open at 𝛼–𝛽 when evaluating the Thevenin pressure, so no flow passes 
through the porous leg and the viscous drop across 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 is zero. Only 
the elevation change between 𝛼 (free surface at 𝑝𝑎𝑡𝑚) and 𝛽 (node just 
upstream of the static-pressure tap 𝑂 at depth 𝑧𝑂) contributes, giving a 
hydrostatic drop 𝜌𝑔(𝐻+𝑧𝑂) that enters with a negative sign. Collecting 
the hydrostatic terms with the viscous drops in the left vertical section 
and in the horizontal evaporator, the Thevenin pressure 𝛥𝑝𝛼𝛽,𝑡ℎ can be 
eventually determined: 
𝛥𝑝𝛼𝛽,𝑡ℎ = 𝛥𝑝𝑒 + 𝛥𝑝𝑅𝐻,𝑙𝑒𝑓𝑡

+ 𝜌𝑔𝐻 − 𝜌𝑔(𝐻 + 𝑧𝑂), (C.7)

which simplifies to 

𝛥𝑝𝛼𝛽,𝑡ℎ =
8𝜇𝜏2

𝜖𝜌𝑟2
𝜂 𝑞𝑠𝑢𝑛

𝑠
ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇

𝐿
(

𝐿
2
+

𝜂∗

𝜂
𝐻
)

− 𝜌𝑔𝑧𝑂 . (C.8)

The expression of 𝛥𝑝𝛼𝛽,𝑡ℎ highlights how non-uniform evaporation 
affects not only the global evaporation efficiency 𝜂 but also viscous 
dissipation, since lower evaporation implies lower flow velocities and 
therefore reduced viscous losses compared to the ideal case. This effect 
is embedded through the factor 𝜂∗∕𝜂 multiplying 𝐻 . As shown in our 
previous work (Meo and Morciano, 2022), evaporation-rate gradients 
induced by spatial temperature variations are generally negligible and 
remain confined to a short inlet warm-up region, thus having a limited 
impact. Hence, to preserve a compact analytical model, we reasonably 
adopt 𝜂∗ ≈ 𝜂. Next, the Thevenin equivalent resistance between 𝛼 and 𝛽, 
𝑅𝛼𝛽,𝑡ℎ, is computed. First, the resistance of the evaporator is determined 
from Eq.  (A.9) as: 

𝑅𝑒 =
𝐿
𝑑𝑅𝑒 =

8𝜇𝜏2
𝐿. (C.9)
∫0 𝜖𝐴𝑟2
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Fig. C.2.  (a) Simplified equivalent circuit representation of the distillation device. This schematic results from the Thevenin equivalent transformation with respect 
to terminals 𝛼 and 𝛽, reducing the complexity of the original network. The simplified model retains the key electric–hydraulic analog parameters while providing 
a more compact and computationally efficient representation for analysis. (b) Thevenin reduction at the capacitor terminals yields an elementary RC equivalent 
with an effective pressure source. The source 𝛥𝑝𝑒𝑓𝑓  (referenced to 𝑝𝑎𝑡𝑚) is in series with the hydraulic resistance 𝑅𝑒𝑓𝑓  and a hydraulic capacitor representing the 
hydrostatic head 𝜌𝑔𝑧𝑑 . The loop flow 𝑄𝑑 equals 𝑆𝑑 𝑧̇𝑑 and represents the volumetric flow through the salt-disposal device cross-section 𝑆𝑑 (assumed uniform).
By short-circuiting the pressure generators and opening the circuit at 
the current generators, 𝑅𝛼𝛽,𝑡ℎ is found as the series combination of three 
hydraulic resistances: 
𝑅𝛼𝛽,𝑡ℎ = 𝑅𝐻,𝑙𝑒𝑓𝑡 + 𝑅𝑒 + 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡, (C.10)

which, considering Eqs.  (A.5), (A.8) and (C.9), results in 

𝑅𝛼𝛽,𝑡ℎ =
8𝜇𝜏2

𝜖𝐴𝑟2
(2𝐻 + 𝐿 + 𝑧𝑂). (C.11)

In the simplified circuit, under steady-state conditions (where
steady-state quantities are denoted by the subscript ‘‘eq’’), as the 
capacitor which generates 𝜌𝑔𝑧𝑑 behaves as an open circuit, the flow 
rate passing through the additional resistance 𝑅𝑎𝑑𝑑 is equal to that 
passing through the Thevenin equivalent resistance 𝑅𝛼𝛽,𝑡ℎ and can be 
determined using Ohm’s law: 

