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H I G H L I G H T S

• Hybrid bulk and direct solar heating optimize DCMD desalination performance.
• Systematic parameter evaluation unlocks optimal performance in solar-enhanced MD.
• Longer modules, low feed temperature and velocity maximize solar-enhanced MD flux.
• Direct solar absorption reduces temperature polarization and enhances efficiency.
• Optimizing flow and heat transfer improves water flux by over 200% in MD.
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A B S T R A C T

Increasing concerns about global freshwater scarcity and the growing demand for renewable energy are stim
ulating the exploration of innovative technological solutions for sustainable water management. Thanks to an 
experimentally validated model, here we systematically assess the effectiveness of distributed solar heat in 
enhancing the productivity of direct contact membrane distillation (DCMD) for seawater desalination. The 
proposed study investigates the impact of various configurations and operating parameters, analyzing more than 
1000 cases, focusing on optimizing heat and mass transfer, hence water flux, in counter-current and co-current 
channel designs. Our findings indicate that integrating solar heat can significantly improve DCMD performance, 
with productivity enhancements potentially exceeding 200%, especially at low cross-flow rates, by alleviating 
temperature polarization and enhancing vapor flux. The detailed analysis further reveals that the counter-current 
configuration consistently outperforms the co-current design under optimal conditions, achieving higher water 
fluxes and reduced polarization effects. Moreover, sensitivity studies underscore that fine-tuning channel di
mensions and flow parameters is critical for maximizing energy efficiency and ensuring robust desalination 
performance. The results highlight the potential of solar-powered MD systems to provide sustainable and cost- 
effective freshwater solutions, particularly for off-grid and remote areas. By optimizing solar heat utilization 
and MD configurations, this study advances both theoretical understanding and practical applications in water 
desalination, promoting energy efficiency, operational cost reduction, and environmental sustainability.

1. Introduction

The availability of clean water and the development of renewable 
energy resources rank among the current world’s most pressing chal
lenges. Global water consumption is projected to increase by 55% by 
2050 [1]. By then, more than 40% of people worldwide is expected to 

live in areas experiencing water scarcity, while, currently, 768 million 
people lack access to water suitable for human consumption [1]. 
Seawater desalination has become a viable solution to water shortages in 
regions with limited natural freshwater resources [2]. However, tradi
tional desalination technologies are mostly powered by fossil fuels, 
which are costly and linked to climate change [3–5].
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Developing more sustainable and innovative desalination technolo
gies is a promising strategy to address this problem [6–8]. Thermal- 
driven membrane distillation (MD) is particularly promising due to its 
unique advantages [9]. Operating at lower temperatures compared to 
conventional thermal desalination processes, MD reduces the energy 
consumption since it allows to recover and exploit waste heat [10,11]. 
Differences in temperature between fluid streams are the main 
requirement for the functioning of MD, and these can be easily supplied 
by solar collectors. These collectors are simple to construct, technolog
ically straightforward, and require minimal maintenance, except for 
regular cleaning. These features make MD a highly promising desali
nation technology, especially for feed solutions characterized by high 
salinity [12,13].

Despite these advantages, MD systems have seen limited adoption in 
the desalination industry, mainly due to their high costs and low water 
production rates compared to large-scale conventional desalination 
systems [14,15]. A major challenge in MD technology is achieving a 
uniform distribution of heat within the feed channel. Uneven heat dis
tribution leads to temperature polarizations and gradients [16,17], 
where certain regions of the membrane receive less heat than others, 
impairing vapor transport and reducing the overall performance of the 
process. The presence of the temperature boundary layer causes the 
membrane surface temperature to be lower than that of the bulk liquid 
on the feed side, decreasing the vapor pressure gradient driving the mass 
transport [18,19]. Therefore, substantial thermal energy is lost to the 
permeate side, leading to lower energy utilization efficiency and sub
optimal desalination performance [20]. Overcoming the challenge of 
uneven heat distribution in MD requires advanced module design and 
engineering solutions to ensure consistent heat distribution across the 
membrane surface, thereby optimizing the efficiency and longevity of 
the MD system.

Another key challenge in MD is achieving high energy efficiency, as 
the process requires a consistent and cost-effective heat source to 
maintain the temperature gradient required for vapor transport. Solar 
energy offers a promising sustainable option for desalination due to its 
accessibility and low maintenance demands [4]. In the context of MD, 
low-temperature solar heat can be strategically utilized to enhance 
process efficiency [21]. The integration of solar thermal energy involves 
distributing heat along the feedwater channel within the system. 
Various solar systems have been proposed to power MD indirectly, such 
as flat plate (FPSC) [22–25], evacuated tube (ETSC) [26–28] solar col
lectors, solar concentrators [29,30], parabolic trough collectors [31], 
and solar ponds [32]. Among these, FPSC and ETSC are commonly used 
for driving MD [33].

The direct use of solar energy in MD systems has received attention 
over the past decade, particularly for small-scale applications, including 
providing freshwater in remote off-grid areas [34,35], treating waste
water and water produced from oil extraction activities [36], supplying 
water and heating for residential buildings [37], producing water and 
cooling effects for photovoltaic solar panels [38], and producing water 
for agricultural use [39]. A novel solar MD (SMD) process has been 
developed to enhance desalination performance. Unlike the traditional 
MD process that relies on solar energy to heat seawater externally, the 
SMD process deploys a hydrophobic membrane with high photothermal 
conversion efficiency, enabling localized heating on the feed side. By 
concentrating heat near the membrane, the SMD process alleviates 
temperature polarization effects, improving energy utilization efficiency 
and seawater desalination performance [40]. However, a systematic 
investigation of the optimal configuration and operating conditions of 
MD modules and systems that exploit direct solar use is currently 
missing [41].

The primary objective of this work is to systematically evaluate the 
efficacy of distributed solar heat absorption on the feedwater side of the 
module to enhance the performance of direct contact membrane distil
lation (DCMD). This research focuses on analyzing how different con
figurations and operational parameters, such as flow velocity and 

temperature gradients, influence the overall productivity and efficiency 
of the MD process. Specifically, it aims to optimize the design of the feed 
channel to maximize heat transfer and productivity, evaluating the 
benefits of counter-current versus co-current configurations.

This research has the potential to improve energy efficiency, reduce 
costs, and promote sustainability in water desalination. By optimizing 
direct solar heat use and DCMD configurations, it offers more sustain
able and cost-effective solutions for freshwater production from saline 
sources. The findings also underscore the role of direct solar absorption 
in reducing polarization effects, especially near the outlet section of the 
module. Overall, this work contributes valuable knowledge with prac
tical implications for the design of efficient and sustainable desalination 
systems.

