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Investigating the solute concentration in capillary-fed vapor generators: A 
heat and mass transfer study 
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A B S T R A C T   

Interfacial passive thermal evaporation is currently attracting considerable interest from the scientific commu-
nity in light of its zero consumption of fossil fuels and its important implications in the field of sustainable water 
purification. However, very few works comprehensively address the crystalline solute deposition issue, which is 
the Achilles’ heel of this process. Here, we propose a numerical analysis of the solute concentration in the device 
to quantify the saturation times together with the operating condition ranges to act within to prevent crystal-
lization. A simplified analytical approach is then proposed, which provides accurate information at the most 
critical and design-wise interesting point. The phenomenon of solute accumulation is revealed to exhibit an 
exponential trend over time, as determined by a time constant Γ. Interestingly, the saturation times can be easily 
estimated as 2.3 Γ. In detail, the saturation time evaluated with the analytical model is estimated as 2 h, in the 
case of a 2-meter length device, which is approximately 5% less than the numerically estimated value. In 
conclusion, this study aims at exploring, quantifying and discussing the limitations of wick-based media used to 
design solar/thermal interfacial passive evaporation devices, from the perspective of solute accumulation.   

1. Introduction 

In recent years, passive interfacial thermal (e.g. solar-powered) 
evaporation [1] has received considerable interest from the scientific 
community, as a result of its significant implications for sustainable 
water purification and desalination, especially in isolated and impov-
erished off-grid areas. [2–5] This process is characterized by low cost, 
reduced environmental impact and high solar-to-vapor conversion effi-
ciency. [1,6,7] However, technologies based on it are still not ready for 
practical application and their deployment and widespread adoption 
currently represent a great challenge. [8,9] The aforementioned 
strengths are indeed accomplished at the expense of the lack of energy- 
consuming active parts, thus exploiting the inherently limited passive 
transport of aqueous solutions in more confined pathways. [4,7,10,11] 
Indeed, localization of heat, which is mainly responsible for the high 
solar-to-vapor conversion, requires reduced thicknesses of the photo-
thermal element, the latter typically being a low-cost porous material 
through which water flows driven by capillary action. Therefore, passive 
interfacial thermal evaporation suffers two major issues, i.e., reduced 
scalability [8] due to the capillary limit, which was extensively 

investigated and discussed in our recent work [9], and the conversion 
efficiency decay over time because of the crystalline solute deposition 
within the photothermal component. [8,12] In detail, during evapora-
tion, crystalline solute accumulates on the surface of the evaporator, 
clogging the water supply pathway, and thereby reducing the capillary 
effect, lowering vapor pressure and hindering light absorption. The 
concurrence of all these phenomena suppresses further water vapor 
generation compromising the stability of long-term functioning [2]. 

The state-of-art counts several works, predominantly experimental, 
where a variety of representative mitigation strategies have been pro-
posed with the aim of developing anti-clogging photothermal structures 
able to sustain high efficiency over time, while preventing crystalline 
solute deposition. As reported by Sheng and co-workers [2] and Li and 
co-workers [11] in their comprehensive review papers, the proposed 
strategies are mainly based on mechanical crystalline solute removal by 
manual action or forced flushing [3], which does not guarantee 
continuous production and is not suitable for large-scale production 
[13]. Alternatively, gravity and surface tension-driven [14,15] 
enhanced fluid convection and shielding effect have been obtained by 
means of chemical surface engineering [16–19]. This approach relies on 
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the use of ad hoc hydrophobic layers or hydrophobic–hydrophilic Janus 
structures [17,18], both designed to keep solute crystallisation away 
from the evaporation area. 

However, to the best of our knowledge, very few works propose a 
comprehensive and quantitative study of the species mass transfer in 
photothermal materials used for interfacial solar/thermal evaporation. 
This study is devoted to investigate and predict, through a numerical 
and analytical approach, the local and time-dependent solute concen-
tration in the wick-based porous photothermal component. In detail, 
time-dependent sensitivity analyses were performed with the theoretical 
model under varying operating conditions to comprehend the effect of 
different parameters, such as absorbed thermal energy (and accordingly 
evaporation rate) and device geometry, on the solute concentration 
along the device and on the characteristic saturation times. The latter 
indicate the attainment of the saturation concentration at the most 
critical point of the device. It is worth noting that, the proposed dynamic 
model considers the velocity reduction of the propagating front due to 
the interfacial evaporation. The mathematical function describing the 
local velocity, and thus the evaporation rate, was derived in our previous 
work. [9] Additionally, a simplified analytical model, based on physical 
considerations and numerical results, is proposed to determine in a 
preliminary and straightforward way the design domain of the device 
within which to operate safely. 