𝑄𝑎𝑑𝑑,𝑒𝑞 =
𝛥𝑝𝛼𝛽,𝑡ℎ + 𝜌𝑔𝑧𝑂
𝑅𝛼𝛽,𝑡ℎ + 𝑅𝑎𝑑𝑑

. (C.12)

Applying Kirchhoff’s second law to the loop containing the capacitor 
yields 
𝜌𝑔𝑧𝑑,𝑒𝑞 = 𝜌𝑔𝑧𝑂 − 𝑅𝑎𝑑𝑑𝑄𝑎𝑑𝑑,𝑒𝑞 . (C.13)

Combining Eqs.  (C.12) and (C.13) yields: 

𝑧𝑂 − 𝑧𝑑,𝑒𝑞 =
𝑅𝑎𝑑𝑑
𝜌𝑔

𝛥𝑝𝛼𝛽,𝑡ℎ + 𝜌𝑔𝑧𝑂
𝑅𝛼𝛽,𝑡ℎ + 𝑅𝑎𝑑𝑑

. (C.14)

Defining the steady-state hydraulic head difference in the capacitor 
as 𝛥𝑧𝑑,𝑒𝑞 = 𝑧𝑂 − 𝑧𝑑,𝑒𝑞 , and recalling Eqs.  (A.6), (C.7) and (C.11), the 
following expression is derived 

𝛥𝑧𝑑,𝑒𝑞 =
4𝜇𝜏2

𝜖𝑔𝜌2𝑟2
𝜂 𝑞𝑠𝑢𝑛

𝑠 𝐿

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
2𝐻 + 𝐿

1 +
𝑟2𝑎𝑑𝑑
𝑟2

2𝐻+𝐿+𝑧𝑂
𝐻𝑎𝑑𝑑

. (C.15)

Assuming that the pore radius of the additional resistance is several 
orders of magnitude smaller than the pore radius of the remaining 
porous material, i.e., 𝑟𝑎𝑑𝑑 ≪ 𝑟, the simplified expression becomes 

𝛥𝑧𝑑,𝑒𝑞 ≈
4 𝜇

𝜌2 𝑔
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿

) 𝜂𝑞𝑠𝑢𝑛
𝜖𝑠

. (C.16)

To evaluate the temporal evolution of the water level in the capac-
itor (i.e., the salt-disposal pocket), in addition to the steady-state hy-
draulic head difference 𝛥𝑧𝑑,𝑒𝑞 , it is essential to assess the characteristic 
time constant governing water accumulation and release.
15 
Applying Thevenin’s theorem at the capacitor terminals, the circuit 
in Fig.  C.2a reduces to an elementary RC (resistor–capacitor) system 
driven by an effective pressure (voltage) source, as shown in Fig.  C.2b. 
Specifically, it consists of three series elements: an effective pressure 
source 𝛥𝑝𝑒𝑓𝑓 , a lumped resistance 𝑅𝑒𝑓𝑓 , and a capacitor representing 
the hydrostatic pressure 𝜌𝑔𝑧𝑑 .

This equivalent circuit can be interpreted as a pump that exerts 
𝛥𝑝𝑒𝑓𝑓  in series with 𝑅𝑒𝑓𝑓 . At rest, in the absence of evaporation, 
𝛥𝑝𝑒𝑓𝑓 = 𝜌𝑔𝑧𝑂 and 𝑧𝑑 = 𝑧𝑂, hence 𝛥𝑧𝑑 = 0. During daytime, evapo-
ration modulates the pump and reduces 𝛥𝑝𝑒𝑓𝑓 . This decrease lowers 
𝑧𝑑 relative to its rest value 𝑧𝑂, thereby creating a positive hydraulic 
head difference 𝛥𝑧𝑑 = 𝑧𝑂 − 𝑧𝑑 > 0 as water is extracted from the 
pocket (piezometer-like behavior). At night, when evaporation ceases, 
𝛥𝑝𝑒𝑓𝑓  rises back to 𝜌𝑔𝑧𝑂 and 𝑧𝑑 relaxes to 𝑧𝑂, corresponding to pocket 
refilling and the gradual decay of 𝛥𝑧𝑑 . While 𝛥𝑝𝑒𝑓𝑓  varies between day-
time and nighttime due to changing operating conditions, specifically 
the presence or absence of evaporative flows, 𝑅𝑒𝑓𝑓  depends solely on 
the circuit topology and remains unchanged. The equivalent resistance 
𝑅𝑒𝑓𝑓  is given by: 

𝑅𝑒𝑓𝑓 =
(

1
𝑅𝛼𝛽,𝑡ℎ

+ 1
𝑅𝑎𝑑𝑑

)−1
. (C.17)

