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INTRODUCTION world in recent years as demand and population growth

Potable water scarcity has become more severe in Put pressure on natural water sources [1]. Although

Mediterranean countries and other regions around the water covers more than two-thirds of the planet, 99.3%
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is either too salty or unavailable for human consumption
[2].

Solar distillation was the first technology used until now
to produce pure water from solar energy. Tiwari et al. [3,
4] recently attempted to improve this technique; however,
despite all efforts by researchers and engineers, the produc-
tion of drinking water from this technique is insufficient
to meet the constantly increasing demand. Reverse osmosis
(RO) technology was developed in 1959 at the University of
California and industrialized in the 1970s. Unlike solar dis-
tillation, RO produces a large quantity of fresh water while
consuming much electricity due to the greed of powerful
pumps. On the other hand, membrane distillation (MD)
is a promising technique that operates at lower tempera-
tures, typically between 50°C and 90°C [5], making it cooler
than conventional distillation and operating at significantly
lower pressures than the RO process [6, 7].

MD is a method of separating water that combines
thermal distillation with a microporous hydrophobic
membrane. The latter is used to extract water vapor from
a heated aqueous solution (feed), resulting in a separation
process caused by vapor pressure differences between the
porous hydrophobic membrane surfaces [8]. The MD sys-
tem’s major processes are organized into three stages. The
vapor gap is initially formed at the interface of the supply
solution and the membrane. The vapor then passes through
a hydrophobic membrane before condensing on the cold
side of the permeable solution and membrane [9, 10].

Most MD studies now use commonly available micro-
porous membranes such as polytetrafluoroethylene (PTFE)
and polyvinylidene fluoride (PVDF) [11, 12], as well as
thermally rearranged poly benzoxazole-co-polyimide
(TR-PBOI), which was used in Kim et al’s [6] membrane
distillation study. Most MD modules have employed flat
sheet and hollow fiber membrane geometries [13-15]. The
first modules are easier to build and cleaner than the sec-
ond modules, but they have a lower packing density [9].
Several layers of flat sheet membranes can be stacked on
top of one another to increase the active membrane area.
Damaged membranes are easily removed, so they are used
in laboratory and industrial-scale applications [16].

The primary module configurations changed based on
the permeate-side vapor condensation process: (1) Direct
contact membrane distillation (DCMD): In this method, the
vapor that passes condenses after mixing with the permeate
solution on the permeate side. (2) Air-gap membrane distil-
lation (AGMD): To reduce heat loss, stagnant air circulates
between the membrane and the cold side, with water vapor
condensing on the condensation side. (3) Vacuum mem-
brane distillation (VMD): A vacuum pump creates a vac-
uum on the cold side, and water vapor condensation occurs
outside the module. (4) Sweeping gas membrane distillation
(SGMD): An inert gas is inserted to reduce heat loss and
increase the coefficient of mass transfer, and the gas sweeps
the vapor on the cold side, condensing it outside the mod-
ule [17]. DCMD has received the most attention among the

previously mentioned configurations due to its simplicity,
the lack of external devices required for permeate conden-
sation, and the fact that it has a very high permeation flux,
making it suitable for water-based applications [18].

Desalination technologies powered by renewable energy
sources can significantly alleviate water scarcity while mini-
mizing negative environmental impacts [19]. However, due
to MD’s low feed temperature requirements, such as solar
energy [20], which is consistently abundant in areas with
a scarcity of freshwater, it appears to be a viable solution to
this problem [21], making it suitable for the MENA region,
particularly Algeria, which has a significant solar energy
potential [22]. The combination of solar and desalination
units provides clean water to remote areas without water
or electricity [14]. Several experimental studies have been
conducted to assess the feasibility of desalination applica-
tions using MD systems and solar energy on both a small
and large scale.

In small-scale studies, Shim et al. [23] investigated the
feasibility of using solar energy for saltwater desalination.
They found that combining a DCMD module with a solar
collector with a 4.7 m” flat plate collector (FPC) area and
a 0.06 m> DCMD module area resulted in lower thermal
efficiency. In this regard, several experimental studies have
been carried out; one of these investigations is the SMADES
project, which includes two small-scale pilots. The first
model, built and tested in Irbid, Jordan [24, 25], has a 5.73
m? solar FPC area that directly heats the hot solution for an
AGMD module with a ten m*> membrane area. The system
produces 19 1/m* of FPC area per day. The second pilot in
Alexandria, Egypt [26] produced 11.2 I/m* of FPC area per
day. In Aqaba, Jordan, two subsystems [27] were installed
for the same project, including a 72 m* FPC field and a 40
m?> AGMD system with heat recovery. A heat exchanger
connected the two subsystems, with the desalination sub-
system providing 2-11 1/m? of solar collector.