Finally, we believe that this approach could i) assist the design steps 
of the wick-based evaporator to ensure as high and stable the water yield 
as possible, without reaching crystalline solute deposition, and ii) 
encourage the conceptualization of structures able to spatially isolate 
solute crystallization. This last attractive solution was proposed in 
several recent articles [20–23] with the aim of favouring the recovery of 
the solid waste, the latter being the main objective of zero liquid 
discharge (ZLD) treatments characterised by brine disposal with reduced 
impact on the marine ecosystem [2]. 

2. Theoretical background and methods 

2.1. Passive interfacial thermal evaporation 

In Fig. 1, half of the wick-based porous medium saturated with 
aqueous solution is schematically represented together with the process 
of thermal energy absorption, interfacial evaporation, and resulting 
solute concentration. The water to be treated enters from the left side at 
a fixed concentration, while the right side represents the center of the 

device (i.e., the symmetry axis) and thus the most critical point for the 
solute rejection. Here, without losing generality, seawater (i.e., exhib-
iting 1:1 ratio of sodium and chloride ions) is considered as an aqueous 
solution absorbed and confined by the wick-based porous layer with 
photothermal properties. 

As discussed by Meo and co-workers in Ref. [9], the velocity 
reduction of the propagating front of the water flow due to interfacial 
evaporation can be obtained by applying the first law of thermody-
namics to the fixed Eulerian control volume shown in Fig. 1 (i.e., half of 
the symmetric horizontal evaporator) and the conservation of mass to a 
generic infinitesimal volume, while assuming constant temperature 
along the evaporator and steady-state conditions. This represents a 
limiting case where the flow rate is at most overestimated allowing for 
conservative results in terms of solute accumulation and thus saturation 
times. Therefore, considering a one-dimensional approximation 
distributed model, we get: 

Δẋ =
ṁevapx

ρsε =

qinx
hgl(T)− cp,wT

ρsε (1)  

=
1
ρε

qin

s
hgl(T) − cp,wT

x  

where s and ε are the thickness and porosity of the wick-based evapo-
rator, respectively. The porosity is defined as the ratio of the volume of 
the voids or pore space divided by the total volume of the porous me-
dium. Then, ρ the density of the aqueous solution; x the fixed local 
reference coordinate with origin at the entrance section (left side of the 
wick-based evaporator) and ṁevap the specific evaporating mass flow 
rate expressed in [kg m− 2 s− 1]; qin the specific incoming thermal energy 
expressed in [W m− 2]; hgl the enthalpy of vaporization at a certain 
temperature T and cp,w the specific heat of water. It is worth noting that 
extensive details on the validity of the near-uniform temperature hy-
pothesis along the evaporator were reported in our previous work (see 
Ref. [9]), where the expression for ṁevap was obtained by considering its 
dependence on a mass transfer coefficient, due to partial pressure 
gradient, and the partial pressure driving force. Moreover, x ranges 
between 0 and L, with L < Lmax being Lmax the maximum critical distance 
reachable by the fluid front in the porous material without undergoing 
dry-out phenomena. Findings on Lmax under varying operating condi-
tions were discussed in Ref. [9], where a fluid dynamic model was 

Fig. 1. Illustrative picture of the phenomenon of passive interfacial thermal evaporation. Here, the aqueous solution confined by a wick-based evaporator of 
thickness s is heated up by the incoming thermal energy and a continuous evaporation process takes place, together with concentration of the solute. Here, without 
losing generality, seawater (i.e., exhibiting 1:1 ratio of sodium and chloride ions) is considered. 
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developed. The latter was comprehensive of the local acceleration (the 
inertial term) of the fluid; the capillary pressure, which depends on the 
surface tension, the contact angle, the density of the fluid and the radius 
of the porous material; the eventual hydrostatic pressure, which de-
pends on the gravity and the height; the dynamic pressure, which de-
pends on the square of the velocity of the fluid; and the viscous losses 
(based on the Darcy’s law) in the capillary, which depend on the vis-
cosity of the fluid, the density, the radius of the porous material, the 
coordinate and the velocity of the fluid. Derivation details are reported 
and extensively discussed in Ref. [9]. 