2. Theoretical background and methods

Here, the theoretical background and the methodological ap
proaches used to study the DCMD process enhanced with direct solar 
absorption under different configurations and operating conditions are 
discussed. In Fig. 1, a schematic representation of the DCMD module is 
reported. In detail, the diagram on the left illustrates the counter-current 
configuration, in which the hot feed aqueous solution (see red arrow) 
flows from left to right in the upper channel, while the cold permeate 
aqueous solution (see blue arrow) flows in the opposite direction in the 
lower channel. The diagram on the right depicts the co-current config
uration, in which both the hot feed and permeate cold aqueous solutions 
flow in the same direction. The dashed line represents the membrane 
that separates the two solutions. The length of the module (L), the height 
of the feed and permeate channels (δ) and the inlet flow velocity and 
temperature of the feed aqueous solution (vfeed,inlet and Tfeed,inlet , respec
tively) are also indicated. In addition, yellow arrows above the upper 
channel indicate the presence of any distributed solar radiation (qsun) 
directly absorbed on the feed side. All these operating parameters are 
varied to study different scenarios. In the permeate channel, the inlet 
velocity (vpermeate,inlet) is assumed to be equal to the feed inlet velocity 
(vfeed,inlet). For simplicity, we refer to both velocities as vinlet . This 
assumption is based on the fact that maximum productivity is achieved 
when the thermal inertias of the two channels are balanced. Any 
imbalance in thermal inertia leads to suboptimal temperature profiles at 
the membrane, ultimately reducing overall performance [16,42]. Sup
plementary Note 1 provides numerical results demonstrating that peak 
productivity occurs under these conditions, analyzing the effect of 
varying the permeate-to-feed velocity ratio and channel height ratio. 
These results confirm that deviations from equal inlet velocities and 
equal channel heights lead to a decline in productivity, reinforcing that 
this assumption ensures optimal thermal coupling and maximized per
formance. Furthermore, it is assumed that the temperature of the 
permeate at the inlet (Tpermeate,inlet) is equal to the ambient temperature.

Therefore, heat and mass transfer equations are first formulated in 
detail for both channels. The formulation includes species transport, 
latent heat transfer resulting from phase change, and heat conduction 
across the hydrophobic and insulating membrane, and thus quantifies 
influences arising from the formation of temperature and concentration 
boundary layers at the interfaces between the aqueous solutions (both 
feed and permeate) and the membrane. It is worth noting that, while 
spacers are commonly used in practical applications, they are not 
included in the present model to maintain simplicity and focus on the 
overall module behavior. This choice allows for a more fundamental 
assessment of the effects of distributed heating on system performance. 
Moreover, neglecting spacers represents a conservative assumption, as 
their presence would enhance mixing and reduce polarization effects. 
Following this theoretical overview, the study discusses the specific 
methodologies employed, including the modeling frameworks and 
experimental setups used to simulate and validate the MD process.

R.R. Meo et al.                                                                                                                                                                                                                                  
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2.1. Advection-diffusion equations for heat and mass transfer

The partial differential equations that describe the thermal dynamics 
within a fixed control volume Ω (i.e. the simulated DCMD module), 
where the boundary ∂Ω remains constant over time, are developed using 
the Eulerian framework. Specifically, applying the first law of thermo
dynamics to the control volume yields the following expression [43]: 

d
dt

∫

Ω
ρcpT dΩ = −

∮

∂Ω

∑

i
Φi⋅n dΣ (1) 

where, ρ, cp, and T denote the density, specific heat capacity, and tem
perature of the fluid within Ω, respectively. The left-hand side of the 
equation quantifies the total change in internal energy within the con
trol volume Ω. In contrast, the right-hand side represents the net energy 
flux crossing the boundary ∂Ω, described by the scalar product between 
the generic thermal flux vector Φi and the local normal unit vector n to 
the boundary ∂Ω. The flux is deemed positive if outgoing, and the 
tangential components of flow at ∂Ω do not contribute in terms of energy 
change within the control volume. The primary thermal contributions 
are summarized by [43]: 

Φdiffusive = − λ∇T (2) 

Φadvective = ṁ cp T (3) 

Φradiative = qsun (4) 

Φevaporative = ṁevap hgl(T). (5) 

In the expressions above, λ represents the thermal conductivity, and 
hgl denotes the latent heat of vaporization. Additionally, ṁ and ṁevap 

indicate the specific liquid mass flow rate passing through the control 
volume and the specific evaporative mass flow rate, respectively, both 
measured in units of [kg m− 2 s− 1]. Furthermore, qsun represents the 
incoming specific solar thermal energy absorbed on the feed side. 
Substituting the introduced thermal contributions into Eq. 1, we get: 

d
dt

∫

Ω
ρcpT dΩ = −

∮

∂Ω

(
Φdiffusive + Φadvective

)
⋅n dΣ+

−

∮

∂Ω

(
Φradiative + Φevaporative

)
⋅n dΣ.

(6) 

Since the boundary ∂Ω has been assumed to be fixed over time, the 
previous equation can be rewritten as: 

∫

Ω

∂
∂t
(
ρcpT

)
dΩ = −

∮

∂Ω
− λ∇T⋅n dΣ+

−

∮

∂Ω
ṁ cp T⋅n dΣ −

∮

∂Ω
qsun⋅n dΣ+

−

∮

∂Ω
ṁevap hgl(T)⋅n dΣ.

(7) 

The module of the evaporating mass flow rate ṁevap at the membrane 
dividing the feed and permeate channels is influenced by the tempera
tures and salt concentration at the boundary, which affect the vapor 
pressure difference Δpv across the membrane. The relationship is 
expressed as [43]: 

ṁevap = Kv Δpv, (8) 

where Kv represents the permeability coefficient of the membrane 
(measured in [kg Pa− 1 m− 2 s− 1]), which accounts for molecular and 
Knudsen diffusion and that can be defined as [44]. 

Kv =
mw

RT

(
paτδm

ϵmpDwa
+

3τδm

ϵmdp

̅̅̅̅̅̅̅̅̅
πmw

8RT

√ )− 1

. (9) 

Here, mw represents the molar mass of water, R the universal gas con
stant, and T the average temperature across the membrane. The pa
rameters pa, p, δm, ϵm, τ, dp, and Dwa denote, respectively, the partial and 
total pressure of air in the membrane pores, membrane thickness, 
membrane porosity, tortuosity, average diameter of the pores, and 
molecular diffusion coefficient of water vapor in air, respectively. The 
partial pressure of air (pa) is calculated as the difference between the 
total atmospheric pressure and the water vapor pressure.

Furthermore, the vapor pressure difference across the membrane, 
Δpv, is given by [44]: 

Δpv = a
(
Yfeed

)
pv
(
Tfeed

)
− a

(
Ypermeate

)
pv
(
Tpermeate

)
. (10) 

In this equation, a
(
Yfeed

)
and a

(
Ypermeate

)
are the water activities of 

feed and permeate solutions, respectively, influenced by the mass frac
tions of salt (Yfeed and Ypermeate) under the hypothesis of diluted solutions. 
In detail, the activity of an NaCl aqueous solution can be estimated as 
a =

mNaCl(1− Y)
mNaCl(1− Y)+NionmwY, where Nion = 2 for NaCl, and mNaCl and mw are the 

molar masses in grams per mole of sodium chloride and water, respec
tively [44]. For the inlet feed water, a salinity of 35 g/L (Yfeed = 0.035) 
was considered, which is typical for seawater. The equation predicts 
a
(
Yfeed