As for large-scale studies, a combined unit for saltwater
desalination was built, with productivity ranging from 59
to 117 I/day on sunny days In Pozolzquierdo-Gran, Canary
Island, Spain. The unit included an 8.5 m*> permeation gap
membrane distillation (PGMD) system area and internal
heat recovery, linked to a 6.96 m* FPC area [28]. Selimli
et al. conducted experiments on seawater distillation using
a solar pond and a solar vacuum tube, demonstrating its
environmental friendliness, cost-effectiveness, and effi-
ciency. The solar tube increased heat energy, increased dis-
tilled water production, and required no additional energy,
providing a promising and sustainable solution to water
scarcity in low-energy areas [29]. In Almeria, Spain [30],
pilot-scale AGMD modules of 2.8 and 9 m” were connected
to a 500 m* compound parabolic collector (CPC) via heat
exchangers. The authors [30] emphasized the importance
of heat recovery in improving the thermal efficiency and
performance of desalination systems, as found on a small
scale by Banat et al. [27], and suggested multi-staging as
a practical solution. The Fraunhofer ISE research group
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[31] created three MD plant prototypes, two of which are
solar-powered and located in Amarika and Gran Canaria.
The Amarika system included 12 AGMD modules with a
total membrane area of 168 m? and 232 m? of solar FPC
area, yielding 2.08 m®/day. In contrast, the Gran Canaria
system featured a 120 m*> AGMD loop and a 186 m* FPC
solar loop, producing 1.4 m® per day. The thermal energy
flux analysis revealed that only 28% and 30% of solar radi-
ation reached desalination plants in Amarika and Gran
Canaria, respectively [31].

Comparing the results of small and large-scale studies
is difficult due to differences in MD composition, unit size,
membrane properties, and other variables. The reviewed
studies [23-27] in the small-scale case show consistent daily
distillate production of 10-30 I/m*hr of solar collector sur-
face area. In terms of overall surface area, this production
rate was lower than in traditional MD systems with a con-
stant auxiliary heating source. Large-scale studies revealed
that significantly more energy was used than was produced
on a daily basis. To address these issues and improve produc-
tivity, the researchers believed that creating a comprehensive
productivity forecasting simulation would be preferable.

Nowadays, significant advances in computational sci-
ences enable us to improve overall system design through
numerical modeling, as demonstrated by several open-
source and commercial codes. Recently, Dong et al. [32]
used a “tanks-in-series” mathematical model [33, 34]. This
mathematical method accurately predicted steady-state
membrane desalination for the flat sheet DCMD configura-
tion using laboratory-scale experimental data from a single
configuration. These data were used as simulation inputs
to determine the permeation coefficient C,, for the mem-
brane material used. Once this coefficient is determined, it
is possible to model different DCMD configurations with
identical physical characteristics but different orientations
(co-current and counter-current), dimensions, and oper-
ating conditions. Dong et al. [32] validated this method
experimentally for PVDF and TR-PBOI, obtaining mass
fluxes of 38.8 kg/m* and 88.9 kg/m?.s, respectively.

Depending on the plants characteristics, solar energy
can be used for thermal or photonic desalination or both.
These effects could be represented using thermal solar col-
lectors or photovoltaic panels (PV) to generate fresh water
using the MD technique. In thermal collectors, the heat
transfer fluid HTE which could be water, glycols, nanoflu-
ids, or a hybrid, is used, depending on the required level of
thermal efficiency [36].

In recent years, engineers and researchers have worked
hard to model solar desalination on both small and large
scales. Ain Témouchent, Algerias research group, con-
ducted empirical studies and simulations of solar-powered
MD systems. Remlaoui, Nehari et al. [37] used TRNSYS
simulation to validate the integration of solar thermal
(FPC) and photovoltaic (PV) energy powering DCMD to
produce clean water, and the DCMD unit was added as a
new FORTRAN component that was linked to the two solar

systems. On the chosen day, the suggested system gener-
ated approximately 59.34 1/day, with a collector efficiency
of 64%, as measured by the FPC value. (June 24). Marni,
Nehari, et al. [38] recently investigated an AGMD simula-
tion with TRNSYS, which included a quadratic polynomial
model regression analysis of experimental results. The pro-
posed system reduces carbon dioxide emissions by 7274.45
kg/year and produces 28.78 m*/year of drinking water at a
cost of USD 14.73 per m®.

Hogan et al. [39] used solar-heated saline water to feed
membrane distillation (MD) systems. The system had a
total area of 1.8 m? hollow fibers, 1.8 m* FPC, and 0.7 m?
heat exchange. It was simulated with the TRNSYS program,
and the results showed that productivity reached 50 kg/
day, which is sufficient for domestic pure water require-
ments. Recent research using TRNSYS software predicted
a small-scale FPC-driven DCMD system with daily pro-
duction values of 19.7 kg/m*> MD and 6.3 kg/m* FPC [40].
Furthermore, as the feed flow rate increased, the distilled
water flux and thermal efficiency decreased unexpectedly,
contradicting the results of standard DCMD modules. The
authors attributed this to higher flow velocities, shorter
feed residence time within the thermal collector, and lower
feed input temperatures.

The TRNSYS software is commonly used to treat solar
systems. This is a powerful tool for simulating thermal and
electrical systems over time. TRNSYS can be used along-
side other software to model more complex systems, but
it cannot predict desalination processes. On the other
hand, the literature clearly shows that desalination pro-
cesses are well-written in coding languages (MATLAB,
FORTRAN, C...). Combining TRNSYS with a coding lan-
guage will enable us to simulate solar desalination dynam-
ically. MATLAB is more flexible than other languages in
terms of co-simulation with TRNSYS for a variety of phys-
ical phenomena. As is well known, the co-simulation tool
MATLAB-TRSYS can be used in a variety of calling modes,
including non-steady states [41].