2.2. Advection–diffusion equation for solute transport 

Applying the continuity equation to a fixed Eulerian control volume 
Ω, which here represents the aqueous solution confined in the porous 
medium (see Fig. 1), we get: 

d
dt

∫

Ω
ρεadΩ = −

∮

∂Ω

(
Φdiffusive + Φadvective

)
⋅ndΣ (2)  

where a represents the solute concentration. On the right-hand side, the 
diffusive Φdiffusive and advective Φadvective terms are reported. The diffu-
sive term can be expressed as Φdiffusive = − εDFick

τ ρ∇a, where DFick is the 
diffusion coefficient of solute in water and τ the tortuosity of the porous 
medium, which accounts for the difference between the effective 
average length of the flow paths and the length of the porous medium. 
The latter parameter can be evaluated by using the Mackie-Maeres 

equation [24,25], namely τ =
(2− ε)2

ε . Then, the advective term is 
Φadvective = ṁa, where ṁ is the specific mass flow rate vector evaluated 
in [kg m− 2 s− 1]. In detail, applying the conservation of mass to a generic 
infinitesimal volume of the evaporator shown in Fig. 1 we get dṁ

dx =

−
ṁevap

s . Thus, the term on the left-hand side of Eq. (2) is the total change 
of solute mass in the control volume Ω, whilst the term on the right-hand 
side represents the mass which flows through the borders, that is the 
scalar product between the generic mass flow vector and the local 
normal versor n to the border ∂Ω, being dΣ an infinitesimal portion of 
the border. The versor is defined positive if outgoing. Substituting into 
the general equation and considering that the boundary Ω has been 
assumed fixed over time, the previous equation can be rewritten as: 
∫

Ω

∂
∂t
(ρεa)dΩ = −

∮

∂Ω

−
εDFick

τ ρ∇a⋅ndΣ + −

∮

∂Ω

ṁa⋅ndΣ (3) 

Exploiting the Gauss’s theorem, the surface integrals can be replaced 
by the volume integrals: 
∫

Ω

∂
∂t
(ρεa)dΩ =

∫

Ω
∇⋅

(
εDFick

τ ρ∇a
)

dΩ + −

∫

Ω
∇⋅(ṁa)dΩ (4) 

Since the derived law is valid for any volume Ω, small at will, it is 
possible to write: 

∂
∂t
(ρεa) = ∇⋅

(
εDFick

τ ρ∇a
)

− ∇⋅(ṁa) (5) 

Assuming constant the diffusion coefficient DFick, the porosity ε, the 
tortuosity τ and the density ρ, and considering a one-dimensional 
approximation distributed model, we get: 

ρε ∂a
∂t

=
εDFick

τ ρ ∂2a
∂x2 − ερ ∂(ẋa)

∂x
(6)  

where the specific (namely, per unit of cross section) mass flow rate 
along x was considered equal to ṁ = ερẋ. Furthermore, the wicking 
velocity of the fluid along the evaporator, based on Eq. (1), may be 
expressed by the following equation, which then recovers the zero ve-
locity value at the axis of symmetry (i.e., x = L): 

ẋ =
1
ρε

qin
s

hgl(T) − cp,wT
L
(

1 −
x
L

)
(7) 

Then, it is interesting to generalize the problem by adimensionaliz-
ing the x variable. Thus, the previous Eq. is written in dimensionless 
form, considering x̃ = x

L, with L < Lmax: 

ρε ∂a
∂t

=

εDFick
τ ρ
L2

∂2a
∂x̃2 −

qin
s

hgl(T) − cp,wT
∂[(1 − x̃)a ]

∂x̃
(8) 

Then, we can discretize in the space replacing the derivatives with 
finite differences, choosing Δx̃ such that Δx̃ < 2

Pe, to avoid spurious os-
cillations and instabilities. Up-winding scheme is required to mitigate 
possible numerical instabilities being a diffusive-advective problem. At 
the generic node of the discretization of index j, the following equation 
can be written: 

ρεȧj =

εDFick
τ ρ
L2

aj+1 − 2aj + aj− 1

Δx̃2 + (9)  

−

qin

s
hgl(T) − cp,wT

(
1 − x̃j

)
aj −

(
1 − x̃j− 1

)
aj− 1

Δx̃ 

Then, to compact the equation, we resort two parameters α =

qin
s

hgl(T)− cp,wT and β =
εDFick

τ ρ
L2 , obtaining: 

ρεȧj −

[
α
(
1 − x̃j− 1

)

Δx̃
+

β
(Δx̃)2

]

aj− 1 + (10)  

+

[
α
(
1 − x̃j

)