)
≈ 0.98, while for distilled water, the activity is a

(
Ypermeate

)
= 1. It 

Fig. 1. Schematic of the DCMD module in counter-current and co-current configurations. The diagram on the left-hand side illustrates the counter-current 
configuration setup, where the hot liquid (red arrow) flows from left to right in the upper channel, while the cold liquid (blue arrow) flows in the opposite di
rection in the lower channel. The diagram on the right-hand side depicts the co-current configuration where both the hot and cold liquids flow in the same direction. 
The dashed line represents the membrane separating the two channels, while solid horizontal lines at the top and bottom delimit the channels. Yellow arrows above 
the upper channel indicate distributed solar radiation (qsun). The module length (L), the channel height (δ), the inlet feed flow velocity (vfeed,inlet), and inlet feed 
temperature (Tfeed,inlet) are also indicated. These parameters are degrees of freedom. Instead, the inlet velocity of the permeate stream is assumed to be equal to the 
feed inlet velocity. Additionally, the permeate inlet temperature is assumed to be equal to the ambient temperature.
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is important to note that the developed 2D model evaluates a
(
Yfeed

)

locally within the feed channel, accounting for local concentration 
variations. The temperatures at the interface of the membrane in the 
feed and permeate channels are denoted by Tfeed and Tpermeate, respec
tively. Vapor pressures (pv(T)) for pure water are determined using 
Antoine’s semi-empirical correlation [44]: 

pv(T) = exp
(

23.1964 −
3816.44

T − 46.13

)

, (11) 

where pv is measured in Pascals (Pa) and T in Kelvin (K).
Regarding mass transfer in the feed channel and thus the study of salt 

concentration, the continuity equation can be applied to the same fixed 
Eulerian control volume Ω, namely [45]: 

d
dt

∫

Ω
ρc dΩ = −

∮

∂Ω

(
Φ*

diffusive +Φ*
advective

)
⋅n dΣ (12) 

where the term on the left-hand side indicates the total change in solute 
mass within the control volume Ω, while the term on the right-hand side 
accounts for the mass flow through the boundaries, represented by the 
scalar product between the generic mass flow vector Φ and the local 
normal unit vector n to the boundary ∂Ω. This unit vector is considered 
positive if it is outward facing. In the provided formulation, the variable 
c is the solute concentration. The right-hand side of the equation in
cludes both diffusive and advective transport terms. The diffusive term is 
formulated as Φ*

diffusive = − DFickρ∇c, where DFick represents the diffusion 
coefficient of the solute in water. The advective term is represented as 
Φ*

advective = ṁc, where ṁ is the specific liquid mass flow rate, measured 
in [kg m− 2 s− 2]. Given these definitions and assuming that the boundary 
∂Ω remains fixed over time, the continuity equation can be reformulated 
as follows [45]: 
∫

Ω

∂
∂t
(ρc) dΩ = −

∮

∂Ω
− DFickρ∇c⋅n dΣ+

−

∮

∂Ω
ṁ c⋅n dΣ.

(13) 

2.2. Numerical model

The previous equations form the basis of a numerical model used to 
evaluate the performance of the solar enhanced DCMD module for 
seawater desalination. Our focus is primarily on the feed side of the 
module, utilizing the geometric symmetry on the z axis (see Fig. 1) to 
streamline the modeling process. The feed channel is discretized using 
2D rectangular cells, each characterized by a central temperature that 
represents the fluid’s thermal state, crucial for calculating diffusive heat 
flows. Additionally, temperatures at the four faces of each cell (top, 
bottom, left, right) are computed for evaluating advective heat flows. 
The temperatures of the top and bottom faces of each cell are calculated 
using the arithmetic mean of the central temperatures of the vertically 
adjacent cells. The temperature of the right face integrates six temper
atures: the central temperatures of horizontally adjacent cells, alongside 
their top and bottom temperatures, including diagonally adjacent 
points. This approach accurately depicts thermal gradients and heat 
transfer, especially in scenarios involving advective flow.

Geometrical symmetry is also applied in modeling the membrane, 
with segmentation into the feed and permeate sides, each discretized 
into cells defined solely by their central temperature. Lateral face tem
peratures are disregarded due to the no-slip condition along x axis, 
which eliminates advective flows in these directions. The vertical 
advective flow entering the faces of the membrane cells is analyzed 
based on the temperature of the fluid-containing cell directly in contact. 
This discretization approach is also applied to study the salt transport. 
This structured meshing approach ensures consistent cell density per 
unit length across varying module dimensions, promoting error unifor

mity and enabling comparably consistent and mesh-independent results 
between different experimental setups. Such consistency is essential for 
accurately analyzing thermal and mass flows. To determine the optimal 
mesh resolution, a convergence study was conducted and is presented in 
Supplementary Note 2. This analysis evaluates the impact of varying 
node densities along both the x- and z-axes on local productivity. The 
results confirm that refining the mesh beyond the adopted resolution – 
180 nodes/m along the x-axis and 18 nodes/mm along the z-axis – does 
not yield significant accuracy improvements, validating the selected 
discretization.

For the boundary conditions of the solar-enhanced DCMD model, the 
upper edge of the feed channel receives a heat flux representing the solar 
input (qsun), while the lower edge in contact with the membrane expe
riences an outgoing specific heat flux due to latent heat from water 
evaporation and conductive losses through the membrane, that is: 

ϕz=0 = qsun A (14) 

Φz=δ = ṁevaphgl(T)+
λm

δm

(
Tf − Tm

)
. (15) 

Here, A denotes the direct solar-absorbing surface, assumed to be equal 
to the membrane surface, λm represents the thermal conductivity of the 
membrane, δm is the thickness of the membrane through which con
duction occurs, Tf is the temperature of the feed channel at the mem
brane surface, and Tm is the temperature inside the membrane.

Then, for the sake of continuity, the specific heat flux at the 
permeate-membrane interface can be written as: 

Φz=δ+δm = ṁevaphgl(T)+
λm

δm

(
Tm − Tp

)
, (16) 

where Tp is the temperature of the permeate channel at the membrane 
surface. The convective losses from the back side of the module to the 
environment can be evaluated as: 

ϕz=2δ+δm = h A
(
Tp − Text

)
, (17) 

where the term h is the convective heat transfer coefficient, which 
characterizes the heat transfer between the permeate channel and the 
external environment. A is the surface area through which convection 
occurs, Tp is the temperature of the permeate channel at the external 
surface and Text is the temperature of the external environment. Both 
lateral surfaces of channels are considered as well insulated, namely ∀ z 
and for x = 0 and x = L, the following condition holds: 

∂T
∂x

= 0
⃒
⃒
⃒
⃒
∀z∧(x=0∨x=L)

. (18) 

The boundary conditions for the salt concentration are defined to 
prevent any salt exchange, especially near the membrane, where 
advective salt transport is canceled by evaporation. This accurately 
represents the increase in saline concentration due to water evaporation 
in the feed channel: 

ṁs

⃒
⃒
⃒
∀x∧z=δ

= 0 (19) 

∂c
∂x

⃒
⃒
⃒
⃒
∀z∧(x=0∨x=L)

= 0 (20) 

∂c
∂z

⃒
⃒
⃒
⃒
∀x∧(z=0∨z=δ)

= 0, (21) 

being ṁs the mass flow rate of salt.
A DCMD module typically consists of multiple square or rectangular 

channels arranged in parallel. In our model, we assume that the velocity 
profile within these channels resembles that of a cylindrical conduit 
according to Poiseuille’s law. Analyzing the vertical section of a channel, 
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the inlet velocity distribution follows a parabolic trend. In particular, the 
no-slip condition ensures that velocity is zero at z = 0 and z = δ, while at 
z = 0.5δ the velocity reaches its maximum value, which is twice the 
mean velocity. The inlet velocity profile is fixed in time and it is given by 
[46]: 

v = 8 vinlet
z
δ

(
1 −

z
δ

)
. (22) 

The velocity profile in the rest of the channel is obtained by applying 
the mass conservation principle, considering the evaporative flow rate, 
which is uniformly distributed across all cells with the same x coordi
nate. Similarly, temperature and concentration at the inlet are defined 
as: 

T = Tinlet (23) 

c = cinlet . (24) 

These conditions remain constant over time at the inlets of both 
channels. The schematic diagram of the simulation model, including 
boundary conditions, is provided in Supplementary Note 3.