According to the studies presented above, thermal col-
lectors are primarily used to feed seawater into the MD at
an acceptable temperature range (50-80°C). Many studies
[6,37,38,40] attempted to simulate a system that combined
solar thermal energy and an MD module. The approach
proposed in this study overcomes the shortcomings of
prior research by introducing a novel numerical model-
ing and simulation method for integrated solar desalina-
tion systems. Past research has mainly concentrated on
modeling either the membrane by itself or the steady-state
membrane along with solar systems, which has restricted
the ability to explore different configurations. We are using
a new simulation method that combines time marching
and TRNSYS-MATLAB co-simulation to analyze system
parameters in real-time for solar desalination. Our method
improves the flexibility of the co-simulation across various
scales and MD configurations by utilizing the benefits of
the DCMD model, enabling a more thorough analysis of



J Ther Eng, Vol. 11, No. 1, pp. 94-111, January, 2025

97

system performance in different scenarios. This novel con-
cept must be considered in solar desalination based on our
understanding. The second goal is to enhance the adapt-
ability of the co-simulation to various scales and MD con-
figurations by utilizing the advantages of the DCMD model
over other solar desalination modeling techniques.

MATERIALS AND METHODS

This study primarily aims to operate self-contained
desalination units using renewable energy. Figure 1a depicts
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the use of direct contact membrane distillation (DCMD)
and a flat plate collector (FPC) to extract freshwater from
seawater. The system consists primarily of two major loops:
solar heating and membrane distillation.

Solar Heating Subsystem

The solar subsystem consists of two components: the
solar field and thermal storage. The solar field consists of
a network of solar collectors connected to an insulated hot
storage tank with an auxiliary heater. A flat plate collec-
tor captures sunlight and converts it to thermal heat. The
HTF collects thermal energy from the FPC and transfers it
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to the hot part of the DCMD module using the solar heat-
ing system [42]. The storage tank, which uses a coil heat
exchanger, allows for the exchange of seawater and HTF;
the heat transfer fluid used in this study is glycol. The sys-
tem also includes an optional electric resistance-heating ele-
ment with a heater and thermostat to regulate the hot water
temperature. The flat plate collector functions as a heat
exchanger, converting solar energy into thermal energy that
is communicated to the HTF in circulation. To simulate this
component, Typelb of TRNSYS was employed. The useful
thermal energy (Qu) gained from irradiation to the HTF is
a widely used parameter for assessing the performance of
this type of collector [43, 44].

Qu = tyrp. Coyrp- (T3 — Ty) (1)

where, Q, signifies the heat collected via the FPC (k]J/
hr), T, and T, are, respectively, the HTF’s inlet and outlet
temperatures (K), mypis the HTF’s mass flow rate (kg/hr),
and Cpypis the HTF’s specific heat capacity (kJ/kg. K)

In addition to useful thermal energy, solar collector effi-
ciency is an effective way to assess FPC performance. It can
be written as: [37].

Qu
sc-Ir (2)

Neot = A

where, Agis the FPC area (m?), and 1} is the total inci-
dent solar radiation (kJ/hr.m?).

The hot water storage tank contains an internal heat
exchanger (internal coil) and an auxiliary heater that pro-
vides the energy needed to reach the desired temperature.
To determine the energy exchanges within this tank, which
is divided into several layers (nodes) as shown in Figure 1b,
we used the energy equation at each node based on the lit-
erature [45,46]:

dar
M; Cp-d_t_i = Qconve + Qeonau + Qnx + Qaux + Qinject (3)

This equation includes the heat convection between
the storage tank and the ambient air Q.. conduction
transmitted through the tank’s metal Q_,, 4., energy gained
from the solar system by heat exchanger Q,,, the energy
produced by the auxiliary heater Q,,, forced convective
heat transfer from or to the segments above and below
Qinjec- The M; (kg) and C,, (kJ/kg. K) are, respectively, the
mass and the specific heat of seawater. It is worth noting
that each Q equation has been precisely expanded on in the
literature, which aligns with the general equation used in
this study [45, 46]. Moreover, it is well known that the solar
fraction (Sg) is an important thermal system performance
parameter. It is defined as a relation between the energy
delivered by the solar collector (Q,) and the total quantity
of solar energy required to operate the system (Eq. 4) [47]:

Qu

SF - Qu + Qaux (4)

Membrane Distillation Subsystem

The DCMD module is divided into two additional
loops (feed water loop and permeate water loop), as shown
in Figure la. The feed water loop introduces hot saltwa-
ter from the storage tank directly into the feed side of a
hydrophobic membrane; in contrast, the permeate water
loop pumps fresh water and mixes it with permeate water
that has passed through the membrane pores. The fresh-
water from the DCMD system is collected, and the brine
is released into the sea. Because mathematical modeling is
one of the necessary tools for evaluating the thermophysi-
cal performances of such systems, the model of Dong et al.
[32] is well adopted in the current study, owing to its accu-
racy in predicting such phenomena as well as its good qual-
ity in terms of flexibility and application from small to large
scales. This model works under the following conditions:
the membrane can completely reject salt without wetting,
the membrane module is well insulated, the transfer phe-
nomena are in a steady state, and the effects of fluid entry
and exit of the membrane are ignored.