Δx̃
+

2β
(Δx̃)2

]

aj −
β

(Δx̃)2aj+1 = 0  

The problem under investigation can be encapsulated in matrix notation 
as ρεIȧ + Aa = b, where I denotes the identity matrix, A characterizes 
the problem’s stiffness matrix, and b symbolizes the forcing term. The 
matrix A has a tridiagonal structure of order N, where N + 1 corresponds 
to the total number of nodes in the discretization process intended to 
determine the unknown solute concentration value. The coefficients in 
the initial and final rows of the matrix are defined by applying specific 
boundary conditions. A Dirichlet condition is enforced at x̃ = 0, 
reflecting a fixed concentration at the inlet of the wick-based evaporator 
due to the proximal sea basin. This is mathematically represented as 
a0(x̃ = 0, t) = asea and serves as a forcing term. In its absence, b would 
simply be a vector filled exclusively with zeros (as derived from Eq. 
(10)). On the other hand, a Neumann condition is applied at ̃x = 1. This 
is due to symmetry conditions at the center of the device, which dictate 
that the diffusive flux of solute must be null. These boundary conditions 
collectively account for the distinct characteristics inherent to the 
physical problem. The imposition of the Dirichlet condition requires a 
consequent revision of the b term: 

b1 =

[
α(1 − x̃0)

Δx̃
+

β
(Δx̃)2

]

asea (11) 

To comply with the Neumann boundary condition ∂a
∂̃x
(x̃ = 1,t) = 0, a 

centered incremental ratio is employed to approximate the first deriv-
ative. This yields the subsequent result: 

ρεȧN −

[
α(1 − x̃N− 1)

Δx̃
+

2β
(Δx̃)2

]

aN− 1 + (12)  

+

[
α(1 − x̃N)

Δx̃
+

2β
(Δx̃)2

]

aN = 0 
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To accurately track the temporal evolution of the spatial distribution 
of solute concentration, it is necessary to set a high number N of dis-
cretization nodes. However, this approach leads to significant compu-
tational overhead. Therefore, to manage the computational demands, 
the problem was preconditioned by utilizing the incomplete LU factor-
ization of the stiffness matrix, and the solution was then accomplished 
using the biconjugate gradient method. 

2.3. Simplified analytical approach 

The study of the phenomenon may be considerably simplified as 
convection turns out to be dominant, under the considered operating 
conditions. Indeed, typical values of the involved parameters, 
DFick, NaCl ≈ 1.99× 10− 9 m2 s− 1, 100100⩽qin⩽10000 W m− 2, 
1 mm ⩽s⩽ 1 cm and 10 cm ⩽L⩽ 1 m lead to very high Péclet numbers 
(i.e., Pe = α

β). Thus, simplifying the following equation: 

ρε ∂a
∂t

− β
∂2a
∂x̃2 +α ∂[(1 − x̃)a ]

∂x̃
= 0 (13)  

we get accordingly: 

∂a
∂t

+ k
∂[(1 − x̃)a ]

∂x̃
= 0 (14)  

where, k = α
ρε. The partial derivative differential equation, solvable in 

explicit form, was solved with the help of Wolfram. [26] The differential 
equation solution is: 

a(x̃, t) = −
f
( ln(k− k̃x)

k + t
)

x̃ − 1
(15) 

Then, by imposing the initial condition, i.e., a(∀x̃, t = 0) = asea, we 
can easily get: 

f
(

ln(k − kx̃)
k

)

= (1 − x̃)asea (16)  

which can be rewritten as: 

f
(

ln(k − kx̃)
k

)

=
ek(ln(k− k̃x)

k )

k
asea (17)  

and thus: 

a(x̃, t) =
e

k(ln(k− k̃x)
k +t)
k

1 − x̃
asea = aseaekt (18) 

The derivation of Eq. (18) intrinsically upholds the Neumann 
boundary condition, even without explicitly imposing boundary condi-
tions. This streamlined approach is crucial during the design stage. 
While the Dirichlet condition at the inlet is bypassed to avoid an over- 
constrained analytical problem, it is noteworthy that the Neumann 
condition is satisfied at the most critical point of the device, from the 
perspective of solute accumulation. Specifically, Eq. (18) accurately 
predicts the solute concentration at this critical juncture after a specific 
time t, due to evaporation. Despite its simplicity, this model offers a 
remarkably precise estimation of the behavior near the critical point, 
underlining its significant utility in design considerations. Alternatively, 
the imposition of the Dirichlet boundary condition requires the dismissal 
of the initial condition, given their mutual exclusivity in this system. The 
decision between adopting the Dirichlet boundary condition or the 
initial condition is contingent upon the specific physical context under 
investigation. The subsequent expression is derived under the adherence 
to the Dirichlet condition, specifically, a(x̃ = 0,∀t) = asea from Eq. (15): 

f
(

ln(k)
k

+ t
)

