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ABSTRACT

Membrane distillation (MD) is a promising technology for sustainable freshwater production. Among its con-
figurations, direct contact membrane distillation (DCMD) is attractive because of its simplicity, but large-scale
deployment remains limited by high thermal energy demand. To address this challenge, this study presents an
integrated framework for the design and optimization of hollow fiber DCMD modules with heat recovery under
operational uncertainty. The novelty of this work lies in combining rigorous model validation with simultaneous
optimization of module geometry and operating conditions to reduce net specific thermal energy consumption
(STEC) while maintaining competitive permeate flux. A mechanistic model based on coupled mass and energy
balances was validated against 26 experiments using lab-made and commercial hollow fiber modules without
model-specific calibration. Excellent agreement was obtained, with coefficients of determination (R2) of 0.96 for
flux, 0.99 for feed outlet temperature, and 0.97 for permeate outlet temperature. Multi-objective optimization
identified an optimal trade-off design with module length of 1.25 m and packing density of 0.75. Under opti-
mized operating conditions, this design achieved an average flux of 4.5 kg m~2 h™! at a net STEC of 205 kWh
m 3. Energy-focused operation reduced net STEC to 100 kWh m ™2 at 2.2 kg m~2 h™?, while high-productivity
operation reached 5.5 kg m~2 h™! at 630 kWh m™2. Overall, the results show that validated model-based
optimization of both module geometry and operation can substantially improve DCMD energy efficiency
while preserving its structural simplicity and scalability.

1. Introduction

Among emerging desalination processes, membrane distillation
(MD) has attracted considerable attention due to its ability to utilize

Demand for freshwater has increased significantly worldwide due to
population growth, industrialization, and improved living standards. To
bridge the growing gap between freshwater demand and supply,
seawater desalination has become an essential technological solution.
However, conventional desalination processes, such as reverse osmosis
and multi-stage flash distillation, are energy intensive, relying heavily
on high-grade energy sources (electricity or fossil fuels), and often
exhibit limited freshwater recovery factors. Consequently, current
research efforts in water treatment increasingly focus on the develop-
ment of desalination technologies that are more energy -efficient,
environmentally sustainable, and compatible with low-grade- heat
sources [1].
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low-grade thermal energy and its suitability for treating highly
concentrated brines [2,3]. MD uses a porous hydrophobic membrane to
retain a warm liquid feed while allowing the passage of water vapor
through the pores. The heat input can be supplied through different
sources including solar, geothermal or industrial sources. The process
typically operates at atmospheric pressure that results in minimum
electric energy input to drive the liquid within the channels. MD can be
operated in different configurations including direct contact, vacuum,
air gap and sweep gap. Within MD configurations, direct contact
membrane distillation (DCMD) stands out as the simplest to implement
and the most straightforward to scale up, since it avoids the need for
vacuum systems, additional condensers, or gas phase handling [3]. This
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simplicity makes DCMD particularly attractive for industrial-scale
deployment.

Despite these advantages, DCMD faces a key challenge of high spe-
cific thermal energy consumption (STEC) that directly impacts its
operational cost and hinders its broader adoption [4]. To improve the
thermal energy efficiency of DCMD, several strategies have been adop-
ted in the literature. These include module design modifications, such as
optimization of flow channel geometry and spacers to enhance heat and
mass transfer while mitigating temperature polarization [5], as well as
membrane material optimization, for example by reducing membrane
thickness or tuning thermal conductivity to minimize conductive heat
losses [6]. In parallel, heat recovery has emerged as a particularly
effective approach, in which thermal energy from the warm distillate
stream is reused to preheat the feed stream, thereby reducing the net
external energy demand of the process [7]. Heat recovery performance
has been improved either by optimizing operating conditions (e.g., inlet
temperatures and flow velocities) or by tuning key module design pa-
rameters, most notably the contact length between feed and permeate
streams [8]. The key focus of the latter has been on optimizing the
contact length of feed and permeate stream of DCMD under different
operating conditions [9]. The desired contact length can be achieved by
connecting modules in series or through innovative designs such as
multipass hollow fiber modules [5,10]. In our previous studies, we have
demonstrated that the specific thermal energy consumption of DCMD
can be reduced significantly through optimization of the contact length
and by choosing suitable operative conditions [5].

In addition to contact length, packing density is a critical module
design parameter that governs the balance between module productivity
and hydrodynamic performance, particularly on the shell side of hollow
fiber modules. Packing density affects the available flow cross section,
residence time, membrane area per module volume, and the relative
distribution of feed and permeate flow rates. These factors strongly in-
fluence local temperature profiles, heat and mass transfer, and conse-
quently the heat recovery potential and net specific thermal energy
consumption (STEC) of DCMD systems. Although the effects of module
length, packing density, and operating conditions on DCMD perfor-
mance have each been examined individually in previous numerical and
experimental studies [8,9,11], these variables have generally been
investigated in isolation or through one-factor-at-a-time parametric
analyses. For example, Cheng et al. [12] examined the influence of fiber
length, packing density, and selected operating variables on productiv-
ity and thermal efficiency in hollow fiber DCMD, and demonstrated the
trade-off between flux and thermal efficiency through Pareto optimi-
zation. Likewise, Yang et al. [13] investigated several novel hollow fiber
module configurations, including curly, spacer-wrapped, and spacer-
knitted fibers, and showed that improved hydrodynamics and reduced
temperature polarization can substantially enhance permeate flux.
These studies provide valuable insights into the effects of module ge-
ometry and flow behavior on DCMD performance. However, they
generally focus on individual design parameters, fixed module config-
urations, or hydrodynamic enhancement, rather than on the coupled
interactions between module geometry, operating conditions, and heat
recovery. As a result, the simultaneous influence of module length,
packing density, and operating conditions on heat recovery and net
STEC remains insufficiently understood, particularly for hollow fiber
DCMD modules.

Although significant reductions in STEC have been reported through
optimization of individual operating conditions or isolated design pa-
rameters, most existing studies treat process optimization and module
design separately. Extensive modeling efforts have been devoted to
describing DCMD transport phenomena and guiding design improve-
ments [2,14]; many available DCMD models rely on empirical fitting or
case-specific calibration, which can restrict their predictive capability
when transferred across different module configurations and operating
windows. Therefore, a key knowledge gap remains in the development
of a predictive and computationally efficient framework that can (i)
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accurately describe DCMD performance with heat recovery across
different hollow fiber modules, (ii) jointly optimize module geometry
and operating conditions, and (iii) account for the performance trade-
offs between water productivity and thermal energy consumption
under operational variability.