Regarding the initial conditions for the numerical iteration, we as
sume that, throughout both channels, temperature and concentration 
are initially uniform and equal to the inlet values: 

T(t = 0) = Tinlet (25) 

c(t = 0) = cinlet. (26) 

The time discretization employs an explicit method, with the time 
resolution ensuring model convergence. The primary focus remains on 
achieving steady state, with less emphasis placed on transient phase 
accuracy.

2.3. Experimental methods

The experimental setup utilized to validate the numerical model is a 
DCMD system in a counter-current flow arrangement. A Sterlitech cell 
with an active membrane area of 140 cm2 was employed, with a module 
measuring 14.7 cm in length and 9.7 cm in width. The setup includes 
two narrow channels, each with a height of 0.19 cm, designed for the 
separate circulation of feed and permeate solutions. A hydrophobic 
commercial PVDF membrane (GVS, Italy) was used, characterized by a 
pore size of 0.2 μm and a thickness of 150 μm. This membrane has a high 
contact angle of 151◦ and a porosity of 83%, optimizing its effectiveness 
for membrane distillation. The thermal conductivity of PVDF is equal to 
0.19 W/(m⋅K). Fig. 2 shows a schematic representation of the experi
mental setup.

During testing, saline water with an initial concentration of 35 g/L 
was circulated in the feed channel, with inlet temperatures varied across 
multiple runs to examine the thermal effects on distillation productivity. 
Simultaneously, freshwater with nominally zero solute concentration 
flowed continuously along the permeate channel at a constant temper
ature of 18 ◦C, reflecting ambient environmental conditions. The flow 
rates were maintained uniformly at 25 L/h in both channels. Tempera
ture monitoring was conducted using type K thermocouples placed at 
the inlet and outlet of both channels to ensure precise thermal data 
collection. Data acquisition intervals were set at 3 min, focusing on flow 
dynamics and temperature variations to establish a comprehensive 
dataset reflective of steady-state conditions. The experimental trials 
were performed in triplicates, targeting feed inlet temperatures of 30 ◦C, 
35 ◦C, and 40 ◦C, suitable for low-grade heat exploitation. However, due 
to limitations in temperature control, the actual mean temperatures 
achieved during the experiments were 30.81 ◦C, 35.61 ◦C, and 40.45 ◦C, 
respectively. This discrepancy does not affect the model validation, as 
the same actual inlet boundary conditions were used in the simulations.

Given the experimental setup, an estimated uncertainty margin of 
15% was applied to flow rates and membrane characteristics. Model 
results were validated against experimental data by averaging scenarios 
in which these uncertainties either enhanced or reduced model effi
ciency, ensuring a comprehensive and balanced evaluation of experi
mental data relative to theoretical predictions.

3. Results

3.1. Model validation

Fig. 3 illustrates the productivity of a DCMD module in a range of 
feedwater inlet temperatures, while maintaining constant conditions for 
other operational parameters. The experimental results and their un
certainties (error bars) are plotted alongside model predictions, to 
validate the accuracy and reliability of the model.

The model predictions were generated by incorporating a 15% un
certainty in the critical characteristic parameters, namely, the feed flow 
rate, permeate flow rate, membrane thickness, pore size, membrane 
porosity, and membrane thermal conductivity. For the feed inlet tem
perature and permeate inlet temperature, an uncertainty of 2 ◦C was 
assumed. This approach allowed accounting for variations in produc
tivity due to these uncertainties. The values shown in the graph repre
sent the average of the minimum and maximum productivity values 
obtained from these parameter variations.

The experimental data points – 1.59, 2.87, and 4.33 L m− 2 h− 1 (LMH) 
– come with associated uncertainties of 0.09, 0.10, and 0.46 LMH, 

Fig. 2. Schematic representation of the experimental setup utilized to validate the model. In red, the feed circuit; in blue, the distillate circuit. The two solutions meet 
in the two plate module containing the membrane, and are then returned to the respective tank. Flux data were collected monitoring the change in weight of the 
permeate tank by means of a computer-interfaced scale.
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respectively. In comparison, the model predictions are 1.70, 2.55, and 
3.63 LMH. The observed discrepancies between the average experi
mental values and the model predictions ranged from +7% to − 16%, 
therefore demonstrating a good prediction capability of the model. To 
further assess the model’s accuracy, we computed the Mean Absolute 
Percentage Error (MAPE), Mean Absolute Error (MAE), and the Coeffi
cient of Determination (R2). The results are as follows: MAPE = 11.41%, 
MAE = 0.377 LMH, and R2 = 0.839. These values indicate that the 
model provides a reasonably accurate representation of the experi
mental data. The MAPE suggests a moderate level of error, the MAE 
confirms a relatively small absolute deviation, and the R2 value dem
onstrates a strong correlation between predicted and experimental 
values. This statistical assessment reinforces the validity of the model in 
capturing the key trends of the system. Moreover, the model successfully 
captures the trend of increasing productivity with rising feedwater inlet 
temperatures, although the model slightly underpredicts the absolute 
productivity values.

Overall, the validation exercise confirmed that the model can reli
ably represent trends of the DCMD system productivity. The model can 
thus be exploited to analyze and optimize the performance of the DCMD 
modules, extending the exploration also to the effect of direct solar 
absorption on distillate productivity.

3.2. Model exploration

3.2.1. Detailed case studies
Before systematically exploring the effects of operating conditions 

and module configurations, we analyze selected case studies to gain a 
detailed understanding of the heat and mass transfer mechanisms in the 
DCMD module enhanced by direct solar absorption.

First, let us consider vinlet equal to 1 mm/s, a module length of 25 cm, 
and a channel thickness of 0.5 mm; the module is for example subjected 
to a concentrated solar radiation intensity of 2000 W m− 2, the inlet 
temperature of the feed solution is set to 50 ◦C, and the system operates 
in a co-current configuration. Fig. 4a presents the steady state 

temperature distribution along the feed and permeate channels as pre
dicted by the validated model. The maximum temperature in Fig. 4a 
reaches 90 ◦C on the feed side, consistently higher than the inlet tem
perature due to direct solar heating on the module surface. This high 
temperature enhances the vaporization rate, thereby increasing pro
ductivity. However, such elevated temperatures may also pose chal
lenges, including larger scaling rates. Additionally, operating at high 
temperatures requires careful material selection and module design to 
ensure long-term durability and performance stability. The accompa
nying Fig. 4b shows the distribution of salt concentration in the feed 
channel, where a maximum of 48 g/L is reached at the outlet of the 
module, implying high local evaporation rates. As the fluid travels along 
the module, it becomes progressively more concentrated due to 
continuous evaporation of feedwater, leading to these elevated 
concentrations.