In this study, only the flat sheet DCMD module of Dong
et al. [32] was used, re-coded in MATLAB, and thoroughly
tested against the same authors’ experimental results. This
model uses laboratory test results as inputs to estimate the
performance of scaled-up MD systems in various config-
urations (co-current and counter-current), as shown in
Figure 2a. The final modeling step used tanks-in-series, a
mathematical approach, to simulate membrane separation.
This method divides the membrane into multiple tanks of
equal lengths. Figure 2b depicts the heat and mass transfer
across the membrane in the DCMD module.

An iterative method was used under both configura-
tions to simulate mass transfer using equations from Eq. (5)
to Eq. (7) and heat transfer using equations from Eq. (8) to
Eq. (14). The driving force of mass transfer is determined
by vapor pressure changes inside the dry porous membrane
and the membrane water flux can be expressed using the
following equation [23]:

Ji = Ai. Con. APS = Ay Coy(P' s — P3SE (5)

pm,i

The permeability coefficient of the membrane, denoted
as C,, is an important metric determined by the mem-
brane’s microstructural properties. Dong et al. [32] used
the same method to calculate C,, using laboratory-scale
experimental data. This method can predict the large-scale
performance of units with a similar membrane and identi-
cal C.. Then, a new method for estimating water flux J of
the scaled-up was used. This method, based on the tanks-
in-series approach, predicts the J iteratively. Raoult’s law
can be used to calculate the feed’s partial vapor pressure in
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Figure 2. (a) Direct contact membrane distillation configurations, (b) Heat and mass transfer in DCMD module.

an aqueous NaCl solution, assuming 100% salt rejection on
the feed side alone [48, 49].

P'imi = (1=xyacys) - (1 = 0.5. Xygcr; — 10. 8% yqc)-Pimi (6)

Water saturation pressure at the feed and permeate
membrane sides, P33 and P53, were evaluated using the
Antoine equation at the feed and permeate temperatures
T, and T, 5, where xy,¢;; is the mole fraction of NaCl in
the feed solution as mentioned in reference [50]:

(8.07131— 1730.630 )

P35t =133.322.10 Tm,i=39.724 7)
On the other hand, the heat transfer in the DCMD
module is divided into 3 regions:
(i) The convective heat transfer between the feed water

and the membrane at the feed side is represented by Eq. (8):
Qfi = hsi(Tsi — Temyi) (8)

(ii) The total heat transfer through the membrane (Q,,, ;)
is at the same time by conduction (Q_;) and latent exchange
generated by water vapor passage (Q,;) [51].

(iii) The conductive heat flow over the flat sheet mem-
brane can be calculated using the following equation [36a]:

Ai- kmem

Q. = 5 . (Tfm - Tpm) 9)

K em is the membrane thermal conductivity, can be cal-
culated using the following equations.

Kmem = (1= €). k, + €.k, (10)

where, € is membrane porosity and k, k, are the ther-
mal conductivity of the solid (polymer) and gas in pores,

respectively.

Ai- kmem

Qmi =0Qci+ Qyi = 5 -(Tfm - Tpm) + JiAH,

) ( 1 1)
AH,; is the vaporation latent heat, given by Eq. (12) [9]:

AH,; =1.7535.T; + 2024.3 (12)

The convective heat transfer between the permeate and
the membrane at the permeate side is represented by Eq.
(13), as provided in reference [17]:

Qp,i = hp,i(Tpm,i - T7,i) (13)
where, T5; and T ; are the bulk temperatures on the feed
and permeate sides, respectively.

The convective heat transfer coefficients (hy; and h,))
involve evaluating the Nusselt numbers. h; and h,,; varies
based on operating conditions, the two convective heat
transfer coefficients can be calculated using Eq. (14).

_ Nk
D; (14)

h;

where, k is the fluid thermal conductivity on the feed
and the permeate side, D; is the hydraulic diameter of the
flow channel, and N, is Nusselt number, which depends on
regime flow (laminar or turbulent).

Dong et al. [32] summarized the correlations used to cal-
culate the Nusselt number. The mathematical model was used
to predict DCMD processes under a variety of operating con-
ditions, as the temperature of the feed and permeate solutions,
as well as the amount of NaCl in the feed, have a significant
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impact on thermophysical parameters such as density-specific
heat, thermal conductivity, and dynamic viscosity [32].

Dynamic Model (TRNSYS Simulation)

The TRNSYS software was used to design the proposed
solar heating and membrane distillation system. Figures 3
and 4 show the system’s primary components. The solar field
system consists of meteorological data reading and process-
ing (Typel09-TMY2), a flat plate collector (Type 1b), a solar
water pump (Type 3b), and a differential temperature con-
troller (Type 2b). The thermal storage system consists of a
stratified fluid storage tank (Type 60d) with optional internal
heaters, internal heat exchangers with one input and output,

and a general forcing function (Type 14h). Because the mem-
brane distillation model is not available in TRNSYS, the pre-
viously created mathematical model of the DCMD flat sheet
is used by calling an external application via MATLAB (Type
155). Table 1 summarizes the different parameter values for
the FPC component used in this simulation. Table 2 lists the
hot storage tank’s main parameters, such as its dimensions
and thermal characteristics. The DCMD model used in the
simulation is an external component coded by MATLAB
and called within TRNSYS; the main parameters, such as the
number of inputs, outputs, and calling modes, are listed in
Table 3. Table 4 shows the main operating conditions used
for small-scale experimental validation based on literature
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Table 1. Main parameters for FPC

