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This study describes a computational model that simulates the behaviour of a solar-powered desalination
system. The model incorporates photovoltaic/thermal (PVT) collectors and direct contact membrane
distillation (DCMD). A novel DCMD unit model was established and verified using existing data from the
literature, and the model was incorporated into the TRNSYSS library. The effect of feed water mass flow rate
and temperature on production was investigated through a parametric analysis. The PVT-DCMD system
was modelled, analysed, and dynamically simulated for the month of June in Algeria using TRNSYS
software. Results show that the PVT collector's outlet solar fluid temperature ranges from 20 °C to 85 °C,
providing 5000 kJ/hr of useful energy for seawater desalination through a heat exchanger. Meanwhile, the
auxiliary heater utilises around 10,000 kJ/hr of solar energy. The simulation demonstrates the feasibility and
effectiveness of using PVT collectors with a DCMD system for seawater desalination, achieving a distillate
production rate of approximately 12 L/hr.m? of membrane.

Distillate production

© 2024 University of Al-Qadisiyah. All rights reserved.

1. Introduction

In response to the increasing demand for freshwater, desalination
stations have become critical infrastructure in Algeria, Iraq, and other Arab
countries. These facilities are vital in converting seawater into potable
water, effectively addressing water scarcity challenges in arid regions.
Similarly, other Arab nations grappling with similar water scarcity issues
have significantly invested in desalination projects. For instance, Yemen,
particularly in cities like Taiz [1], has recognised desalination technology's
importance in securing a sustainable water supply for its population. In
recent years, there has been a notable surge in the demand for freshwater in
developing nations, including Algeria, resulting in a corresponding rise in
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the establishment of desalination facilities. These facilities use much
electricity, predominantly sourced from non-renewable energy resources
such as natural gas, petroleum, coal, and nuclear power. The widespread
utilisation of these energy sources contributes to their gradual exhaustion,
resulting in an escalation of energy prices and environmental concerns.
Hence, the need for sustainable energy sources has gained increasing
interest. Renewable energies, such as solar energy, are considered
promising for addressing these difficulties. Solar energy is abundant in
Algeria, making it a logical source for salt-water desalination methods like
membrane desalination.
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Nomenclature:

A Membrane area, m?
Apyr PVT collector surface area, m?
Cgiopar  Membrane mass transfer coefficient, L/(m?h.Pa)

Cp Specific heat capacity, kJ.kgK™*
E Electric energy rate output, W
G, Total tilted surface radiation for surface, W/m?

AH,, Latent heat of water vaporisation, J L

Jw Mass flux, L/(m?.hr)

m Mass flow rate, Kg/hr

P Partial pressures, Pa

Q Energy rate, W

T Temperature, °C

Ta Ambient temperature, °C
Tp PVT panel temperature, °C
AT Temperature change, °C

U Transfer coefficient, J.hr'm2K!
U, Total heat loss coefficient, W/m?K
\% Stream velocity,m/s

W Membrane width, m

Greek symbols

f Pump power fraction of the heat converted to solar fluid.
y Control signal
Mo Optical solar collector performance of the PVT, %
Ne Photovoltaic efficiency, %
Nen Thermal efficiency, %
f Pump power fraction of the heat converted to solar fluid.
y Control signal
Subscripts
bf Feed side at membrane surface position.
bp Permeate side at membrane surface position.
h Upper.
high limit ~ High-limit condition.
in Inlet
| Lower.
out Outlet
rated Rated flow rate
sf Solar fluid
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Membrane distillation (MD) is a thermal/membrane hybrid technology that
has demonstrated significant promise in the production of desalinated water
with high recovery rates (>90%) and low energy consumption.

The process of membrane distillation (MD) entails the utilisation of a
microporous hydrophobic membrane, which is in direct contact with a
heated solution on the feed side. The membrane's impermeability is
attributed to its hydrophobic properties, which effectively hinder the
passage of any liquid substance. However, it still allows for the presence of
a vapour-liquid interface at the entrance of each pore. During the process,
water evaporates while non-volatile solutes remain in the solution. The
water vapour then diffuses across the membrane and subsequently
condenses on the opposite side of the module, ultimately leading to the
production of distilled water. In theory, this procedure ensures the total
exclusion of non-volatile solutes, including macromolecules, colloidal
species, and ions. Typically, temperature differences ranging from 50 to
80 °C are deemed sufficient for achieving a desirable transmembrane flow
rate of 1-10 L/m*h. This facilitates the effective utilisation of sustainable
energy resources that provide moderate temperature heat [2]. MD achieves
exceptional rejection rates for ions and non-volatile solutes, reaching up to
99.9%. This superior rejection capability ensures enhanced water purity
compared to Reverse Osmosis (RO). Additionally, MD operates at
atmospheric pressure. In contrast, RO can integrate with wind turbines to

provide Maximum Power Point and Maximum Permeate Flow Tracking [3].