The present work addresses this gap by introducing an integrated
modeling and optimization framework for hollow fiber DCMD with heat
recovery. The novelty of the study is not the isolated investigation of
module length or packing density themselves, but the combination of
three elements within a single design-oriented framework: (i) a mech-
anistic DCMD model with explicit heat-recovery representation that is
validated against experimental measurements from both lab-made and
commercial hollow fiber modules without model-specific parameter
fitting; (ii) a systematic analysis of the coupled effects of module length,
packing density, feed/permeate temperatures, and flow velocities on
flux and net STEC; and (iii) a multi-objective optimization strategy that
simultaneously determines favorable module geometry and operating
conditions while considering operational variability. By linking model
validation, design optimization, and heat-recovery analysis in a unified
framework, this work provides a more general methodology for identi-
fying energy-efficient and manufacturable DCMD module designs than
conventional parametric studies based on fixed designs or fixed oper-
ating conditions.

The paper is structured as follows: Section 2 presents the model
formulation, numerical solution, and optimization procedure. Section 3
discusses the results of the validation, then the parametric study and
optimization analysis. Finally, Section 4 summarizes the main conclu-
sions and outlines perspectives for future research.

2. Methodology

This section describes the methodological framework adopted in this
study. First, the proposed model is validated against experimental data
to ensure its reliability. Then, the governing equations for heat and mass
transfer, their one-dimensional balances, and the numerical solution
strategy are presented. Finally, the optimization procedure is intro-
duced, including the definition of decision variables, operational vari-
ability, and performance indicators.

For the sake of simplicity, the study is restricted to water as the
working fluid. This methodological choice enables a comprehensive
assessment of the fundamental transport mechanisms without the added
complexity of solute effects, which have already been extensively
studied in the context of concentration polarization [16].

2.1. Experimental validation

To generate data for model validation, four types of polypropylene
hollow fiber membrane modules were used in the experiments, as shown
in Fig. S1 in Supplementary Material. Modules 1 and 2 were fabricated
in our laboratory whereas Module 3 was purchased from MAN-
N+HUMMEL, Germany. Module type 4 consists of two Modules 3 con-
nected in series.

The key geometrical features of the modules and main characteristics
of the membrane used in their manufacturing are described in Table 1.

Several experiments were conducted to evaluate model accuracy.
Table S1 in Supplementary Material presents data for validating the
DCMD model. It includes 26 experiments conducted under various
operating conditions. Experiments 1-9 were conducted with Membrane
Module 1 and Experiments 10-18 used Membrane Module 2. Experi-
ments 19-24 conducted with Membrane Module 3, while Experiments
25-26 used Membrane Module type 4 and were used to validate the
prediction of the optimization framework. These conditions allow for a
comprehensive evaluation of the model's predictive accuracy. Model
validation involves simulating DCMD performance under these config-
urations and comparing predicted flux and outlet temperatures values
with the experimental data.
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Table 1
Characteristics of membrane and membrane modules used in experiments.
Characteristic Membrane Membrane Membrane Membrane
Module 1 Module 2 Module 3 Module 4
Number of fibers
10 25 40 40
("ﬁbrcs)
Co(rgw length 451 m 051m 05m 1m
Pa(c;;"g density 95 46% 73% 73%
Membrane area 2 9 2 9
0.04 m 0.09 m 0.14 m 0.28 m

(Am)

Material Polypropylene (PP)
Pore size (dp) 0.2 pm
Porosity (&) 73%
Thermal
Conductivity 0.22 W/mK
(Kpﬂlymef)
Fiber Inner
diameter 1.8 mm
(dfibre,in)
Fiber Outer
diameter 2.7 mm
(dfibre.out)
Membrane
thickness (6p) 450 pm
Shell Inner
diameter 20 mm
(dshell.in)
Shell Outer
diameter 25 mm
(dshell.out)

2.2. Model formulation

The following subsections describe the development of the mathe-
matical model employed in this work. First, the governing equations for
mass and energy transfer across the membrane are introduced, followed
by the formulation of the one-dimensional mass balance for the module.
Lastly, the numerical resolution strategy used to solve the coupled sys-
tem of equations is presented.

2.2.1. Mass and energy transfer through the membrane

Mathematical formulation and model development for DCMD are
based on heat and mass transfer principles. As shown in Fig. S2 in
Supplementary Material, the process is driven by a temperature differ-
ence between a hot feed stream and a colder permeate stream, which
creates a vapor pressure gradient. This gradient is the driving force for
mass transfer, as water vapor evaporates on the hot side and diffuses
through the membrane pores to condense on the cold side. The figure
also illustrates a phenomenon known as temperature polarization,
which occurs at the membrane-fluid interfaces. The bulk feed temper-
ature is higher than the membrane surface temperature on the feed side
due to heat loss through evaporation and conduction. Similarly, the
membrane surface on the permeate side is warmer than the bulk
permeate stream due to the heat transfer from the feed side. These
temperature boundary layers reduce the effective temperature differ-
ence across the membrane, decrease the vapor pressure gradient and
lowering the mass transfer flux [17,18].

The key equations and correlations used in the modeling are pro-
vided below. The mass flux J in DCMD is determined by the equation:

J=B(Ptm—Pym) @
where B is the mass transfer coefficient, and P, and P, , are the vapor

pressures at the membrane-feed and membrane-permeate surfaces [17].
The vapor pressure can be estimated using the empirical relation:
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B B
Pn—exp(A——b— ). P —exp([A——b 2
4 wm( Dm+6) ’ ”m( nm+C) @

The calculated Knudsen number in this study is on the order of unity
(Kn =~ 1). Similar values have been reported in the literature [19]. Since
the calculated Knudsen number is close to unity, vapor transport occurs
in the transition regime, where both Knudsen diffusion and molecular
diffusion contribute to the overall mass transport resistance. In this
regime, neither transport mechanism alone is sufficient to describe the
vapor transport through the membrane pores. Therefore, the overall
mass transfer coefficient is obtained by combining the resistances
associated with Knudsen diffusion and molecular diffusion in series, as
proposed by [10]. In Eq. (3), the first term inside the brackets represents
the resistance due to Knudsen diffusion, which depends primarily on the
membrane pore radius, porosity, tortuosity, and the mean membrane
temperature. The second term represents the molecular diffusion resis-
tance, which depends on the diffusivity of water vapor in air, the air
pressure inside the pores, the total pore pressure, and the membrane
structural properties. The reciprocal of the sum of these two resistance
terms gives the overall mass transfer coefficient, B, which accounts for
the combined contribution of both transport mechanisms in the transi-
tion regime.