Table 3. Main parameters for the DCMD system

Component Parameters Value Unit Component  Parameters Value

(Type) (Type)

Flat plat collector  Collector area 2 m? DCMD system Mode 0

(Typelb) Specific heat of fluid ~ 3.627  kJ/Kg.K (Typel55) Number of inputs 22
Tested flow rate 40 Kg/hr.m? Number of outputs 20
Intercept efficiency ~ 0.788 - Calling Mode 0
Efficiency slope 415  W/m>K Keep Matlab open after the simulation 1
Efficiency curvature  0.017  W/m’.K

Table 2. Main parameters for Hot water storage tank

Component Parameters Value Unit
(Type)
Hot water ~ Volume 300 L
storage Height 142 m
Tank Specific heat of fluid 3911 kJ/kg.K
(Type60d)
Density of fluid 1040 Kg/m?®
Thermal conductivity of fluid 0.6041 W/m.K
Set point temperature for element 2 60 °C
Fraction of glycol 05 -
Heat exchanger length 32 m
The total surface area of HX 12 m’
Wall conductivity of HX 390 W/mK

results [32]. Table 4 also includes our own set of operating
conditions (for Ain Témouchent) that were used on a large
scale.

MATLAB and TRNSYS can be used to model the
entire system, including the solar heating and membrane
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Table 4. Main operating conditions

Parameters Value  Unit
Feed inlet NaCl concentration 35 g/kg
Feed inlet temperature 50-60 °C
Permeate inlet temperature 20 °C
Feed inlet mass flow rate 1 kg/s
Permeate inlet mass flow rate 1 kg/s

distillation modules. TRNSYS is used to model the energy
and solar system, and MATLAB is used to simulate the
DCMD process. By combining both software, a more pre-
cise and effective model can be created, allowing for predic-
tive control of various parameters such as feed and permeate
inlet temperatures, feed and permeate flow rates, solar heat-
ing system efficiency, and DCMD system efficiency.

RESULTS AND DISCUSSION

This model was tested using weather data from Ain
Témouchent. Figure 5 depicts the varying climatic condi-
tions throughout the year. The weather in Ain Témouchent
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Figure 5. Weather data in Ain Témouchent city. (a) Total radiation on a tilted surface, (b) Mean ambient temperature and

wind velocity.
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is typically pleasant, warm, and mild. During the winter
months, solar energy decreases to a lower value, as illustrated
in Figure 5a. Figure 5b depicts mean temperatures and wind
velocity, with an average of 26.4 °C. August is the hottest
month. The temperature varies throughout the year, peaking
at 37°C in summer, with the highest recorded temperature of
36.35°C on July 21 and the coldest month being January, with
an average of 10.8°C and the lowest temperature of 3.92°C
on January 15. The wind is generally gentle, with a monthly
average of 2.1-2.6 m/s, as illustrated in Figure 5b. Solar radia-
tion fluctuates throughout the year, with the monthly average
peaking at 274 W/m? during summer.

The current study used the same membrane and experi-
mental input data as Dong et al. [32]. The permeation coef-
ficient (C,,) for two materials, PVDF (38.8 kg/m’.s) and

TR-PBOI (88.9 kg/m?s), was calculated using the experi-
mentally determined water flux (J). Furthermore, the study
maintained the same properties of commercial membranes
used in the MD process, such as porosity, thickness, thermal
conductivity, and other related parameters, as described by
Dong et al. [32]. After small-scale validation with a 0.5m?
membrane area, a large-scale validation was performed
using larger membrane areas to ensure model accuracy at
different scales, validate large-scale temperatures, and allow
direct comparison with Dong et al. [32]. We used data for a
membrane area of 5 m? which corresponds to Dong et al’
temperature-related results (Figure 6). Dong et al’s mass flux
results ranged from 1 to 10 m? so we extended our analysis
to a membrane area of 10 m? to fully compare the water flux
results between the two studies (Figure 7).

50
—a—Feed side T° [Dong et al's stationary model]
—e—Feed side T° [Current dynamic model]
—+—Permeate side T° [Dong et al's stationary model]
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Figure 6. Comparison of temperature distributions of the feed and the permeate sides with Dong et al’s model.
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Figure 7. Large-scale validation for co-current DCMD model against Dong et al’s model.
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This plot compares water flux versus membrane area for
PVDF and TR-PBOI membranes using Table 4’s large-scale
operational conditions and membrane areas ranging from
1 m? to 10 m?. This figure provides a comprehensive under-
standing of the water flux behavior for the two materials;
the results for PVDF material show good agreement, with a
slight discrepancy of around 1% against Dong et al’s model
[32]. This figure shows an acceptable agreement for the
TR-PBOI material, with an approximate 6% discrepancy.
In both cases, the observed difference is minor and is due
to the instantaneous effect considered in the current study.
The PVDF membrane, which produces more accurate
results, was used in the current study. Figure 6 depicts the
temperature distributions on the feed and permeate sides
of a co-current configuration with a 5 m membrane length,
a 1lm membrane width, one kg/s feed and permeate mass
flow rates, and a salinity of 35 grams per kilogram. The
results are in good agreement with Dong et al’s [32]. Figure
6 shows temperature distributions in a co-current config-
uration with feed and permeate mass flow rates of 1 kg/s
and salinity of 35 g/kg, as specified in Table 4. In this plot,
we used the same operating parameters as in the previous
large-scale validation, as shown in Figure 7. Our membrane
area will range from 1 to 5 m?, as validated against Dong et

al’s [32] values. As shown in Figure 6, the validation is in
good agreement with the established literature model [32].