Among the four MD systems identified in the literature [4-6], these studies
review the four membrane distillation configurations: Direct Contact
Membrane Distillation (DCMD), Air Gap Membrane Distillation (AGMD),
Vacuum Membrane Distillation (VMD), and Sweep Gas Membrane
Distillation (SGMD). Direct Contact Membrane Distillation is commonly
regarded as the most extensively studied arrangement, mainly owing to its
straightforward setup and relatively high flux rate compared to alternative
configurations [6].

Several experimental and numerical studies have been carried out over the
years on solar membrane distillation (MD) desalination systems. Remlaoui
et al. [6] developed a TRNSYS model for simulating a water desalination
system employing direct contact membrane distillation (DCMD) powered
by flat plate solar collectors (FPCs) [6]. The study's findings indicate that
the desalination system can generate a daily distillate output of
approximately 42.86 L/day. Furthermore, the specific daily distillate
production rate is determined to be 10.85 kg/m? of flat plate collector (FPC)
area. TRNSYS 17 is a robust simulation platform that offers extensive
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capabilities for conducting transient system simulations [7]. Kumar and
Martin [8] undertook a series of tests and simulations to examine the
integration of membrane distillation with solar household heaters (SCMD)
to produce domestic heat and pure water simultaneously. The researchers
evaluated many strategies and determined the most effective ones for
practical use. The research on the integrated solar system successfully
achieved the simultaneous production of 20 L/day of potable water and 250
L/day of heated water, without additional heating mechanisms, to fulfil the
requirements of a single residential unit. The SCMD system's validity was
assessed by employing a TRNSY'S simulation model. This model replicated
the Air Gap Membrane Distillation using empirical laboratory data. The
simulation results indicated that the SCMD system has the capability to
function at an efficiency of 80%. In a separate investigation, Mohan et al.
[9] conducted a numerical simulation and analysis of an innovative solar
thermal poly generation system that incorporates membrane distillation
alongside three distinct types of solar collectors: flat plate collectors
(FPCs), evacuated tube collectors (ETCs), and compound parabolic
collectors (CPCs). The economic study undertaken for the three collector
configurations revealed that the Evacuated Tube Collector (ETC) exhibited
the shortest payback period, at 9 years. In addition, Achmad et al. [10]
devised a comprehensive desalination system powered by solar energy.
This system integrates solar photovoltaic (PV) and solar thermal collectors
with a Memsys Vacuum Multi-Effect Membrane Distillation (V-MEMD)
module. The objective of this system was to attain autonomous
functionality in arid and remote regions of Saudi Arabia. The findings
revealed that the average conductivity of the distilled water generated by
the system was 6.2 ps/cm, while the most favourable feed flow rate was 69
L/h. Relatedly, innovative photovoltaic/thermal (PVT) solar technologies
have been introduced separately for PV or thermal applications. These
panels incorporate both solar photovoltaic (PV) modules and solar thermal
collectors, allowing them to generate electricity from solar radiation and
simultaneously recover heat through a working fluid. This is achieved by
utilising both photovoltaic and thermal recovery systems in PVT panels
[11]. In the present context, the PVT collector [12] was examined and
simulated across various applications and utilising multiple software
applications [13-18]. For instance, the utilisation of solar residential hot
water systems has been extensively studied [19-23]. The implementation of
solar heating and cooling systems has also been explored [24, 25]. In prior
research on solar multi-effect distillation (MD) systems, it was found that
flat plate collectors (FPC) and evacuated tube collectors (ETC) were widely
recognised for their effectiveness in desalination processes. Furthermore,
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these systems were often integrated with either grid-connected electricity
or a separate photovoltaic (PV) system, which operated independently from
the thermal system. The cost of individual systems is usually higher than
the combined photovoltaic-thermal (PVT) system. The PVT collector has
undergone thorough examination and simulation across various study
domains, utilising different software packages [13-18]. The PVT collector
has been utilised in solar household hot water systems [19-23] as well as
solar heating and cooling systems [24, 25]. Previous research on solar
membrane distillation (MD) systems has consistently advocated for the use
of both flat plate collectors (FPC) and evacuated tube collectors (ETC) for
desalination applications. These collectors can be integrated with the
electrical grid or operated independently through a dedicated photovoltaic
(PV) system. Nevertheless, the standalone photovoltaic (PV) system incurs
higher costs compared to the integrated photovoltaic-thermal (PVT)
system.