316, (7RT,\ 1

B= 2
(G (ae)?)+
where 7,5pm,€,7,R, T, M, Pgir, Py and D denote pore tortuosity factor,
membrane porosity, pore radius, universal gas constant, membrane
surface temperature, molar mass of water, air pressure, total pressure
inside the pore and diffusivity of water vapor, respectively [10]. The

membrane surfaces temperatures on feed side Ty,, and permeate side
T, m are determined as:

3)

TémpairR Tm !
&P, DM

1
Tjm =Ty — (T = Ty) “)

1.1
hy-the +h,, + hy

1
hp

sTym = Tp + (Tf - TP) 1 1.1
Rk T oy Ty

()

where Ty is bulk temperature on feed side, T, is bulk temperature on
permeate side, h. is heat transfer coefficient of the membrane, h, is
permeate side heat transfer coefficient, hy is feed side heat transfer co-
efficient, and h, is vapor heat transfer coefficient [17,18]. These co-
efficients are given by:

Kin
ho=5" ®)
Nu,K NusK
hP = dIe) > hf = dj: @
JAH,
h, = Trm—Tom (8

where K, Nu, d., K and AH, represent the thermal conductivity of the
membrane, Nusselt number, the equivalent diameter, thermal conduc-
tivity of water and the latent heat of water vapor, respectively [20]. The
Nusselt number for feed and permeate side is determined as [17]:

Nus = 0.13Re}**Pr)*®, Nu, = 0.13Re)®Pry*® ©)

where Re and Pr are Reynolds and Prandtl numbers, respectively, to be
evaluated at the feed and permeate side. Although the feed and
permeate sides have different geometries, the correlation is expressed in
terms of Reynolds and Prandtl numbers, which are defined using the
respective hydraulic diameters and fluid properties of each side.
Therefore, the geometric differences are inherently accounted for,
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justifying the use of the same equation for Nusselt number for both sides.
Moreover, this correlation demonstrated the best agreement with
experimental data in our previous work [17], further supporting its
applicability in the present study.

The equivalent diameter refers to the fiber diameter within the so-
lution on the lumen side. In contrast, for the shell-side solution, Equation
bellow must be applied because the fibers are arranged in a triangular
pattern.

| 3.44P —1d2,,

d. = (10)

T dﬁber‘aut

where P, is the average distance between centers of the fibers and d,,; is
the outer diameter of fibers.

The latent heat of water vapor (AH,) is calculated by using the
following equation:

Tim—T,
AH, = 1.7535 (%Hozm) an

To account for the membrane's porous structure, the tortuosity factor
is defined as [17]:

€

rT=— 12)
1-(1-¢)??

and the effective thermal conductivity of the membrane is:

Km = I<polymer(1 - 6) +Kair€ (13)

where Kpopymer and Kqir represent the thermal conductivities of polymer
(membrane material) and air, respectively [17].

2.2.2. One-dimensional mass and energy balances

The one-dimensional model is formulated by applying the conser-
vation of mass and energy to both the feed (tube side) and permeate
(shell side) domains along the axial coordinate z € [0,L] [14,16,21].
Fig. S3 in Supplementary Material illustrates the hollow fiber module in
an inside-out configuration (top), together with a schematic of a
discrete wall element (bottom), which serves as the control volume for
the formulation.

These balances allow the prediction of the local temperatures and
velocities of the two streams, denoted as Ty, vy for the feed and T}, v, for
the permeate. The fluid properties include density p and heat capacity
¢p, both assumed uniform at a given axial position. In addition, when the
heat transfer relations introduced in the previous section (Egs. (4)-(8))
are solved simultaneously with the conservation equations, the mem-
brane wall temperatures on both sides (T, Tmp) are obtained. In this
way, the framework consistently couples the transport of mass (J) and
heat (Q) between the two domains, which appear as source terms in the
governing equations.

Feed domain:

‘)(Vfﬂf) ,
o —J(t,2)A; ¢ 14)
O(VepscpsT, ,
o ( 7 gzpf f) _ QAf.,T s)
Permeate domain:
9(vpp, )
—Apr (ol’zp) = J(ta Z)Ap,T (16)
0(Vpp,CopT, ,
- P~Tw = Q(tvz)Ap.T (17)

The governing equations are ordinary differential equations (ODEs)
in the axial coordinate, since accumulation and axial diffusion are
neglected. This assumption is supported by the large axial Péclet
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numbers calculated for the operating conditions considered in this study
(Pe ~ 1700-2200 in the feed channel and 200-5000 in the permeate
channel), indicating that convective transport dominates over axial
diffusion. To link the balances with the module geometry, the cross-
sectional areas and wetted perimeters are respectively described for
the feed and permeate by:

nﬁbre T

Arr = =5 erin as)
Apr = % (dszhell.in - nﬁberdfziber,out) 19
Af = Naper Wgierin (20)
A;,,T = Nfver Tfiper.out 21D

The coupling between the two sides is therefore exclusively repre-
sented through the source terms J and Q, which embody the transfer
phenomena across the membrane. Radial transport phenomena are not
explicitly discretized but represented through the heat- and mass-
transfer relations introduced previously. The calculated Graetz
numbers (Gz ~ 40-0.3 in the feed channel and 1100-0.1 in the permeate
channel) support this treatment, as they indicate the expected devel-
opment of radial temperature profiles along the module. To represent
the counter-current configuration, the formulation therefore constitutes
a boundary value problem (BVP), with conditions specified such that at
z = 0 the inlet feed temperature and velocity (T ,Vs») are known, while
at z = L the inlet conditions of the permeate stream (Tp i, Vpin) [22,23],
as is described in the following equations:

Tf(z = 0) = Tjn (22)
Vi(z=0) =V (23)
Ty(z=L) = Tpin (24)
Vo (Z = L) = Vpiin (25)

The numerical solution approach for this DCMD model is oriented
towards a Differential-Algebraic Equation (DAE) system. To enable
efficient computation, the algebraic constraints were reduced in index
by Pantelides Algorithm [24], and recasted as Ordinary Differential
Equations (ODEs), which allowed the use of the collocation-based
MATLAB BVP solver called bvp4c [25].

2.2.3. Optimization procedure

The optimization framework was developed to identify suitable
hollow fiber DCMD module configurations under realistic operating
conditions. Two module design parameters were selected as decision
variables: the contact length (L) and the packing density (¢), which
defines the internal geometry essentials for mass and energy trans-
ference. The packing density is defined as:

_ Mireioer ou (26)

d?hell,in
The operational variability was represented by the inlet tempera-
tures and velocities of the feed and permeate streams, as summarized in
Table S2 in Supplementary Material. The optimization procedure was
carried out by varying both the design parameters and process input
variables within predefined ranges. The contact length (L) was varied
from 0.1 to 10 m, while the packing density (¢) ranged from 0.10 to
0.80. For the process inputs, the inlet feed temperature (T};,) was varied
between 40 and 85 °C, and the inlet permeate temperature (T,;,) ranged
from 15 to 35 °C. In addition, both the inlet feed velocity (v;;)and the
inlet permeate velocity (v, ) were considered within the range of 0.025
to 0.125 m/s.
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It is worth noting that the inlet velocities are defined as operational
inputs. Consequently, the corresponding mass flow rates vary with the
available flow area when the packing density changes. In this study, the
number of fibers was kept constant, and the packing density was
adjusted by modifying the shell diameter. This choice ensures a
continuous range of packing densities while preserving an integer
number of fibers within the module.