Assuming again 𝑟𝑎𝑑𝑑 ≪ 𝑟 thus 𝑅𝑎𝑑𝑑 ≫ 𝑅𝛼𝛽,𝑡ℎ, Eq. (C.17) becomes 

𝑅𝑒𝑓𝑓 ≈ 𝑅𝛼𝛽,𝑡ℎ. (C.18)

A pressure balance (Kirchhoff’s second law) on the Thevenin-reduced 
RC loop indicated in Fig.  C.2b gives: 

𝛥𝑝𝑒𝑓𝑓 = 𝜌𝑔𝑧𝑑 + 𝑅𝑒𝑓𝑓𝑄𝑑 , (C.19)

being 𝑄𝑑 = 𝑆𝑑 𝑧̇𝑑 the volumetric flow through the cross-section 𝑆𝑑 of 
the device (assumed uniform). Since the circuit elements are in series, 
the same 𝑄𝑑 traverses all of them. Eq. (C.19) can be then reshaped as 

𝑧̇𝑑 +
𝜌𝑔

𝑅𝑒𝑓𝑓𝑆𝑑
𝑧𝑑 =

𝛥𝑝𝑒𝑓𝑓
𝑅𝑒𝑓𝑓𝑆𝑑

. (C.20)

Eq. (C.20) is a first-order differential equation describing the tran-
sient evolution of 𝑧 ,  which also governs 𝛥𝑧 , since 𝛥𝑧 (𝑡) = 𝑧 −𝑧 (𝑡). 
𝑑 𝑑 𝑑 𝑂 𝑑
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Fig. D.1.  Equivalent circuit representation of the passive siphon-driven distillation device including the localized hydraulic resistance 𝑅𝑙𝑜𝑐 on the left branch. 
The extra resistance, placed in series with the original left vertical section, redistributes the flow drawn by the evaporator, increases the Thevenin pressure at 
the salt-disposal device, and ultimately boosts the steady hydraulic head difference 𝛥𝑧𝑑,𝑒𝑞 . Circuit symbols and parameters follow the same notation as in Fig.  2.
From Eqs.  (C.11) and (C.18), the corresponding characteristic time 
constant is: 

𝜏𝑐ℎ =
𝑅𝑒𝑓𝑓 ⋅ 𝑆𝑑

𝜌𝑔
=

8𝜇
𝜌𝑔

( 𝜏𝐿
𝑟

)2 (
1 + 2𝐻

𝐿
+

𝑧𝑂
𝐿

) 𝑆𝑑
𝜖𝑠𝐵𝐿

. (C.21)

Solving Eq. (C.20) yields the temporal evolution of the hydraulic head 
difference: 

𝛥𝑧𝑑 (𝑡) = 𝛥𝑧𝑑,𝑒𝑞

(

1 − 𝑒
− 𝑡

𝜏𝑐ℎ

)

. (C.22)

Considering the magnitude of the involved parameters, 𝜏𝑐ℎ can be on 
the order of hundreds of hours, which is significantly greater than the 
operational time 𝑡 of the solar distiller, typically on the order of few 
hours. Under the assumption 𝑡

𝜏𝑐ℎ
→ 0, Eq. (C.22) can be then linearized 

by Taylor expansion: 

𝛥𝑧𝑑 (𝑡) ≈ 𝛥𝑧𝑑,𝑒𝑞
𝑡
𝜏𝑐ℎ

=
𝜂𝑞𝑠𝑢𝑛

(

1 + 2𝐻
𝐿

)

2 𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

(

1 + 2𝐻
𝐿 + 𝑧𝑂

𝐿

)

𝑆𝑑
𝐵𝐿

𝑡 (C.23)

To evaluate the performance of the spontaneous salt-removal de-
vice, the rinse number is defined as a dimensionless metric that quanti-
fies how many times the effective evaporator volume (𝑉 𝑜𝑙𝑒) is replen-
ished by the siphon-driven flow from the salt-disposal device (𝑉 𝑜𝑙𝑑): 

𝑛𝑅 =
𝑉 𝑜𝑙𝑑
𝑉 𝑜𝑙𝑒

=
𝛥𝑧𝑑𝑆𝑑
𝜖𝑠𝐵𝐿

. (C.24)

Moreover, considering Eq.  (C.23), the number of complete rinsing 
events per operational time can be expressed as: 

𝑛𝑅
𝑡

=
𝜂𝑞𝑠𝑢𝑛

2 𝜖𝑠𝜌
(

ℎ𝑔𝑙(𝑇 ) − 𝑐𝑝,𝑤𝑇
)