The DCMD model was run at 20°C for the permeate
inlet and 70°C for the feed inlet, with a feed NaCl concen-
tration of 30 g/kg. Table 5 compares the feed and perme-
ate temperatures, as well as the water flux, of PVDF and
TR-PBOI membranes obtained through the present model-
ing to those found experimentally by Dong et al. [32]. This
comparison demonstrates good agreement and reveals that
the temperature discrepancy is around 2%, while the flux
does not exceed 1%. This good agreement demonstrates the
accuracy of the current model.

The flat sheet membrane is suitable for both co-current
and counter-current applications. The impact of these two
configurations on water flux was assessed using a PVDF
membrane. Figure 8 depicts the effect of membrane area
on water flux in co-current and counter-current membrane
configurations. Using the operating conditions listed in
Table 4, the results show that for all membrane areas con-
sidered, the counter-current configuration provides more
water flow than the co-current configuration, with the
difference between these configurations increasing as the
membrane area increases.

The integrated system results will be separated into two
parts: the solar heating system and the DCMD module. As

Table 5. Small-scale validation results for mathematical DCMD model

Membrane properties PVDF TR-PBOI

Results Experimental [32] Current work Error % Experimental [32] Current work  Error %
Feed out temp (°C) 70.2 70.36 0.23 68.9 68.59 -0.45
Permeate out temp (°C) 19.8 19.52 -1.41 21.3 21.76 2.16
Water flux (Kg/mz. h) 38.8 38.81 0.03 88.9 88.91 0.01
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Figure 8. Predicted co - and counter-current water flux as a function of membrane area.
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Figure 9. Solar radiation, energy provided by the FPC, and the auxiliary heating rate for definite days (January 21 and July

21).

is well known, the DCMD feed temperature ranges from
50° to 80°C. To investigate the solar part, we will use a feed
temperature of 60°C to ensure that the membrane receives
the necessary energy. Figure 9 shows the total radiation on
the tilted surface (Q,4), the useful energy gain (Q,)to the
HTF and the auxiliary heating rate supplied to the saltwa-
ter (Q,,,) over two significant days (January 21 and July
21). The plot shows that solar energy (Q,;) peaks at 573
W/m? and 1006 W/m? during daylight on selected winter
and summer days, respectively. The useful energy gain (Q,)
reaches its peak values of 5113 kJ/hr on January 21 and 5270
kJ/hr on July 21. This difference is due to seasonal varia-
tions in solar energy, as illustrated in Figure 9. The behav-
ior of useful thermal energy (Q,)is primarily determined by
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solar radiation. As a result, an apparent effect is observed,
with summer months exhibiting correspondingly higher
useful thermal energy values, as reported by Remlaoui et al.
[37]. The plot shows that the auxiliary heating rate (Q,,,)
is significant for both days, with nearly identical values.
This value is due to their useful energy gain (Q,) has sim-
ilar behavior and values. As a result, the internal auxiliary
heater primarily provides the energy required for the salt-
water to reach the required temperature (60°C). This issue
will be addressed below by expanding the flat plate collector
area.

Figure 10 illustrates the monthly average of total radi-
ation on the tilted surface (Q,4), useful energy gain (Q,),
and auxiliary heating rate (Q,,,) for feeding saltwater at

aux

Solar radiation (W/m?)

Nov Dec

Figure 10. Solar radiation, energy provided by the FPC, and the auxiliary heating rate during the year.
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60°C. As previously observed, this figure highlights the
appearance of seasonal peaks in summer for both (Q,y)
and (Q,). Conversely, the auxiliary energy requirement
(Q,uy) decreases. These findings highlight the importance
of sunlight’s duration and intensity. According to that plot,
the maximum order of the auxiliary heating rate is approx-
imately 4.80 times the useful energy gain in December. In
July, however, the minimum order is approximately 1.16.
To address the previous issue, we attempted to increase the
size of the thermal collector. Figure 11 shows the energy
consumption of the auxiliary heater (Q,,,) for four col-
lector areas (2, 4, 6, and 8 m?). This figure shows that the
order of the auxiliary heating rate decreases as the surface
area of the thermal collector increases, and it also depends
on the strength and duration of solar radiation. For an 8
m? collector area, the auxiliary heating rate decreased by

1600 —
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o o [=] o [=] o (=]
o o o o o o o
1 1 1 1 1 1 1

(=}
1

Jan

Feb Mar Apr May Jun Jul
Month

Aug Sep Oct

approximately 14% in December and by nearly 44.27% in
August compared to a 2 m? collector area.