In this way, we attempted to cover a wide range of operational
scenarios, limited by eventual temperature as low grade for heating the
feed (for example, below 85 °C) and keeping the velocities in frequently
used limits to avoid excessive friction loss.

Then, the optimization problem was formulated as a multi-objective
minimization targeting two key performance indicators (KPIs) [8]. First,
the average permeate flux, it is calculated as the mean across the contact
length, which quantifies productivity. Second is the net specific thermal
energy consumption (STEC), which accounts for the effective thermal
energy required per unit volume of distillate. These KPI are defined as:

1 [t / 1 Ninesh ,
P, =5 /O T ds =Y (014, 42) @7)
STECM[ _ Qin _.Qrec _ Af.T Vf out Cp(Tfjn - Tﬁrec) (28)
Amp Ap,T (Vp.aut - Vp.in)

Cooling energy requirements are not explicitly included in the STEC
definition. The permeate inlet temperature is assumed to be maintained
at 20 °C, representing a low-temperature stream close to ambient con-
ditions (e.g., tap or cooling water), and therefore readily available.

The strategy considers recovering heat (Qr.) from the outlet
permeate flow to exchange with the outlet feed, as shown in Fig. 1. Heat
recovery is represented using an ideal counter-current exchanger con-
strained by a minimum terminal temperature difference of 3 °C. Detailed
exchanger design, effectiveness limitations, and hydraulic penalties are
not considered, as the objective is to capture recovery potential at a
conceptual design level. This distinction emphasizes the role of heat
recovery in reducing the effective external energy demand, a critical
aspect of the optimization framework.

To ensure robustness, the objectives were evaluated as expected E(-)
values across 100 Monte Carlo scenarios, with process inputs sampled
from uniform distributions U(-) within their ranges. The problem can
thus be written as:

[ - E(Fluxayg) , E(STECyer) |

minOF =
(Tf.imvf.im Tp,imvp.in) ~ U()

(L) s.t. (29)

Therefor the ranges described in Table S2 are relevant for this work,
because the design is based on satisfy as best possible the defined
variability.

The number of Monte Carlo realizations was selected based on a
statistical convergence analysis. Expected values of flux and net STEC
were evaluated using progressively increasing sample sizes up to 10,000
realizations. Relative deviations below 0.5% were observed for both
indicators when using 100 realizations compared to the 10,000-sample
reference case, indicating that the selected sample size provides suffi-
ciently stable estimates while keeping the computational effort
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manageable (Supplementary Material, Fig. S5).

Finally, the optimization strategy combined grid exploration, genetic
multi-objective algorithms, and e-constraint scalarization to construct a
comprehensive Pareto front [26]. From this set, a compromise solution
was selected based on the minimum distance-to-ideal criterion [27],
ensuring a balanced trade-off between flux and net STEC.

The selection of an appropriate optimization strategy is important for
balancing computational efficiency, solution quality, and interpret-
ability. In this study, the optimization problem involves only two deci-
sion variables, namely contact length and packing density, while the
objective functions are evaluated through a mechanistic DCMD model
coupled with Monte Carlo-based uncertainty analysis. Therefore, a
multi-objective optimization approach based on systematic exploration
and evolutionary search was selected to provide a robust characteriza-
tion of the trade-off between permeate flux and net STEC.

Bio-inspired optimization algorithms, including Harris Hawks Opti-
mization, Slime Mould Algorithm, and other nature-inspired ap-
proaches, have recently gained attention for solving complex
engineering optimization problems due to their strong global search
capabilities. For example, Khajavian et al. [28] demonstrated the
applicability of bio-inspired algorithms for optimizing membrane
bioreactor operation and compared different algorithms, including dif-
ferential evolution and Harris Hawks Optimization, showing their
capability for nonlinear process optimization. However, these ap-
proaches are generally more beneficial for problems involving a large
number of continuous decision variables, complex constraints, or highly
discontinuous search spaces. In the present study, the relatively low
dimensionality of the design space allows a more transparent optimi-
zation framework where the Pareto solutions can be directly interpreted
in terms of module geometry and operating conditions.

Therefore, the selected optimization strategy was considered suitable
for the objective of this work, as it enables reliable identification of
optimal module configurations while maintaining computational effi-
ciency and providing clear insight into the physical trade-offs governing
DCMD energy performance.

3. Results and discussion

This section presents the main results obtained from the developed
model, supported by experimental validation and complemented by
comprehensive parametric studies and optimization analysis. The dis-
cussion is structured to progressively address model reliability, system
behavior under varying operating conditions, and the identification of
optimal design configurations.

3.1. Model validation

To validate the accuracy and predictive capability of the developed
mathematical model, modeled values of flux, feed outlet temperatures,
and permeate outlet temperatures were compared with experimental
measurements. As shown in Fig. 2, modeled and experimental data
exhibit excellent agreement, with all data points closely aligned along
the line of parity. The coefficients of determination (R?) were 0.96 for

Tp,out

From previous stage ———p
Tf,in

MD Module

Energy

(Qin - Qrec)

7

To nextstage

Tp,re(

Fig. 1. Energy recovery strategy.
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Feed Outlet Temperature

Permeate Outlet Temperature
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Permeate Flux

75 ~ 45 7
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\; 65 )/ g 40 < )
5 e E°
Q ~ >
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35 = 2] 0

40 50 60 70 20 25 30 35 40 45 0 2 4 6

Experimental Outlet Feed Temp. (°C)

Experimental Outlet Permeate Temp. (°C)

Experimental Flux (kg/m?h)

Fig. 2. Comparison of modeled and experimental results for (a) flux, (b) feed outlet temperature, and (c) permeate outlet temperature. The close alignment of data
points with the 1:1 line demonstrates excellent model accuracy, with R? values exceeding 0.96 for all variables.

flux, 0.99 for feed outlet temperature, and 0.97 for permeate outlet
temperature, indicating the model's strong predictive capability. These
results confirm that the model accurately represents the coupled heat
and mass transfer processes in DCMD and can be confidently applied as a
robust and reliable tool for predicting system performance under a wide
range of operational conditions.