The module performance metrics predicted by the validated model 
for this first case study are as follows: productivity of 2.5 LMH, ther
modynamic heat transfer efficiency of the membrane equal to 0.78 
(calculated as the ratio of latent heat transferred by vapor to total heat 
transferred through the membrane), average temperature polarization 
coefficient (TPC, defined as the ratio between the mean temperature 
difference at the membrane surfaces and the difference between the inlet 
temperatures of the feed and permeate channels) of 0.04, and average 
salt concentration polarization coefficient (CPC, defined as the ratio 
between the mean concentration difference at the membrane surfaces 
and the difference between the inlet concentrations of the feed and 
permeate channels) of 1.20. These values indicate a relatively high heat 
transfer efficiency, suggesting that the majority of the heat transferred 
through the membrane contributes to vaporization, which is beneficial 
for energy efficiency. However, the average CPC of 1.20 indicates 
moderate salt accumulation near the membrane surface, which could 
also potentially impact long-term performance and require periodic 
maintenance.

In a second case study, the module is subjected to a solar radiation 
intensity of 2000 W m− 2, as in the first case. However, this configuration 
differs significantly in other parameters: the module length is 1 m, the 
channel thickness is 1 mm, the feed inlet temperature is 70 ◦C, and the 
inlet flow velocity is 10 mm/s. The system operates in a counter-current 
configuration. The model results in Fig. 4c illustrate the temperature 
distribution across the module. Unlike the first case, the maximum 
temperature does not exceed 80 ◦C. Coherently with the higher mass 
flow rate imposed, the temperature gradient is more evenly distributed 
and homogeneous, also reflecting the effectiveness of the counter- 
current configuration in maintaining a stable temperature profile 
along the module. This uniform temperature distribution enhances the 
overall thermal efficiency and reduce the risk of hot spots that could lead 
to scaling or membrane damage. Consequently, the distribution of salt 
concentration in the feed channel in Fig. 4d shows high salinity levels 
near the module outlet due to substantial feedwater evaporation. The 
concentration gradient is more pronounced than in the first case study, 
indicating elevated local evaporation rates at the exit thanks to the more 
homogeneous distribution of the temperature difference across the 
membrane.

Performance metrics calculated for this second case include a pro
ductivity of 4.7 LMH, an average TPC of 0.06, an average CPC of 1.27, 
and a heat transfer efficiency of 0.734. Compared to the first case study, 
this configuration exhibits a higher productivity, which is partly 
attributed to the higher inlet flow velocity and feed temperature. The 
TPC value indicates a slightly higher temperature, which suggests a 
greater degree of thermal resistance at the membrane surface due to a 
thicker channel and a more homogeneous temperature distribution. The 
higher TPC combined with the elevated feed temperature suggests a 
greater distributed productivity, which may explain the observed in
crease in CPC compared to the first case study.

Fig. 3. Water flux of a direct contact membrane distillation (DCMD) module as 
a function of the feedwater inlet temperature. The graph compares experi
mental values with model predictions. The model values are calculated by 
considering a 15% uncertainty in the characteristic parameters, including feed 
flow rate, permeate flow rate, membrane thickness, pore size, membrane 
porosity, and membrane thermal conductivity. For the feed inlet temperature 
and permeate inlet temperature, an uncertainty of 2 ◦C was assumed.
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3.2.2. Sensitivity analysis of solar enhancement
Given the enhancements highlighted in Fig. 4, a dedicated sensitivity 

analysis of the direct solar absorption on the DCMD module performance 

was carried out. In this analysis, model results are reported in terms of 
the specific productivity J (Fig. 5), TPC (Fig. 6), and CPC (Fig. 7) as a 
function of the distance from the feed channel inlet, where saline water 

Fig. 4. Model results for DCMD module enhanced by direct solar absorption with two different flow velocities: (a) Temperature and (b) salt concentration distri
bution for vinlet = 1 mm/s in co-current configuration; (c) temperature and (d) salt concentration distribution for vinlet = 10 mm/s in counter-current configuration. 
Note that the membrane is positioned at mid z axis. The concentration distribution is not plotted on the permeate side, which is considered as distilled water. For the 
slow flow velocity (a and b), L and δ are equal to 25 cm and 0.5 mm, respectively. In the co-current configuration, the module operates under a solar radiation flux 
equal to 2000 W m− 2, with a fixed feed inlet temperature of 50 ◦C. For the medium flow velocity (c and d), L and δ are equal to 1 m and 1 mm, respectively. In the 
counter-current configuration, the module operates under a solar radiation flux equal to 2000 W m− 2, with a fixed feed inlet temperature of 70 ◦C. The permeate inlet 
temperature is considered at ambient conditions, that is 20 ◦C in all the considered case studies.

Fig. 5. Productivity of the solar-enhanced DCMD module as a function of coordinate x for two flow velocities and configurations, and for varying solar radiation 
levels: (a) 1 mm/s co-current, (b) 10 mm/s counter-current. The operating conditions and module geometry are the same as those described in Fig. 4.
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flows. Multiple curves are presented, each corresponding to a different 
value of solar radiation: 0, 100, 500, 1000, and 2000 W m− 2. Notice that 
the considered solar irradiance values include both non-concentrated 
and concentrated sources. The latter can be achieved on flat plate 
solar collectors by means of adjustable flat mirrors [47] or solar tracking 
Fresnel lens [48], achieving moderate solar concentrations. The two 
case studies analyzed in Section 3.2.1 are considered again, namely: (a) 
co-current configuration with vinlet = 1 mm/s, L = 25 cm, δ = 0.5 mm, 
and feed inlet temperature of 50 ◦C; and (b) counter-current configu
ration with vinlet = 10 mm/s, L = 1 m, δ = 1 mm, and feed inlet tem
perature of 70 ◦C. The permeate inlet temperature is considered again at 
ambient conditions, that is 20 ◦C in all the considered case studies.

The results of the first case study, presented in Fig. 5a, show that, as 
solar radiation increases, the productivity of the module increases 
considerably, particularly in regions farther from the inlet. Considering 
the DCMD module without any solar enhancement, the peak 

productivity is observed near the inlet due to the co-current configura
tion. This conventional configuration creates the highest temperature 
gradient at the beginning of the feed channel, resulting in the maximum 
evaporative flux at the inlet. As feedwater progresses along the module, 
the temperature difference between feed and permeate decreases, 
causing a decline in the evaporation rate. Direct solar absorption, on the 
other hand, shows a marked increase in evaporative flux, especially 
toward the end of the feed channel. This increase indicates that higher 
solar radiation provides additional heat for evaporation, leading to 
greater productivity along the entire length of the module. The sharp 
rise of the 2000 W m− 2 curve at the outlet highlights the substantial 
effect of high solar radiation on enhancing evaporation in the latter 
sections of the module.