1 + 2𝐻
𝐿

1 + 2𝐻
𝐿 + 𝑧𝑂

𝐿

. (C.25)

Appendix D. Equivalent circuit of the topological modification 
with localized hydraulic resistance 𝑹𝒍𝒐𝒄

See Fig.  D.1.
16 
Appendix E. Nomenclature

 Symbol Description Unit  
 𝑔 Gravitational acceleration m s−2  
 𝜇 Water dynamic viscosity Pa s  
 𝜌 Water density kgm−3  
 ℎ𝑔𝑙 Water latent heat of vaporization J kg−1  
 𝑐𝑝,𝑤 Water specific heat capacity J kg−1K−1 
 𝑞𝑠𝑢𝑛 Solar irradiance Wm−2  
 𝜂local(𝑥) Local effective evaporation 

efficiency
–  

 𝜂 Global effective evaporation 
efficiency

–  

 𝜂∗ Hydraulic correction of 𝜂
accounting for pressure-drop 
distribution (viscous losses)

–  

 𝑇 Porous-medium temperature ◦C  
 𝑟 Characteristic pore radius of the 

porous evaporator
m  

 𝜖 Porosity of the porous medium –  
 𝜏 Tortuosity of the porous medium –  
 𝐾 Permeability of the porous medium 

(Kozeny–Carman)
m2  

 𝐻 Height of the horizontal evaporator 
above sea level

m  

 𝐿 Evaporator length (horizontal 
section)

m  

 𝐵 Evaporator width m  
 𝑠 Evaporator thickness m  
 𝐴 Evaporator cross-sectional area, i.e., 

𝐴 = 𝐵𝑠
m2  

 𝐻𝑎𝑑𝑑 Length of the added high-resistance 
section

m  

 𝑟𝑎𝑑𝑑 Pore radius of the added 
high-resistance section

m  

 𝑆𝑑 Cross-sectional area of the salt 
disposal device

m2  

 𝑧𝑑 Free-surface elevation in the 
salt-disposal pocket

m  

 𝑧𝑂 Depth of the connection point (tap 
𝑂) between porous medium and 
disposal device

m  
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 𝑧𝑠𝑒𝑎 Depth of the interface between the 
additional resistance and the sea

m  

 𝛥𝑧𝑑 Hydraulic head difference in the 
disposal device, 𝛥𝑧𝑑 = 𝑧𝑂 − 𝑧𝑑

m  

 𝛥𝑧𝑑,𝑒𝑞 Steady-state hydraulic head 
difference

m  

 𝑄 Volumetric flow rate (generic) m3s−1  
 𝑄𝑣 Volumetric flow rate in the left 

vertical section
m3s−1  

 𝑥̇ Local flow velocity through pores in 
the horizontal evaporator

m s−1  

 𝛥𝑝 Pressure difference (generic) Pa  
 𝛥𝑝𝛼𝛽,𝑡ℎ Thevenin equivalent pressure 

difference between terminals 𝛼 and 
𝛽

Pa  

 𝑅ℎ𝑦𝑑𝑟 Hydraulic resistance of a porous 
section (generic)

Pa sm−3 

 𝑅𝐻,𝑙𝑒𝑓𝑡 Hydraulic resistance of the left 
vertical porous section

Pa sm−3 

 𝑅𝐻,𝑟𝑖𝑔ℎ𝑡 Hydraulic resistance of the right 
vertical porous section

Pa sm−3 

 𝑅𝑎𝑑𝑑 Added hydraulic resistance of the 
high-resistance section connected to 
the sea

Pa sm−3 

 𝑅𝑒 Hydraulic resistance of the 
horizontal evaporator

Pa sm−3 

 𝑅𝛼𝛽,𝑡ℎ Thevenin equivalent resistance 
between terminals 𝛼 and 𝛽

Pa sm−3 

 𝜏𝑐ℎ Characteristic time constant for 
head build-up (RC time constant)

s  

 𝑛𝑅 Rinse number, 𝑛𝑅 = 𝑉 𝑜𝑙𝑑∕𝑉 𝑜𝑙𝑒 –  
 

 𝐿𝑙𝑖𝑚,𝑠𝑖𝑝ℎ𝑜𝑛 Limiting evaporator length for 
siphon flushing

m 

 𝑡𝑡𝑖𝑠 Disposal time (time for brine/salt 
discharge)

s  

 𝑡𝑜𝑝 Operation (illumination) time s  

Data availability

The data supporting this article are available on Zenodo: https:
//doi.org/10.5281/zenodo.17422758.
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