The Mean Absolute Percent Error (MAPE) was calculated to evaluate
the predictive accuracy of the model. The results indicate a MAPE of
13.59% for flux, 1.34% for the feed outlet temperature, and 1.77% for
the permeate outlet temperature. It is important to highlight that the
model was not calibrated against the present dataset and no model-
specific parameter regression was performed. Instead, the model em-
ploys established literature correlations to represent the relevant
transport phenomena, which supports its general applicability for future
use.

The relatively higher error in flux predictions can be attributed to the
nature of its measurement, flux is obtained from the slope of a mass
accumulation curve over time, which is inherently sensitive to experi-
mental variability. Nevertheless, it is worth noting the coherence of
these deviations, which are well balanced between positive and negative
errors.

In contrast, the outlet temperature predictions exhibit much lower
MAPE values. This reflects the higher stability and reliability of tem-
perature measurements, since the sensors used are less prone to vari-
ability and require minimal intervention. Overall, the model
demonstrates robust predictive capacity despite the absence of calibra-
tion, particularly for temperature-related variables.

3.2. Parametric analysis

The objective of this section is to provide an in-depth analysis of the
interplay between operating conditions, module design parameters, and
process performance. As a first step, the effect of contact length on key
performance indicators is examined at different packing densities under
fixed feed and permeate inlet temperatures and velocities, as illustrated
in Fig. 3.

As shown in Fig. 3 (a), the feed outlet temperature increases mark-
edly with increasing packing density over the entire range considered.
For example, at a contact length of 10 m, the feed outlet temperature
rises from approximately 20 °C to 56 °C as the packing density increases
from 10% to 80%. In this study, packing density was adjusted by varying
the shell diameter. Higher packing densities correspond to smaller shell
diameters and, under constant shell-side velocity, require lower
permeate flow rates. Consequently, increasing packing density reduces
the permeate-to-feed flow rate ratio to approximately 1/10, which de-
creases the total heat transferred from the feed to the permeate and leads
to higher feed outlet temperatures.

An opposite trend is observed on the permeate side (Fig. 3 (b)),
where the outlet temperature increases significantly with packing den-
sity due to the reduced permeate-to-feed flow-rate ratio. For all packing
densities, increasing the contact length results in a decrease in feed
outlet temperature and a corresponding increase in permeate outlet
temperature, reflecting the longer thermal contact time between the two
streams. Fig. 3 (a) and (b) further show that several combinations of
packing density and contact length yield permeate outlet temperatures
that significantly exceed feed outlet temperatures, indicating favorable
conditions for heat recovery from the permeate stream.

The effect of packing density on water flux is shown in Fig. 3 (c),
indicating that flux remains largely unaffected up to a packing density of
about 40%. Beyond this threshold, a noticeable decline in flux becomes
evident as packing density increases further. This trend can primarily be
attributed to the difference in relative flow rates of feed and permeate
streams under these values of packing densities. Under very low (<20%)
packing density conditions, the relative flow rate of the permeate
compared to the feed stream becomes very high, up to four times
greater. This creates the strongest driving force near the feed entrance of
the fiber. However, as the feed contacts the membrane, it rapidly loses
heat, which significantly reduces the driving force along the remaining
length of the fiber. Thus, later part of the fiber contributes to the vapor
transport insignificantly, but total length is still used in the calculation of
the flux. With increase in packing density up to 40%, the relative flow
rate of permeate keeps on decreasing and reduces the highest driving
force that was achieved with low packing densities; however, later
portion of the fiber also starts contributing to the flux that results in the
similar flux as observed for the low packing densities. With further in-
crease in packing density, the permeate temperature starts approaching
the feed temperature after a certain contact length, leading to the
observed decrease in average flux. The figure also shows that the
decrease is less evident for very small (< 0.3 m) and very long contact
lengths (> 5 m). At short contact lengths, feed outlet temperature re-
mains relatively high independent of the feed to permeate flow rates (i.e.
packing density), as evident from the figure, and therefore, a high flux is
observed independent of the packing density.

We also investigated the effect of packing density on STEC of the
system with and without heat recovery. In the case without heat re-
covery, STEC is calculated according to Eq. 25 but neglecting the
recovered heat term. Because the feed outlet temperature decreases with
increasing contact length due to greater heat transfer through the
membrane, the required heating duty increases, which explains the
observed increase in STEC with contact length. For the case of no heat
recovery (Fig. 3 (e)), it was observed that the STEC decreases with
increasing packing density. This reduction can be attributed to
decreasing net heat flux through the membrane with increase in packing
densities. As evident from Fig. 3 (c) and (d), although mass flux also
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Fig. 3. Effect of contact length on various parameters at different values of packing densities ranging from 0.1 to 0.8. The operating conditions were set at: inlet feed
temperature 60 °C, inlet permeate temperature 20 °C, inlet feed velocity 0.125 m/s and inlet permeate velocity 0.025 m/s.

decreases with increase in packing density, a more profound reduction is
observed for the total heat flux passing through the membrane. For
instance, at contact length of 2 m, the flux decreases by 4.4 times when
packing density is increased from 10 to 80% whereas the corresponding
heat flux decreases by more than 13 times, leading to the observed

decreases in STEC. The decrease in heat flux with increased packing
density can be attributed to decrease in conductive heat flux due to in-
crease in permeate temperature that reduces the driving force for the
conductive and convective heat transfer across the membrane.

Fig. 3 (f) illustrates the net STEC, calculated as the STEC minus the
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recovered heat. Overall, net STEC is strongly influenced by packing decreasing. This threshold corresponds to the point at which heat re-
density, decreasing by more than a factor of 9 when the packing density covery becomes feasible in the present study, defined by the condition
is increased from 0.2 to 0.5 at higher contact lengths. As can be seen that the permeate outlet temperature exceeds the feed outlet tempera-
from the figure, after a certain threshold contact length, net STEC starts ture by at least 3 °C. At this point, the permeate stream contains
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Fig. 4. Effect of contact length on various parameters at different values of packing densities varied from 0.1 to 0.8.
(a) Feed and permeate inlet velocities 0.1 m/s each, feed inlet temperature 40 °C, permeate inlet temperature 25 °C.
(b) Feed and permeate inlet velocities 0.1 m/s each, feed inlet temperature 60 °C, permeate inlet temperature 25 °C.
(c) Feed and permeate inlet velocities 0.1 m/s each, feed inlet temperature 80 °C, permeate inlet temperature 25 °C.
(d) Feed and permeate inlet velocities 0.05 m/s each, feed inlet temperature 80 °C, permeate inlet temperature 25 °C.
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sufficient thermal energy to partially preheat the incoming feed, thereby
reducing the external heating duty and producing the sharp decrease in
net STEC observed in Fig. 3(f). Modules with low packing densities (i.e.
with high permeate to feed flow rate ratios) require high contact lengths
to satisfy the heat recovery conditions and consequently, the threshold
length for these modules switches to high values. It can also be noted
that for the lowest packing density considered, the heat recovery po-
tential remains limited due to a high permeate-to-feed flow rate ratio,
which prevents the permeate to gain significant temperature for po-
tential heat recovery. As packing density increases, recoverable heat
also increases due to a decrease in the permeate to feed flow rate ratio
that results in high permeate outlet temperatures compared to the feed
outlet temperatures as illustrated in Fig. 3 (a) and (b). However, with
packing densities exceeding 40%, STEC starts increasing at long contact
lengths. The onset of increase in net STEC shifts to lower contact lengths
with increase in packing density. The overall observed increase in net
STEC at high (>40%) packing densities is due to a high reduction in
permeate flow rate relative to the feed flow rate, which lowers the total
recoverable heat content. With decrease in permeate flow rate (i.e. in-
crease in packing density), the flux of the system also keeps decreasing
and at certain point, the benefit of increase in heat recovery is surpassed
by the decrease in productivity and no further drop in net STEC is
observed.