Fig. 6a reveals that at the module inlet, the TPC values are highest, 
then rapidly decrease along the length of the feed channel. This trend is 
expected because the initial temperature difference between the feed 

Fig. 6. TPC of the solar-enhanced DCMD module as a function of coordinate x for two flow velocities and configurations, and for varying solar radiation levels: (a) 1 
mm/s co-current, (b) 10 mm/s counter-current. The operating conditions and module geometry are the same as those described in Fig. 4.

Fig. 7. CPC of the solar enhanced DCMD module as a function of coordinate x for two flow velocities and configurations, and for varying solar radiation levels: (a) 1 
mm/s co-current, (b) 10 mm/s counter-current. The operating conditions and module geometry are the same as those described in Fig. 4.
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and permeate sides is greatest near the inlet, leading to lower temper
ature polarization. The rapid decrease in TPC values along the module 
length, which is mainly confined to the portion of the module close to 
the inlet, suggests that the flow configuration (co-current in this case 
study) faces challenges in maintaining high TPC as the feedwater pro
gresses. This reduction in TPC along the channel leads to a loss in 
thermal gradient efficiency, which reduces the overall evaporative flux 
and productivity. As solar radiation increases, there is a noticeable 
impact on the TPC values. The 2000 W m− 2 curve shows a higher initial 
TPC compared to the other curves, indicating lower temperature po
larization due to the higher heat input. As the distance from the inlet 
increases, the TPC for all curves stabilizes and decreases to lower values, 
despite configurations with higher direct solar absorption maintaining 
higher TPC values (that is, lower temperature polarization).

The CPC values in Fig. 7a indicate the extent of salt concentration 
polarization within the module. Higher CPC values suggest a higher 
degree of salt accumulation near the membrane surface, which reduces 
distillation performance. Ideally, lower CPC values (i.e. ideally equal to 
1) are preferable to minimize polarization effects. CPC values are 
initially high at the module’s inlet, especially for higher levels of solar 
radiation. As the distance from the inlet increases, the CPC values for all 
radiation levels initially decrease, indicating a reduction in salt con
centration polarization. However, beyond a certain point, the CPC 
values start to rise again, particularly for higher radiation levels. The 
2000 W m− 2 curve shows the highest initial CPC, which then decreases 
sharply and rises again toward the end of the feed channel. This pattern 
suggests substantial salt accumulation even near the inlet due to high 
evaporation rates caused by increased solar radiation. From Fig. 6a, it 
can be observed that although the temperature difference remains 
constant along the module axis, productivity increases because the ab
solute temperature rises. In fact, vapor pressure and temperature are 
linked by a exponential relationship.

The second case study in Fig. 5b shows that, due to the counter- 
current configuration, the increased solar radiation produces different 
effects compared to the first case. Higher solar radiation leads to a 
warmer permeate near the feed inlet, which results in locally reduced 
productivity. This effect is seen in the initial section of the feed channel, 
where the temperature difference between the feed and permeate is 
lower, reducing the driving force for evaporation. However, overall 
productivity increases with higher solar radiation levels. This result 
occurs because the temperature gradient at the feed outlet is consider
ably enhanced, promoting a higher evaporative flux toward the end of 
the channel. The counter-current configuration effectively utilizes the 
increased thermal energy, maintaining a substantial temperature dif
ference across the length of the module and thereby boosting the overall 
evaporation rate.

In this counter-current configuration, the TPC values in Fig. 6b start 
lower and gradually increase along the length of the feed channel. This 
trend contrasts with the first case, where TPC values were highest at the 
inlet and decreased along the channel. The 2000 W m− 2 curve exhibits 
the lowest initial TPC, which then rises toward the end of the feed 
channel, indicating a lower polarization extent at the outlet due to 
higher solar radiation. The other curves follow a similar pattern, with 
the TPC values increasing more steeply at higher radiation levels. The 
counter-current configuration allows for better temperature distribution 
along the module, as the warmest permeate meets the coolest feed at the 
outlet, maintaining a higher temperature gradient and thus improving 
TPC values as the distance increases. This configuration more effectively 
utilizes the thermal energy from solar radiation, ensuring a more 
consistent and higher TPC along the module length.

In the second case, the CPC values start relatively low at the inlet and 
gradually increase along the length of the feed channel (see Fig. 7b). The 
2000 W m− 2 curve shows an important rise, peaking toward the end of 
the channel before slightly decreasing. This trend indicates that higher 
solar radiation levels lead to more substantial salt accumulation due to 
increased evaporation rates. Notably, the 2000 W m− 2 curve initially 

displays a CPC value of less than one, suggesting a reverse flow phe
nomenon where vapor flows from the permeate side back to the feed 
side near the inlet. This reverse flow can occur due to the high tem
perature and pressure gradient induced by the intense solar radiation, 
which heats the permeate flow. Following this initial reverse flow, the 
CPC increases sharply. The other curves exhibit a more gradual trend, 
with CPC values rising steadily and not displaying the initial values 
below one seen in the blue (2000 W m− 2) curve.

3.2.3. Productivity maps
In Fig. 8, a systematic sensitivity analysis of the specific productivity 

(J, expressed in LMH) of the DCMD module with enhanced performance 
by direct solar absorption is depicted. Model results are reported as a 
function of various operational parameters and module configurations, 
including channel height (δ), module length (L), average input velocity 
(vinlet), feed solution temperature (Tfeed), and solar radiation directly 
absorbed on the feed side (qsun). Specifically, the channel heights δ were 
set to 0.5, 1, 2, 3, and 5 mm; the module lengths L to 10, 25, 50, and 100 
cm; the inlet average velocities of the feed solution to 1 mm/s (slow 
flow), 10 mm/s (medium flow), 100 mm/s (fast flow); and the inlet 
temperatures of the feed solution to 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C. 
Moreover, five values of solar radiation were considered, namely 0q, 
0.1q, 0.5q, 1q, and 2q, where q is equal to 1 kW m− 2. Note also that 
values above the horizontal axes represent the co-current (EC) config
uration, while those below represent the counter-current (CC) 
configuration.

In all scenarios, the temperature of the permeate inlet was set to 
20 ◦C, equal to the ambient temperature. Furthermore, a convective heat 
transfer coefficient h equal to 10 W/(m2 K) (assuming natural convec
tion) was considered to account for the thermal losses from the permeate 
channel to the environment, while other heat losses were neglected. The 
membrane used in the model has the following characteristics: porosity 
εm equal to 0.83, thermal conductivity of the porous material λm equal to 
0.019 W/(m K), thickness δm equal to 150 μm, and pore radius dp of 0.20 
μm. Notably, combinations of parameters leading to local feed temper
atures over 100 ◦C are excluded from the plots since boiling shall be 
avoided in MD modules.

First of all, it is worth noting that the counter-current configuration, 
represented by values below the horizontal axes, tends to show higher 
specific productivity compared to the co-current configuration due to 
the more homogeneous temperature gradient along the module.