When solar radiation is at its peak, the collector achieves
its maximum collector outlet temperature and useful ther-
mal energy. Summer provides the highest output tempera-
ture and useful thermal energy values. In terms of thermal
system performance, Figure 12 depicts how the collector’s
efficiency was evaluated over a year. Throughout the year,
and based on Ain Témouchents weather data, the monthly
average of solar collector efficiency peaked in July at 64%.
In comparison to the previous literature investigation [37],
solar collector efficiency was recorded at 52% (January
24), 64% (June 24), and 55% (November 5). On the other
hand, for the three selected days, the solar fraction was 41%
(January 24), 52% (June 24), and 42% (November 5). This
study evaluated the solar fraction of the thermal system

Nov Dec

Figure 11. The auxiliary heating rate during the year for the different collector areas.
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Figure 12. Monthly average solar fraction and solar collector efficiency.
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over the year, as shown in the same figure, with a monthly
average SF of 71% in July.

The module was tested under a variety of climatic con-
ditions throughout the year for both co-current and count-
er-current configurations, with a feed temperature of 50°C
from the hot storage tank. In contrast, the DCMD’s cold
inlet temperature is kept at 20°C, and the membrane length
and width are 1 m and 0.5 m, respectively. Figure 13 shows
the monthly water flux for two configurations: 50°C feed
inlet, 20°C permeate inlet, and 0.5 m*> membrane surface.
We discovered that throughout the year, both counter-cur-
rent and co-current configurations produced nearly identi-
cal water flow, with a difference of less than 1%. However,
looking back at Figure 8, where we investigated various

14,0 -

membrane surface areas, we noticed that this minor dif-
ference becomes more noticeable with larger surfaces. We
used a 0.5 m* membrane in this analysis, so the two water
flows are closely matched.

Figures 10-12 show that the solar thermal system per-
forms best during the summer, particularly on July 21.
On this day, we will examine the integrated system results
(Figures 14 and 15). Figure 14 depicts the effect of feed inlet
temperature on outlet feed and permeate temperatures, as
well as water flux in the DCMD system. This investigation
was carried out on July 21, with feed inlet temperatures
ranging from 50°C to 80°C supplied by the hot storage
tank. The results show that changes in feed inlet tempera-
ture have a direct impact on water flux. Higher feed inlet
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Figure 13. Membrane water flux in two configurations during the year for set feed inlet temperature 50°C, permeate inlet

temperature: 20°C, membrane area: 0.5 m”.
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Figure 15. Membrane water flux over July 21 with different feed inlet mass flow rates.

temperatures, in particular, are associated with an increase
in distilled water flux. Figure 14 shows that the exit tem-
perature on the feed side varies from 45.89°C to 60.08°C,
indicating the effect of various settings in the hot water
storage tank. On the permeate side, temperatures range
from 22.35°C to 24.15°C. This examination provides a thor-
ough understanding of the DCMD system’s thermal behav-
ior under various feed inlet temperature conditions.

Figure 15 depicts the effect of the feed inlet mass flow
rate on water production on July 21, with this rate ranging
from 0.2 kg/s to 1 kg/s. The results show that the behavior
of the water flux over time is nearly identical for the various
mass flow rates studied and that this flux increases with the
feed flow rate. At a flow rate of 1 kg/s, the average flux is 21
kg/m”hr, while at 0.2 kg/s, it is 12.5 kg/m?hr. This figure
shows how increasing the flow rate improves the transfer of
heat and mass, resulting in more water.

Comparing our findings to previous research, particu-
larly regarding the materials used and daily water produc-
tion, can provide us with valuable insights and reassurance.

As shown in Table 6, our findings are consistent with the
literature and demonstrate exemplary water productivity.
Our water production rate is 108.56 1/m* mem, which is
higher than the other technologies. This good performance
confirms that our model has the potential for large-scale
solar desalination applications, demonstrating its adapt-
ability and effectiveness in addressing water scarcity chal-
lenges. Banat et al. [25] used a 5.73 m? FPC and a 10 m*
AGMD module to produce 120 1 of water per day at a rate
of 12 I/m?* for the membrane and 20.73 1/m? for the collec-
tor. Bouguecha et al. [52] used a 20 m* FPC and a 3.39 m?
DCMD module to produce 18.4 | of water per day. Duong
et al’s [40] simulation study used a larger FPC and 7.2 m?
DCMD module, achieving a significant daily water produc-
tion of 140 . Asim et al’s [53] experimental and simulation
study found a daily water production of 16 1, with rates of
80 I/m?* of membrane and 1.34 1/m?® of collector area. These
findings imply that various configurations can increase
water production efficiency and effectiveness. The simu-
lation involves a 2 m” flat plate collector (FPC) connected

Table 6. Comparison between the current simulation system and the literature studies

Method of study Solar Collector Membrane Daily Water Water References
Type Area(m?®) Type Area (m?) z;'oductlon z;;iu,;telz:; gl/.:lzu:;;l(;n

Current FPC 2 DCMD 0.5 54.28 108.56 27.14 -

simulation

Experimental FPC 5.73 AGMD 10 120 12 20.73 [25]

Experimental FPC 20 DCMD 3.39 18.4 5.43 0.92 [52]

Simulation FPC 22.6 DCMD 7.2 140 19.4 6.19 [40]

Experimental & FPC 11.9 AGMD 0.2 16 80 1.34 [53]

Simulation
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to a 0.5 m? direct contact membrane distillation (DCMD)
module. This setup produces 54.28 1 of water per day, with a
rate of 108.56 I/m” of membrane and 27.14 1/m? of collector
area. This finding indicates a positive interaction between
the solar collector and the membrane, with the DCMD
module efficiently converting heat energy to water.