= asea (19)  

which can be written as: 

f
(

ln(k)
k

+ t
)

=
eln
(

k
1
k et
)

k1
ket asea (20)  

which, yields: 

a(x̃, t) = −

eln
(

k
1
k (1− x̃)

1
k et
)

k
1
k (1− x̃)

1
k et

asea

x̃ − 1
=

asea

1 − x̃
(21) 

The expression of a obtained with Eq. (21) approximates very well 
the numerical solution of the problem around the Dirichlet condition, 
but less faithfully at the center of the wick-based evaporator as it does 
not respect the Neumann condition, which imposes zero diffusive flux at 
the symmetry axis, i.e., ∂a

∂t |̃x=1 = 0. It is worth noting that Eq. (21) can 
also be derived by considering the simplified differential equation (see 
Eq. (14)) under steady-state conditions. This implies that the simplified 
solution, complying with the Dirichlet condition, aligns with the theo-
retical steady-state conditions, which, in practice, are unattainable due 
to the onset of crystallization. 

3. Results 

In Fig. 2, the time-dependent salt concentration a as function of the 
dimensionless variable x̃ is represented. The wick-based evaporator 
length L assumes three different values, namely 1 cm, 10 cm and 1 m. 
Then, two different volumetric thermal energy fluxes are considered. In 
detail, in panel a) qin and s are equal to 1000 W m− 2 and 1 mm, 
respectively; whilst in panel b) qin and s are equal to 700 W m− 2 and 2 
mm, respectively. Note that the Dirichelt boundary condition applied to 
the left side of the evaporator (see Fig. 1) results in a equal to 35 g L− 1, 
which is the salinity of the sea. 

Comparing the results obtained, it was observed that only for values 
of L of the order of a centimetre (see blue dashed line in Fig. 2) or less, 
the diffusive term affects the salt concentration profile. Indeed, a 
smoother evolution of the salt concentration, with respect to the case 
where L is equal to 10 cm and 1 m (see orange and red dash-dot lines in 
Fig. 2, respectively), was obtained along with a reduction in the length 
of the end portion of the evaporator, i.e., where the concentration re-
mains approximately constant as the x̃-coordinate changes. This 
segment at constant concentration is significantly more pronounced for 
L= 10 cm and L= 1 m. However, values of L⩽1 cm are scarcely inter-
esting from an engineering standpoint due to essentially almost zero 
productivity. Furthermore, it was found that for L greater than 10 cm, 
the time evolution of the salt concentration in the evaporator is essen-
tially unalterable. Then, comparing Fig. 2a), the pronounced effect that 
the qin

s factor plays on the salt concentration profile can be appreciated, 
other parameters being equal. Considering qin equal to 1000 W m− 2 and 
1 mm thickness (see Fig. 2a), it emerges that after only about 40 min of 
operation, the concentration reaches values close to saturation (with 
asat ≈ 350 g L− 1 in case of sodium chloride) at the most critical points of 
the device, namely at ̃x = 1. A slight increase in thickness to 2 mm and a 
qin equal to 700 W m− 2 (see Fig. 2b), which corresponds to the peak 
value recorded in Turin in August (according to PVGIS software [27]), 
results in a significant decrease in the concentrations reached at the 
most critical points, again after 40 min of operation. In detail, in case of 
L⩾0.01 m, the concentration drops from over 350 g L− 1 to about 
75 g L− 1. This highlights the crucial role of the choice of evaporator 
layer thickness. 

As discussed in Section 2.3, the problem investigated may be 
significantly simplified over a wide range of main parameter values. In 
Fig. 3, the reciprocal of the Pe numbers of the salt concentration phe-
nomenon are quantified and represented. The maximum value of 1

Pe is 
approximately 0.03, considering L⩾10 cm, with the minimum qin

s value 
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(therefore minimizing the advective phenomenon). In the case of L equal 
to 5 cm, 1

Pe reaches a maximum of about 0.1, with the minimum qin
s value. 

Therefore, the diffusive phenomenon can be neglected in most cases, 
being a dominant advection problem. 