As shown in Fig. 3(a), the feed outlet temperature increases mark-
edly with increasing packing density over the entire range considered.
For example, at a contact length of 10 m, the feed outlet temperature
increases from approximately 20 °C to 56 °C as the packing density in-
creases from 10% to 80%. In this study, packing density was varied by
reducing the shell diameter while maintaining a constant shell-side ve-
locity. Therefore, increasing packing density simultaneously affects the
available flow area, permeate flow rate, and membrane area within the
module. The reduction in shell diameter decreases the permeate flow
cross-sectional area, resulting in a lower permeate flow rate and a
reduced permeate heat capacity rate. Consequently, for a given amount
of heat transferred across the membrane, the permeate stream experi-
ences a larger temperature increase, while the feed stream retains more
thermal energy, leading to a higher feed outlet temperature.

Although increasing packing density also increases the membrane
area per module volume and can influence the overall heat and mass
transfer characteristics, the observed temperature increase is primarily
governed by the change in the permeate-to-feed flow rate ratio. Under
the investigated conditions, the permeate-to-feed flow rate ratio de-
creases from approximately 4 at the lowest packing density to around
0.1 at the highest packing density. This reduction significantly decreases
the ability of the permeate stream to absorb heat, resulting in the
observed increase in feed outlet temperature. Therefore, the effect of
packing density on outlet temperatures is mainly attributed to the
change in stream thermal capacity rates rather than membrane area
variation alone.

Building on the above analysis of operating conditions and design
parameters, further insights are gained by evaluating the influence of
module length across a range of packing densities and operative con-
ditions. The idea is to provide an overview of the complex nature of
interplay of these design and operational variables on the process per-
formance measured in terms of flux and STEC. Fig. 4 presents simula-
tions for packing densities varying from 0.1 to 0.8 under different
operating scenarios: Fig. 4 (a), (b) and (c) at identical feed and permeate
inlet velocities of 0.1 m/s with feed temperature of 40, 60, and 80 °C
respectively; and Fig. 4 (d), the effect of lower velocities (0.05 m/s) at a
feed temperature of 80 °C. In all cases, the permeate inlet temperature is
maintained at 25 °C.

It is possible to observe first how sensitive the performance param-
eters are under the given conditions. The water flux (Fig. 4 (a), top plots)
exhibits much stronger sensitivity to contact length, while packing
density has a lower influence, as also noted in the previous section. In
contrast, the net STEC (Fig. 4 (d), bottom plots) is highly sensitive to
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both design parameters—contact length and packing density—at all
operating conditions. This indicates that contact length is the primary
defining factor for flux, whereas energy performance depends on a more
balanced interplay of both design variables. These observations are in
line with previous findings that highlight the competing influence of
module length and hydrodynamic design on transport efficiency
[29,30].

Regarding the effect of feed temperature (Fig. 4 (a—c)), the impact on
performance is substantial. Higher feed temperatures provide higher
maximum fluxes (~1.2, ~3.8, and ~ 7.5 kg h'!m™2 respectively),
while also enabling lower maximum STEC values (~3000, ~1900, and
~ 1450 kWh m ). This behavior is consistent with literature attributing
the exponential dependence of flux on feed temperature that exponen-
tially increases the driving force [27,28]. Nevertheless, the extension of
contact length shows conflicting trends: flux consistently decreases with
length, while STEC initially increases at low packing density but de-
creases at high packing density due to improved recoverable heat. This
type of non-linear response has also been reported for MD systems under
varying operating temperatures [31,32].

The effect of feed and permeate velocities is also noteworthy.
Reducing velocities from 0.1 to 0.05 m/s at 80 °C (Fig. 4 (c—d)) results in
a decrease of maximum flux (from ~10 to ~7 kg h~! m~2). From the
perspective of net STEC, the effect on the maximum values is relatively
minor; however, the length-dependent trajectories reveal some sensi-
tivity, with inflection points emerging at longer modules. Such velocity-
dependent effects are consistent with the reported influence of hydro-
dynamics on temperature polarization and energy efficiency in MD
[30,33,34].

Overall, these results illustrate the strong interdependence between
operational conditions and module design. The observed responses are
not simple monotonic trends but rather exhibit non-linear behaviours
that suggest the existence of intermediate “windows” of operation.
Identifying such conditions, where high flux can be achieved alongside
low STEC, requires systematic optimization approaches capable of
navigating the complex design-operation landscape of membrane
distillation.

Additional calculations were performed to assess the impact of hy-
draulic losses associated with changes in packing density. As expected,
increasing packing density led to higher pressure drops due to the
reduction in the available flow area. However, the estimated pumping
energy remained below approximately 1.5% of the recoverable thermal
energy for all evaluated module lengths and packing densities (Fig. S4,
Supplementary Material). Therefore, the thermal benefit obtained
through heat recovery largely exceeds the additional hydraulic energy
requirements, indicating that the observed reductions in net STEC are
primarily governed by heat recovery effects rather than by pumping
energy consumption.

3.3. Optimal module design

Beyond parametric trends, optimization results are presented to
identify the most efficient module configurations. This section details
the exploration of design variables and highlights the trade-offs between
productivity and energy KPI that define optimal module design and
optimal operation conditions.