Furthermore, a general positive effect of higher fluid velocity on J 
can be also noticed, due to improved heat and mass transfer mechanisms 
in the module channels. As expected, higher feed temperatures (50 ◦C, 
60 ◦C, and 70 ◦C) increase productivity, with maximum values at 70 ◦C, 
due to an enhanced thermal gradient driving the distillation process. 
These results align with the expected behavior of traditional DCMD 
modules using only bulk heating (qsun = 0 W m− 2), where productivity 
increases with both Reynolds number (enhancing heat and mass trans
fer) and feedwater temperature (providing more available thermal en
ergy) [49]. Figure in Supplementary Note 4 reports a detailed analysis of 
model predictions for this scenario.

Increased solar radiation boosts specific productivity too, as addi
tional solar energy heats the fluid, improving the temperature gradient 
and process efficiency.

The overall trend shows that specific productivity decreases with 
increasing module length. Shorter modules (10 cm and 25 cm) exhibit 
higher productivity than longer ones (50 cm and 100 cm), attributed to 
lower heat losses and a more sustained temperature gradient along the 
shorter module. However, interesting deviations from this trend, 
particularly under distributed solar radiation, are observed and will be 
analyzed and discussed later.

The influence of channel height on productivity is more subtly 
affected by specific parameter sets and flow velocities. For shorter 
module lengths (10 cm and 25 cm) and slow to medium velocities (1 
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mm/s and 10 mm/s) in the co-current (EC) configuration with feed 
temperatures above 50 ◦C, an increase in channel thickness leads to 
higher productivity. Instead, in counter-current (CC) configuration with 
high solar radiation, increasing the channel height decreases produc
tivity regardless of the temperature. For longer lengths (50 cm and 100 
cm) in both EC and CC configurations, increasing thickness negatively 
affects productivity in most of the configurations, likely due to the 
increased thermal resistance introduced by thicker channels, which 
limits the efficiency of the distillation process.

To better appreciate the possible beneficial effect of direct solar 
absorption on module performance, Fig. 9a illustrates the logarithmic 
variation of productivity, log10

(
1 + ΔJ/Jref

)
, under different conditions 

of channel height, module length, feed temperature, and solar radiation 
for both co-current and counter-current flow configurations at a low 
inlet velocity of 1 mm/s. Here, Jref represents the minimum productivity 
of each sector, determined by specific values of L and Tfeed. This gener
ally corresponds to the condition of no solar radiation (qsun = 0) and a 
channel thickness of 0.5 mm (the lowest considered). However, under 

these conditions, productivity can occasionally become negative if 
reverse flow dominates. In the graph, points with negative productivity 
have been removed. This approach highlights the influence of solar ra
diation and channel height on ΔJ, i.e., the variation in productivity 
relative to the reference case.

The influence of solar radiation is evident in Fig. 9a, particularly at 
higher levels of qsun = 2q, which significantly boosts productivity gain 
(ΔJ) at lower feed temperatures (30–50 ◦C) and longer module lengths 
(50 cm and 100 cm). This is highlighted by the orange to red regions in 
the color map, indicating gains above a factor of 2.5. At higher feed 
temperatures (60–70 ◦C), the effect of solar radiation diminishes, with 
most data points falling within the blue-green range, signaling minimal 
productivity gains, except when the module length reaches 1 m, where 
gains are more considerable. Increasing the channel height can lead to 
either higher or lower productivity, with the effect being more pro
nounced in the EC configuration. However, for shorter modules (10 cm, 
25 cm), the impact of channel height on productivity is limited, as 
shown by the prevalence of blue and light green points. The highest 

Fig. 8. Specific productivity J of the DCMD module enhanced with direct solar absorption under different flow velocities: (a) low flow velocity (namely, vinlet equal to 
1 mm/s), (b) medium flow velocity (namely, vinlet equal to 10 mm/s), and (c) high flow velocity (namely, vinlet equal to 100 mm/s). Data are categorized by channel 
height δ (0.5, 1, 2, 3, and 5 mm); module length L (10, 25, 50, and 100 cm); feed temperatures Tfeed (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C); and solar radiation qsun 

(0q, 0.1q, 0.5q, 1q and 2q, where q is equal to 1 kW m− 2). Values above the horizontal axis indicate the co-current configuration (EC), while those below represent the 
counter-current (CC) configuration.
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productivity gains occur under a combination of high solar radiation 
(2q), lower feed inlet temperatures (30–50 ◦C), medium channel heights 
(2 mm), and longer modules (50–100 cm), where the bright red regions 
in the figure highlight optimal performance. The CC configuration 
consistently exhibits slightly lower productivity gains compared to EC 
under similar conditions, with reduced sensitivity to solar radiation. The 
data points showing the highest productivity gains are associated with 
the maximum module length of 1 m.

For the case of medium velocity (10 mm/s), Fig. 9b, the influence of 
solar radiation and channel height on productivity gain is less pro
nounced compared to the low-velocity case. The relative productivity 
enhancement is lower, as indicated by a reduced range of color intensity 
on the scale, with the maximum gain just above 1.8. However, some 
trends remain consistent, particularly the fact that higher solar radiation 
(2q) at higher feed inlet temperatures (50 ◦C–70 ◦C) and longer module 
lengths (50 cm, 100 cm) still provide the highest gains, albeit with lower 

absolute values compared to the low-velocity case. The EC configuration 
once again exhibits slightly higher gains than the CC configuration. The 
height of the channel continues to affect productivity, with larger 
heights (5 mm) resulting in higher gains, particularly at higher tem
peratures and longer modules. Nevertheless, the medium velocity con
dition shows a general reduction in the impact of both solar radiation 
and channel height, with much of the data remaining in the blue-to- 
green range, indicating smaller productivity variations.

For the case of high velocity (100 mm/s), Fig. 9c, the overall varia
tion in productivity is considerably lower compared to both the low- and 
medium-velocity cases. The color map scale shows a maximum gain just 
above 0.2, indicating that the influence of both solar radiation and 
channel height is much less pronounced at this high velocity. However, 
the trends observed in previous cases still hold to some extent. Higher 
solar radiation (qsun = 2q) continues to lead to the highest productivity 
gains, particularly at feed temperatures of 50 ◦C–70 ◦C and longer 

Fig. 9. Logarithmic variation of productivity, expressed as log10
(
1 + ΔJ/Jref

)
, for the DCMD module with direct solar absorption under different flow velocities: (a) 

low flow velocity (vinlet = 1 mm/s), (b) medium flow velocity (vinlet = 10 mm/s), and (c) high flow velocity (vinlet = 100 mm/s). Here, Jref represents the minimum 
productivity of the sector, which generally corresponds to the condition of no solar radiation (qsun = 0) and a channel thickness of 0.5 mm (the lowest considered). 
However, under these conditions, productivity can occasionally become negative if reverse flow dominates. In the graph, points with negative productivity have been 
removed. This approach highlights the influence of solar radiation and channel height on ΔJ, i.e., the variation in productivity relative to the reference case. The 
variation in these two parameters, in particular, affects the volumetric absorption of solar radiation. Data are categorized by channel height δ (0.5, 1, 2, 3, and 5 mm); 
module length L (10, 25, 50, and 100 cm); feed temperatures Tfeed (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C); and solar radiation qsun (0q, 0.1q, 0.5q, 1q and 2q, where q is 
equal to 1 kW m− 2). Values above the horizontal axis indicate the co-current configuration (EC), while those below represent the counter-current (CC) configuration.
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module lengths (50 cm, 100 cm), with the highest channel height (5 
mm) still showing the most favorable results. The EC configuration again 
exhibits higher gains compared to the CC one, though the difference is 
minimal at this fluid velocity, with most of the data points across both 
configurations falling within the blue-to-light green range. Productivity 
gains at high velocity are reduced, especially in shorter modules (10 cm, 
25 cm) and at lower feed temperatures (30 ◦C–40 ◦C), where almost no 
productivity gains are observed, as shown by the dominance of dark blue 
points. Overall, under high velocity, the productivity enhancements 
from direct solar radiation and channel height are minimal, suggesting 
that high flow velocities reduce the sensitivity of the system to these 
parameters.