In support of this, the weight of diffusion on salt accumulation in the 
wick-based evaporator can be determined. At the inlet of the wick-based 
evaporator two streams occur, namely the advective one, which in-
troduces salt into the evaporator, and the diffusive one, which tends to 
expel salt. More specifically, we can write these contributions as: 

Φdiffusive
⃒
⃒

x̃=0 = −
εDFick

Lτ ρ ∂a
∂x̃

⃒
⃒
⃒
⃒

x̃=0
= −

εDFick

Lτ ρasea (22)  

Φadvective |̃x=0 = αLasea (23)  

where ∂a
∂̃x
|̃x=0 ≈ asea. This approximation can be easily justified by looking 

at Fig. 4, where the results of Eq. (10) and those of Eq. (21) are found to 
be comparable in x̃ = 0. The suitability of this choice was further 
verified by numerically deriving the result of Eq. (10). Thus, the ratio is: 

rfluxes =

⃒
⃒Φdiffusive

⃒
⃒

x̃=0

⃒
⃒

Φadvective |̃x=0
=

εDFick
τ ρ

αL2 ≈ 1, 7
s

qinL2 (24)  

which is 0.017 at maximum for the considered application 
(qsun = 100 W m− 2; s = 0.01 m and L = 0.1 m). Therefore the salt intake 
by convection is much greater than that expelled by diffusion. Here, the 
temperature of the evaporator was considered equal to roughly 25◦C 
(see Ref. [9]). Stated that, the results of the simplified analytical 
formulation are reported in Fig. 4, together with numerical results ob-
tained considering qin equal to 1000 W m− 2 and s equal to 1 mm, 
without losing generality. The black dashed line was obtained by the 
simplified time-dependent expression reported in Eq. (18), where the 
Neumann boundary condition (∂a

∂̃x

⃒
⃒
x̃=1 = 0) at the axis of symmetry of the 

device (namely right side in Fig. 1) is verified. This transient analytical 
solution of the approximate differential equation (Eq. (14)) does not 
depend on the dimensionless coordinate because the diffusive part of the 
equation is neglected. Thus, it appears as a simple horizontal line, which 
varies with time. The comparison between Eq. (18) and the numerical 
model shows that the approximate solution differs from that obtained 
numerically, particularly in the vicinity of the Dirichlet condition. It is 
interesting to note that, away from this, the temporal evolution of the 
salt concentration described by the simplified model (Eq. (18)) and the 
number model substantially match for the critical point, which is also 
the one of major interest for sizing the device to avoid sedimentation and 
crystallisation phenomena. At the most critical point of the device, 
namely x̃ = 1, the numerical solution aligns closely with the analytical 
model, deviating by less than 1% only when higher concentrations are 
reached, close to 350 g L− 1. However, it is important to note that any 
discrepancy should be conservative in nature, with the analytical model 
typically predicting a greater salt accumulation compared to the nu-
merical model. In the design salinity range, i.e. between 0 g L− 1 and 
around 350 g L− 1, it is essentially indifferent to refer to the simplified 
solution or to the numerical solution to describe the temporal evolution 
of the salt concentration at the most critical point. Then, the blue dash- 

(a) (b)

Fig. 2. Time-dependent salt concentration a as function of the dimensionless variable x̃. Blue dashed line, orange solid line and the red dash-dot line represent the 
numerical solution (see Eq. (10)) being L equal to 0.01 m, 0.1 m and 1 m, respectively. Moreover, in panel a) qin and s are equal to 1000 W m− 2 and 1 mm, 
respectively; whilst in panel b) qin and s are equal to 700 W m− 2 and 2 mm, respectively. The numerical solutions for t equal to 0, 15, 30 and 40 min are reported. 
Note that the Dirichelt boundary condition applied to the left side of the evaporator (see Fig. 1) is set at 35 g L− 1, which is the salinity of the sea. 

Fig. 3. The reciprocal of Péclet number 1
Pe as function of the volumetric ab-

sorption of thermal energy qin
s and the length of the wick-based evaporator L. In 

detail, the following ranges were considered: 100 ⩽qin⩽10000 W m− 2, 
1 mm ⩽s⩽1 cm and 1 cm ⩽L ⩽1 m. 
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dot line was obtained by the steady-state simplified Eq.(21), where the 
Dirichlet boundary condition is respected. This second analytical solu-
tion (Eq. (21)) of the approximate differential equation (Eq. (14)) is not 
inherently time-dependent. However, it adeptly captures the spatial 
variation of salt concentration, as dictated by the numerical solution. As 
time progresses, this correlation grows increasingly accurate, particu-
larly as the system approaches a local steady state. The initial portion of 
the evaporator, in particular, reaches this equilibrium state before the 
others. 