Fig. 5 provides an overview of the optimization framework and its
outcomes. The decision space (Fig. 5(a)) shows the module designs
explored in terms of module length (L) and packing density (¢), corre-
sponding to a grid of 35 x 35 design combinations. The objective space
(Fig. 5(b)) then reports the associated performance indicators, namely
the expected permeate flux and the net STEC. For each design point,
these KPIs are computed as expected values over 100 Monte Carlo re-
alizations of operational variability (inlet temperatures and velocities,
as described in Section 2.2.3). In this sense, each module configuration is
evaluated simultaneously across a wide range of operating conditions,
ensuring robustness of the reported performance.
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The grey dots therefore represent the full factorial design space,
where each point corresponds to the expected performance of a module
configuration under operational uncertainty. Within this feasible region,
the conflicting behavior of the two objectives becomes evident, moti-
vating the identification of the non-dominated solutions forming the
Pareto front. The black square symbol in Fig. 5(b)) represents the uto-
pian ideal, corresponding to the simultaneous maximization of flux and
minimization of STEC, which, as expected, lies outside the feasible re-
gion. Building on this initial mapping, the proposed multi-objective
strategy identifies the set of non-dominated solutions that form the
Pareto front, depicted by the colored markers (yellow to red) in Fig. 5
(b). Notably, this front illustrates the intrinsic trade-off between flux and
energy efficiency: any improvement in flux is necessarily accompanied
by an increase in STEC, and vice versa. The resulting sigmoidal profile of
the Pareto front is consistent with classical patterns reported in multi-
objective optimization of separation systems [10,35].

When projected back into the decision space (Fig. 5 (a)), the Pareto
set reveals a distinctive distribution: for module lengths greater than
approximately 0.2 m, only designs with high packing densities remain
competitive, whereas shorter modules are favored only at low packing
densities, in coherence with previous research preferring short modules
for temperature difference reduction along the module [36], as well
larger packing density enhance module performance in productivity [5].
This abrupt shift towards the upper and left boundaries of the design
space reflects a transition between two distinct design strategies. Short
modules with low packing densities maximize flux by maintaining
strong driving forces and limited thermal equilibration, whereas longer
modules with high packing densities benefit from enhanced heat re-
covery and lower net STEC. Intermediate configurations do not provide
a sufficient advantage in either objective and therefore become domi-
nated solutions. As a result, the Pareto set concentrates around these two
competing design regimes, producing the observed discontinuity in the
decision-variable space.

Finally, the green marker in Fig. 5 (b) denotes the compromise so-
lution, identified as the point with the minimum normalized Euclidean
distance to the ideal. This design provides a balanced trade-off between
flux and STEC, though it should be emphasized that all Pareto-optimal
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solutions are equally valid depending on the design priorities. In sce-
narios where energy supply is less restrictive, solutions towards the red
end of the front would be preferable, privileging higher flux at the cost of
increased energy consumption. Conversely, when energy efficiency is
paramount, designs closer to the yellow region would be selected, albeit
with reduced productivity.

Table 2 summarizes three representative Pareto-optimal module
designs corresponding to distinct operational profiles. The Low Profile
design is characterized by a very short module length (0.1 m) and low
packing density, resulting in high average flux but the highest specific
energy consumption (STEC). This configuration favors compactness and
productivity per unit area, but at the expense of energy efficiency. In
contrast, the High Profile design employs a much longer module (9.1 m)
with high packing density, leading to substantially lower flux but
significantly reduced STEC, and thus improved energy efficiency at the
cost of throughput. The Trade-off design occupies an intermediate po-
sition, balancing flux and STEC through a compact yet high-
performance configuration with a length of 1.25 m and a packing den-
sity of 0.75.

Although all three configurations are equally optimal in the Pareto
sense, the Trade-off design provides the most balanced compromise
between productivity and energy efficiency under operational vari-
ability. When evaluated across the full range of operating conditions, it
achieves an expected permeate flux of 1.6 kg m~2h ™! with a mean STEC
of 837 kWh m™3. This balanced performance, together with its manu-
facturability and avoidance of excessively long modules or contact
lengths that could compromise pressure drop and structural stability,
motivates its selection as the reference module design for the subsequent
analysis.

3.4. Optimal operation condition

In this study, the trade-off module is first fixed at its optimal design
configuration, defined by a module length of 1.25 and a packing density
of 0.75. With the geometric and structural parameters constrained to
this trade-off optimal design, the focus then shifts to identifying the most
optimized operational conditions. Specifically, the effects of inlet



H.F. Sulaiman et al.

Journal of Water Process Engineering 92 (2026) 110673

Table 2
Optimal module design.
Low Profile Optimal Design Trade-off High Profile Optimal Design
Optimal Design
Design Parameter Module length (L) 0.1m 1.25m 9.1m
Packing density (¢) 0.15 0.75 0.75
Objectives E(Fluxayg) 4.3 kg/m>h 1.6 kg/m>h 0.3 kg/m>h
E(STECher) 1540 kWh/m? 837 kWh/m? 440 kWh/m®

E(-) is the mean value for the 100 scenarios under operational variability (Monte Carlo simulations, Eq. (26)).

velocity and inlet temperature are investigated to determine the oper-
ating range that yields optimal performance of the defined module.

Under optimal operational conditions (as shown in Fig. 6 and
Table 3), the same module demonstrates significantly improved per-
formance. It should be noted that the optimal feed temperature consis-
tently reaches the upper bound of the explored range (~85 °C),
indicating that the optimum is constrained by the imposed temperature
limit rather than representing an internal optimum within the explored
domain.

Regarding the selected conditions along the Pareto front, balanced
trade-off point achieves 4.5 kg/m?h at ~200 kWh/m?, while the low-
profile case sustains 2.2 kg/m?h with only 100 kWh/m?, and the high-
profile case pushes flux above 5.5 kg/m?h at 630 kWh/m?>. This opera-
tional flexibility highlights the attractiveness of the design for different
industrial priorities, allowing for reaching very low STEC values.

Fig. 6 further clarifies the operational drivers behind these outcomes.
The Pareto (Fig. 6 (a) and (b)) set indicates that simultaneous increases
in feed and permeate velocities are the most correlated inputs with
improvements in both flux and energy performance (Fig. 6 (c)), while
feed temperature plays a dominant role only at the higher end of the
explored range, a trend also observed in literature sensitivity analysis
[15]. These insights suggest that optimal operation does not depend
solely on extreme temperatures but also on carefully tuned hydrody-
namic conditions.

Table S3 in Supplementary Material summarizes representative
large-scale and pilot membrane distillation systems reported in the
literature, including configurations such as AGMD, VMD and PGMD
[37-41]. These configurations typically achieve improved energy

efficiency through architectural complexity, such as multi-stage ar-
rangements, internal heat recovery, or enhanced mass and heat transfer
pathways. For example, V-MEMD and PGMD systems operate in the
range of ~128-255 kWh m™> [37,41], while AGMD systems may reach
~180 kWh m~2 or lower depending on heat recovery integration [38],
with best-case values near ~105 kWh m™> reported for plate-based
configurations with effective energy recovery [40].