Additionally, a detailed analysis of specific energy consumption is 
provided in Supplementary Note 5. This study evaluates energy effi
ciency across different operating conditions, showing that specific en
ergy consumption decreases for longer module lengths (0.5 m and 1 m), 
approaching the thermodynamic limit. These insights contribute to a 
broader understanding of system performance, complementing the 
productivity analysis and enabling a comparison with other solar ther
mal desalination technologies.

4. Discussion

The results indicate that the maximum productivity values are pre
dicted in the counter-current configuration at medium-to-high feed flow 
velocities. As expected, productivity also increases when operating at 
high feed temperatures (60–70 ◦C) and solar radiation intensities 
(1000–2000 W m− 2). Specifically, a productivity enhancement as high 
as 2.5 times may be obtained (in case of the lowest fluid flows) under 
2000 W m− 2 compared to modules without solar input. While solar ra
diation increases productivity across the module, its effect is most sig
nificant in the later sections of the module, due to cumulative heating. 
However, note that high productivity conditions may intensify the salt 
concentration polarization effect (CPC values above 1.2), requiring 
effective strategies to manage the consequent high salinity values and 
mitigate potential scaling effects.

A more detailed analysis of the results unravels that similar, or even 
higher water fluxes may be achieved by reducing the feed inlet tem
perature while increasing the solar radiation intensity. Indeed, given the 
same configuration, different cases show that the predicted productivity 
at 30 ◦C with solar radiation of 2 kW m− 2 exceeds the one estimated at 

Fig. 10. Specific productivity J predicted by the model for a counter-current DCMD module with direct solar heating (qsun). Results are shown with respect to 
different Reynolds numbers (Re), while fixing the feed channel thickness (δ = 3 mm) and considering different values of feedwater temperature at the inlet and 
module length: (a) Tinlet = 30 ◦C and L = 0.1 m; (b) Tinlet = 60 ◦C and L = 0.1 m; (c) Tinlet = 30 ◦C and L = 1.0 m; (d) Tinlet = 60 ◦C and L = 1.0 m. The lines connecting 
the individual data-points are solely meant as a guide for the eye.
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70 ◦C without solar radiation. This input power reduction theoretically 
decreases the overall thermal energy consumption of the system leading 
also to reduced capital costs related to heating systems and heat ex
changers. As an example, reducing the inlet temperature from 70 ◦C to 
30 ◦C could lead to an energy save of around 46.5 kWh m− 3 (calculating 
the difference of provided heat as ΔQ = m cp ΔT, where m is the mass of 
water to be heated and ΔT the temperature difference — in this case 
40 ◦C).

The contribution of solar radiation on productivity becomes partic
ularly advantageous when operating at low flow velocities, low inlet 
temperatures and longer modules, as depicted in Fig. 10, where specific 
productivity J is shown as a function of solar radiation for different 
Reynolds numbers (hence flow velocities) under different conditions of 
module length and feedwater inlet temperature. Specifically, Fig. 10a 
and b refer to a short module (0.1 m) and inlet temperature of 30 ◦C and 
60 ◦C, respectively, while Fig. 10c and d refer to a long module (1 m) for 
the same temperatures. As mentioned, the influence of solar radiation on 
productivity is particularly appreciable in the latter (especially for low 
Reynolds numbers, represented by the red symbols), while it becomes 
negligible for short module and high inlet temperature (Fig. 10b). An 
intermediate case is illustrated in Fig. 10a, where, despite the short 
module, for Re = 5.7, a minor productivity increase can still be noted. 
However, the effect of solar radiation becomes negligible at higher flow 
velocities.

5. Conclusions

Amid growing water scarcity and increasing energy demands, MD 
powered by renewable sources, such as solar energy, has emerged as a 
promising desalination solution. DCMD offers advantages in thermal 
efficiency and operational simplicity; however, it faces challenges in 
maximizing productivity due to temperature and salt concentration 
polarization. This study systematically examines the potential of 
distributed solar absorption to enhance DCMD productivity by exploring 
various configurations, feed velocities, and solar intensities, with the 
aim of optimizing heat and mass transfer within the system. Our findings 
align with key trends observed in the literature, reinforcing the broader 
observation that distributed heating strategies in MD can enhance per
formance. Furthermore, our systematic assessment provides valuable 
insights toward establishing a benchmark for these unconventional 
configurations, which remains largely unexplored.

From a practical standpoint, this research quantitatively assesses 
how operating and design parameters influence single-pass water re
covery. Single-pass water recovery refers to the flow of product water 
divided by the amount of feed solution flowing into the system for any 
given time interval, i.e., the fraction of water recovered with respect to 
that entering the membrane module(s). While this parameter does not 
necessarily correlate with the thermal energy consumption – particu
larly in systems powered entirely by solar energy – it directly affects the 
electrical energy required to pump water through the membrane chan
nels, as closed-loop feed water recirculation may be needed to achieve 
the target system recovery rate if the value of single-pass recovery is low. 
The productivity results obtained in this study can be utilized to evaluate 
the effects of key parameters – such as feed flow velocity, channel 
height, feed temperature, and solar radiation – on single-pass water 
recovery. Generally, at a constant feed flow rate, higher water flux re
sults in higher recovery values. Consequently, increasing feed temper
ature and solar radiation consistently leads to improved recovery. 
However, variations in flow velocities and channel heights influence 
both productivity and feed flow rate, complicating a straightforward 
assessment of their impact on single-pass water recovery. This highlights 
the need for a nuanced analysis of these parameters to fully understand 
their contributions to system performance.

Regarding scalability, further research is needed to address the 
integration of these modules into larger-scale systems. For example, 
connecting modules in series can enhance the overall temperature lift 

and water recovery, while parallel configurations can increase the total 
water production to meet higher demands. These strategies, along with 
the improved insulation and material selection to minimize heat losses, 
are crucial for the effective scale-up of solar-powered DCMD systems. 
Ultimately, a system-level design that optimizes both series and parallel 
module integration will be essential to fully exploit the benefits of direct 
solar absorption in large-scale desalination applications.

Overall, this work underscores the potential of distributed solar ab
sorption to enhance DCMD productivity in a substantial manner. Solar- 
powered DCMD systems offer a scalable and energy-efficient approach 
to desalination, particularly suited for remote or off-grid applications. 
These insights contribute to optimizing MD system design, balancing 
heat transfer, and minimizing salt accumulation while providing robust 
productivity metrics essential for the advancement of solar-driven 
desalination technologies.
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