3.1. Evaluation saturation time 

By resorting to the transient simplified model (see Eq. (18)), the time 
constant Γ of the salt accumulation phenomenon can be identified: 

a(x̃, t) = aseaet
Γ (25)  

where Γ = 1
k. Having fixed the saturation concentration at which salt 

sedimentation occurs, the saturation time can be evaluated as tsat =

Γln asat
asea

. Thus, being the solubility of sodium chloride in water equal to 
asat ≈ 350 g L− 1, tsat can be evaluated as approximately 2.3 Γ. To have 
further confirmation of the validity of the simplified model for 
computing salt saturation times, the latter were calculated with the 
numerical model (i.e., Eq. (10)) as the main parameters vary. In detail, 
the numerical saturation time as function of the volumetric absorption 
of thermal energy qin

s and the length of the wick-based evaporator L, were 
reported in Fig. 5. 

Considering typical and engineering interesting qin and s values (i.e., 
qin equal to 700 W m− 2, which corresponds to the peak value recorded 
in Turin in August, and s equal to 2 mm), the numerical saturation time 
ranges from 2.1 and 3.2 h, in case of a L equal to 1 m and 1 cm, 
respectively. In this scenario, the discrepancy between the saturation 
time calculated by the numerical and by the simplified analytical 
approach varies between 4.7% to 37%, in case of a L equal to 1 m and 1 

cm, respectively. Moreover, the analytical result always underestimates 
the more realistic numerical saturation time, resulting in being both a 
streamlined and a conservative approach. To further assess the validity 
of Eq. (18), we then considered the experimental results reported in 
Ref. [22]. To the best of our knowledge, among all the solutions reported 
in the literature, the one proposed by Zhang and co-workers [22] 
actually represents the case study most comparable to the one discussed 
here (in terms of arrangements of the feeding channels and thus physical 
boundary conditions), wherein a quantitative evaluation of the time- 
dependent local salt concentration is reported. Therefore, the values of 
porosity, thickness of the water evaporating layer, evaporation rate and 
length of the evaporator have been extracted from Ref. [22] and 
incorporated into Eq. (18). Interestingly, in the region of the device most 
prone to high salt concentrations, which is of significant engineering 
interest, Eq. (18) shows a discrepancy of approximately 13% with 
respect to the experimental value reported in the Ref. [22], which is 
deemed reasonable and remarkably acceptable. In detail, it is worth 
noting that Eq. (18) overestimates the experimental measurement, thus 
still proving to be conservative. The limited deviation observed at the 
most critical point not only underscores the validity of the proposed 
model, but also the reliability of the streamlined and simplified 
analytical formulation for quickly assessing the salt concentration at the 
most critical point, which mostly impacts device design. Based on these 
outcomes, we note that non-negligible salt concentrations may be 
reached after standard operating times for the considered application (i. 
e., on the order of hours). Therefore, if the accumulated salt is not 
properly disposed of, a gradually more severe and faster sedimentation 
process occurs. In fact, overnight salt diffusion (in absence of evapora-
tion) is generally not sufficient to adequately clean the evaporator. To 
maintain the performance of the device nearly stable, an adequate 
disposal system for the salt accumulated during the day should be pro-
posed in perspective. This goal may be achieved by using alternative 
evaporator configurations or special active/passive components able to 
provide accurate flows, as discussed in the following paragraph. 

3.2. On the salt rejection: a case study 

The salt accumulation issue may be mitigated by establishing a 
tailored drainage. At steady state and neglecting diffusion, which rep-

0 0.2 0.4 0.6 0.8 1
0

50

100

150

200

250

300

350

Fig. 4. Time-dependent analytical and numerical results. The salt concentra-
tion is reported as function of the dimensionless variable ̃x. Red solid line, black 
dashed line and blue dash-dot line represent the numerical solutions obtained 
with Eq. (10) and analytical solutions obtained with Eqs. (18) and (21), 
respectively, being L equal to 0.1 m. Moreover, qin and s are equal to 
1000 W m− 2 and 1 mm, respectively. Solutions for t equal to 0, 15, 30 and 40 
min are reported. 

Fig. 5. Numerical saturation time as function of the volumetric absorption of 
thermal energy qin

s and the length of the wick-based evaporator L. In detail, the 
following ranges were considered: 100⩽qin⩽10000 W m− 2, 1 mm ⩽s⩽1 cm and 
1 cm ⩽L ⩽1 m. 
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resents a conservative assumption since diffusion tends to smooth out 
any peaks in the salt distribution and expel salt from the evaporator, we 
have: 

0 = −
∂(ṁa)

∂x̃
(26)  

where the product ṁ(x̃)a(x̃) is constant. So, taking into account the 
specific flow rate trends derived in the previous paragraphs, we get: 

ṁ(x̃) = ṁ̃x=0 − αLx̃ (27)  

a(x̃) =
ṁ̃x=0asea

ṁ̃x=0 − αLx̃
(28) 