In contrast, the present work demonstrates that, under similar con-
ditions, comparable performance levels (~200 kWh m~3) can be ach-
ieved within a single-stage DCMD configuration, without introducing
additional structural complexity. This suggests that, beyond configura-
tion selection, the interplay between module geometry, hydrodynamics,
and thermal management plays a critical role in determining overall
system efficiency. In particular, the results indicate that appropriate
combinations of contact length and packing density can enhance ther-
mal coupling and enable effective external heat recovery, partially
compensating for the absence of internal multi-stage energy reuse.

From a process design perspective, this highlights an alternative
pathway for improving MD performance: rather than increasing system
complexity, performance gains can be achieved through integrated
design and operation optimization.

3.5. Validation of the optimal design

To validate the reliability of the developed model and support the
optimization results, additional experiments were conducted using two
commercial membrane modules operated under DCMD conditions. As
seen in the above section, optimization study predicted that the most
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Table 3
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Optimal operation condition for optimal design at Trade-off Optimal Design (Length = 1.25 and packing density = 0.75).

Low Profile Condition

Trade-off Condition High Profile Condition

Operation Condition Feed temp. Ty, 84.6 °C 84.9°C 84.6 °C
Permeate temp. T i 10.6 °C 11.7 °C 12.7 °C
Feed vel. Vf.in 0.038 m/s 0.120 m/ 0.125 m/s
Permeate vel. v, i 0.025 m/s 0.051 m/s 0.11 m/s

Objectives Fluxgyg 2.2 kg/m*>h 4.5 kg/m>h 5.5 kg/m*h
STECher 100 kWh/m? 205 kWh/m? 630 kWh/m®

favorable membrane geometry corresponds to a module packing density
of 0.75 and membrane length of 1.25 m, which provides improved
thermal performance by enabling the potential partial recovery of heat
from the permeate outlet stream for preheating the feed stream. Since
fabrication of the exact optimized module was not available at this stage,
two experimental modules with similar packing densities (0.73) were
tested for model validation. Module 3 had a membrane length of 0.5 m,
while Module 4 had a membrane length of 1.0 m. A total of eight ex-
periments were carried out under different operating conditions,
including variations in feed inlet temperature, feed/permeate flow rates,
and linear velocities, as summarized in Table S1 in Supplementary
Material.

The comparison between experimental data and model predictions is
presented in Fig. 7 for feed outlet temperature, permeate outlet tem-
perature, and permeate flux. Excellent agreement was obtained between
simulated and experimental results. The coefficient of determination
(R?) values were 0.99, 0.98, and 0.96 for feed outlet temperature,
permeate outlet temperature, and permeate flux, respectively. In addi-
tion, the mean absolute percentage error (MAPE) values were 1.00%,
2.53%, and 6.20%, respectively. In addition, STEC values were calcu-
lated to further extend the validation, focusing on Module 4 because its
design most closely matches the optimal configuration, obtaining MAPE
values of 3% and 7%.

These results confirm that the proposed model accurately predicts
the thermal and mass transfer behavior of the DCMD system over a range
of operating conditions. Therefore, the model can be considered reliable
for optimization studies and for predicting the performance of improved
membrane module geometries, including the optimal design identified
in this work.

4. Conclusions
This work presented a comprehensive framework for the modeling,

simulation, and optimization of hollow fiber direct contact membrane
distillation (DCMD) modules, integrating mechanistic —model

75(21) Feed Outlet Temperature

(b)Permeate Outlet Temperature

development, experimental validation, parametric analysis, and multi-
objective optimization. A one-dimensional model coupling mass and
energy balances with membrane transport was developed and solved
using a stable and computationally efficient numerical scheme, enabling
fast and reliable simulations. Importantly, the model was validated
against experimental data with good agreement and without reliance on
fitting parameters, ensuring predictive capability and applicability
across a wide range of operating conditions.

The parametric analysis provided detailed insight into the individual
and combined effects of operating conditions and module design pa-
rameters. Beyond confirming expected trends, such as the positive in-
fluence of higher inlet temperatures, the results revealed non-intuitive
interactions among flow velocities, packing density, and module length.
In particular, improvements in permeate flux were not always accom-
panied by proportional energy penalties, highlighting the importance of
jointly considering productivity and energy efficiency when designing
DCMD modules.

Building on these insights, a multi-objective optimization framework
was applied to maximize permeate flux while minimizing net specific
thermal energy consumption (STEC), accounting for operational vari-
ability and jointly optimizing module length and packing density. The
resulting Pareto front delineated the feasible design space and quanti-
fied the intrinsic trade-off between productivity and energy efficiency. A
compact and manufacturable optimal design, with a module length of
1.25 m and a packing density of 0.75, was identified. Under operational
variability, this design achieved an average flux of 1.6 kgm 2 h~! with a
mean STEC of 837 kWh m~3, while also exhibiting substantial opera-
tional flexibility, reaching energy-efficient conditions of 2.2 kg m 2 h™~!
at approximately 100 kWh m 3,

Overall, these findings demonstrate that DCMD modules, when
supported by predictive modeling and uncertainty-aware optimization,
can deliver both structural simplicity and operational versatility. The
ability to tune operation between energy-efficient and high-productivity
regimes, while maintaining manufacturability and design feasibility,
underscores the potential of DCMD as a scalable desalination

Permeate Flux

(©)
7

~ 60

. |R?=099 © |R?2=098 R? = 0.96
P 70| MAPE = 1.00% 5 95| MAPE = 2.53% 6| MAPE = 6.20%
g 65 § 50 é = e
) £ °
F 60t 2 y5] =
5 60 S = 2, ® Module 3
§55 E 40 ® x ® Module 4
= o 2 3 °
S 50} < 35f . =
]

e} = g 2
3 45 330 L
o} )
S 40¢ é 251 1

35— . , 20 0

40 50 60 70 20 30 40 50 60 0 2 4 6

Experimental Outlet Feed Temp. (°C)

Experimental Outlet Permeate Temp. (°C)

Experimental Flux (kg/m?/h)

Fig. 7. Experimental validation of the DCMD model using membrane Modules 3 and 4 under different operating conditions: comparison between experimental and
predicted values of (a) feed outlet temperature, (b) permeate outlet temperature, and (c) permeate flux. The solid line represents perfect agreement between model

predictions and experimental data.
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technology, even in applications where more complex configurations
such as AGMD or VMD are often considered.

Future work should focus on extending the proposed framework to
hybrid and cascade configurations, exploring integration with renew-
able and waste-heat sources, and validating optimized designs at larger
scales. Such efforts would further strengthen the role of DCMD in
addressing challenges at the water—energy nexus.
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