CONCLUSION

An integrated solar heating system and direct-contact
membrane distillation were investigated in this study to
generate clean water. This process provides an important
solution for regions with insufficient potable water but
abundant solar radiation. A literature MATLAB model
was adopted, re-coded, and tested in both small and large-
scale cases; the mathematical model was based on heat and
mass transfer analyses using the membrane and tanks-in-
series methods. This model was added as a new compo-
nent to the TRNSYS simulation by executing an external
program. This study used TRNSYS, a transient simulation
program, to model solar heating systems, which included a
flat plate solar collector and a hot storage tank that powered
a DCMD module. Based on time marching, this novel sim-
ulation approach uses TRNSYS-MATLAB co-simulation to
predict physical phenomena inside the membrane and solar
system at the same time, and it was tested throughout the
year in Ain Témouchent, Algeria. This dynamic modeling
allows for real-time analysis of system parameters. It can be
used to investigate several parameters and their effects on
solar desalination, including feed and permeate tempera-
tures, feed and permeate flow rates, membrane characteris-
tics (area, porosity, thickness, conductivity), and membrane
configurations (co-current and counter-current).

The present DCMD model takes into account all of
the parameters. Unlike previous literature approaches to
modeling solar desalination (which were very simple), it
includes all of the membrane’s thermophysical parameters
as well as the ability to change its configuration (co-cur-
rent and counter-current). In comparison to other solar
desalination modeling techniques, the current co-simula-
tion allows for more flexibility in predicting different scales
and configurations of the MD. It was successfully used in
the current study, and the results show good agreement on
a small and large scale with literature results for a PVDF
flat sheet membrane in two configurations, co-current and
counter-current. It was discovered that the counter-current
configuration produces more water flow than the co-cur-
rent configuration, and the difference between the two
configurations increases as the membrane area increases.
Furthermore, this new technique may enable more precise
results, predictive control, and a better-optimized system.

This study assessed solar radiation, useful energy gain,
and auxiliary heating rate. The monthly average findings
indicate a rise in auxiliary energy consumption. The aux-
iliary heating rate decreased by approximately 14% in
December and 44.27% in August when the collector area

was increased from 2 m® to 8 m’. In terms of solar sys-
tem performance over the year, solar fraction (SF) values
reached 71%, and solar collector efficiency reached 63%
in July. The comparison of the current study to previous
research has highlighted the importance of the interaction
between solar collector area, membrane type, and module
configuration. The current simulation shows competitive
water production rates thanks to its balanced FPC and
DCMD modules. The findings highlight the potential for
efficiently utilizing renewable energy sources for water
production, which has practical applications in addressing
water scarcity challenges. Consequently, numerous poten-
tial applications can be actualized, such as employing this
system in diverse environments, including coastal (seawa-
ter) and desert areas (brackish water), purifying wastewa-
ter, harnessing waste heat, and enhancing system efficiency.

NOMENCLATURE

Symbols

T Temperature, K

Q, Useful thermal energy, k]/hr

G Specific heat capacity, kJ/kg -K

m Mass flow rate, kg/hr

[ Total incident solar radiation, kJ/hr.m?

Age Solar collector area, m?

Sg Solar fraction

Quux Auxiliary heating rate, kJ/hr

J Membrane water flux, kg/m*hr

A Membrane area, m*

C, Water flux permeation coefficient, kg/m*Pa-s

p Vapor pressure, Pa

XNaCl Mole fraction of NaCl in the feed solution

Qs Convective heat transfer between the feed and
the membrane, W

Q. Membrane conductive heat transfer, W

Q,, Membrane total heat transfer, W

h Heat transfer coefficient, W/m*-K

AH, Vaporation latent heat, kJ/kg

k Membrane thermal conductivity, W/m -K
k, Polymer thermal conductivity, W/m -K
k, Vapor thermal conductivity, W/m -K

D Hydraulic diameter of a flow channel, m

Greek

Heoll Solar collector efficiency
6 Thickness, m

£ Porosity

Subscripts

f Feed side

P Permeate side

k Tank number

m membrane boundary layer
sat Saturation

i The i point
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1 Seawater inlet

2 Solar fluid outlet

3 Solar fluid inlet to the FPC

4 Solar fluid inlet to the coil

5 Seawater outlet position (Feed inlet in the
membrane)

6 Feed water outlet

7 Permeate water inlet

8 Permeate water outlet

9 Accumulated distilled water

Abbreviations

MD Membrane distillation

RO Reverse osmosis

DCMD  Direct contact membrane distillatio

AGMD  Air-gap membrane distillation

VMD Vacuum membrane distillation

SGMD  Sweeping gas membrane distillation

FPC Flat plat collector

CPC Compound parabolic collector

HTF Heat transfer fluid

PTFE Polytetrafluoroethylene

PVDF  Polyvinylidene fluoride

TR-PBOI Thermally rearranged poly benzoxazole-co
-polyimide
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