Then, considering the maximum salinity (i.e., namely ãx=1) and the 
right end of the device (i.e., x̃ = 1; see Fig. 1) as outlet section used for 
draining, we can get after manipulation the following equation: 

a(x̃ = 1) =
asea

1 − 1
ṁ

x̃=1
αL +1

(29) 

Finally, relying on the condition ãx=1⩽asat, the following conserva-
tive criterion is obtained: 

ṁ̃x=1⩾

⎛

⎜
⎝

1
1 − asea

asat

− 1

⎞

⎟
⎠αL (30) 

Discharge flow rate can be expressed as a percentage of the specific 
flow rate at the inlet (i.e., at ̃x = 0) to feed the evaporative flow i.e., αL: 

Ψ =
ṁ̃x=1

ṁ̃x=0,evap

=

⎛

⎜
⎝

1
1 − asea

asat

− 1

⎞

⎟
⎠ ≈ 11% (31) 

By equipping the system under consideration with active/passive 
components that can provide a specific flow rate at the inlet that is 
almost 11% higher than that required to supply only the evaporative 
flow, the eventual crystallization phenomenon may be mitigated. Low- 
energy pumps should provide the energy quota for re-circulation of 
only the exceeding flow rate. 

4. Discussions and conclusions 

The deployment of devices for passive solar/thermal interfacial 
evaporation, which is expected to be highly attractive owing to the 
plethora of applications in water purification and desalination fields, is 
hindered by two main critical aspects. These issues consist of salt crys-
tallization phenomena and the capillary limit and thus the occurrence of 
dry-out phenomena, emphasized by the fact that these processes are 
often designed to be low-energy and therefore passive (i.e., no moving 
mechanical apparatus). Indeed, such processes are implemented 
through the use of narrow, porous and hydrophilic matrices, which are 
commonly characterized by tailored photothermal properties. The 
aforementioned issues need to be addressed carefully, with the goal of 
stabilizing productivity over time and aiming to implement more scal-
able technologies. 

Here, a mathematical framework is reported to investigate the time- 
dependent solute transport equation in porous media constituting the 
evaporator and explore the limitations of the passive solar/thermal 
interfacial evaporation process. First, the equation describing the ve-
locity reduction of the propagating front due to the interfacial evapo-
ration is based on the findings of our recent work (see Ref. [9]), where 
details on the fluid flow in porous and hydrophilic wick-based evapo-
rators for water treatment purposes were reported and discussed. In 
particular, these findings are used to limit the choice of parameters 

defining the operating conditions, which indeed need to be realistic and 
safe from a fluid dynamic standpoint as well, and to simplify the study. 
Numerical analyses were conducted to investigate the effects of different 
parameters, such as the absorbed thermal energy, the thickness and the 
length of the wick-based evaporator, on the time-dependent spatial so-
lute concentration. Then, safely neglecting the diffusive contribution, a 
simplified analytical approach was proposed to easily describe the time- 
dependent solute concentration at the most critical point of the evapo-
rator, which is also the one of major engineering interest. Through the 
simplified approach, the phenomenon of solute accumulation is revealed 
to exhibit an exponential trend over time, as determined by a time 
constant Γ. The latter mainly depends on the evaporator thickness and 
absorbed thermal energy. Interestingly, the saturation times can be 
easily and compactly estimated as 2.3 Γ, considering sodium chloride as 
the solute. The derived simplified model also showed good agreement 
with the numerical results. In detail, the saturation time evaluated with 
the simplified analytical model was estimated equal to 2 h, in the case of 
a 2-meter overall length device (i.e., 2L), which is approximately 5% less 
than the numerically estimated value. For the sake of completeness, an 
estimate of the extra flow rate, beyond that used to sustain the evapo-
rative flow, was calculated with the aim of mitigating the salt accumu-
lation phenomenon. This extra flow could be provided by a small 
recirculation pump powered by renewable energy or by mechanical 
manual or gravity-driven operation. 

Design guidelines on how to properly tailor the device based on the 
operating conditions were discussed. In perspectives, more extensive 
and comprehensive multi-scale models should be developed to account 
for the effect of the pore size and materials. The importance of theo-
retically and numerically analyzing these phenomena derives also from 
the current lack of experimental measurements related to a systematic 
investigation of time-dependent solute transport in porous media. Such 
measurements, currently, are mostly conducted with non-quantitative 
(often using image-based methods) and/or destructive techniques, 
which have serious drawbacks (time-consuming, experiments cannot be 
repeated with the same sample). Finally, further research should be 
directed towards optimized materials with anti-fouling properties, 
paving the way for the design of a new generation of porous materials for 
passive thermal water treatment processes. 
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