Although there is considerable interest in the integration of photovoltaic-
thermal (PVT) systems with membrane distillation (MD) for solar
desalination, the number of studies undertaken on this topic thus far is
limited [26, 27, 29-32]. One of the investigations conducted by Acevedo et
al. [26] entailed the modelling and analysis of a compact pilot facility that
produces energy, domestic hot water (DHW), and fresh water (FW). The
system comprises of photovoltaic/thermal (PVT) collectors, a wind turbine
(WT), evacuated tube collectors (ETCs), Permeate Gap Membrane
Distillation (PGMD), and reverse osmosis (RO) for the production of solar
hot water (SHW) and fresh water (FW). The findings demonstrated that the
system under consideration successfully generated a maximum annual
output of 15.311 litres of fresh water and 1.890 kwh of electrical energy.
The merging of AGMD with concentrated photovoltaic thermal (CPVT)
systems for seawater desalination was proposed by Hughes et al. [27].
Based on their findings, the utilisation of a 1 m? CPVT aperture area yields
3.4 L/h of fresh water [28]. The patent by Davis and Cappelle [29] also
provided confirmation of the integration of PVT and MD. Furthermore, in
a study conducted by Andrew et al. [30], the authors empirically integrated
the CPVT and DCMD systems. The system comprised a dual-ring
configuration, whereby the initial ring facilitated salt-water heating using
Concentrated Photovoltaic Thermal (CPVT) technology. Subsequently, the
second ring facilitated the circulation of the heated saline water, which
possessed a salinity level of 1%, through the Direct Contact Membrane
Distillation (DCMD) module. This module incorporated a
polytetrafluoroethylene membrane with a surface area of 0.0491 m?
thereby enabling desalination. The experimental findings indicated that the
permeate flux attained a value of 7.1 L/m?h. Wiesenfarth et al. also
accomplished the integration of the CPVT+MD system with reverse
osmosis [32]. According to reference [28], the system possessed an aperture
area measuring 15.9 m? and exhibited a water recovery capacity of 92 %.
Despite the existing incentive to investigate solar desalination systems that
integrate  photovoltaic-thermal (PVT) technology and membrane
distillation (MD), there is a scarcity of simulations and practical
investigations conducted in this area.

Many research studies have recently been conducted to investigate the
experimental, numerical, and theoretical aspects of solar-powered
desalination systems. For example, Guopei Li et al. [33] report a unique
investigation regarding a sweeping gas membrane distillation desalination
plant intended for insular and coastal families. Using solar thermal
collectors and photovoltaic arrays, this structure produces 9.98 kg to 23.26
kg of fresh water daily, more than enough to cover the needs of a typical
household of four. With a thermal efficiency of 50%, the solar collector
area significantly impacts system performance.

Furthermore, Zhaoli Zhang et al. [34] provide a focused
photovoltaic/thermal-multiple effect distillation system designed for
remote islands that simultaneously offers energy, warmth, and drinking.
The study's theoretical evaluation demonstrates effective outcomes with
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high energic and exergetic efficiencies, demonstrating the system's superior
effectiveness in overall solar energy usage. Another study [35] describes a
solar hybrid desalination facility that combines photovoltaic thermal
collectors with reverse osmosis desalination. This setup offers enhanced
water recovery, lower power usage, and a cost-competitive supply of fresh
water at $0.719/m°, demonstrating the potential of hybrid systems to
address water concerns. In a separate study, Qian Chen et al. [36]
investigate an autonomous water/electricity cogeneration plant which
combines focused photovoltaic/thermal collectors with vacuum multi-
effect membrane distillation. The technology transforms around 70% of
solar irradiation into helpful electricity, showing excellent compactness and
increased thermodynamic efficiency. The analysis gives yearly energy and
water production rates per m? of solar collector area, shedding light on the
system's economic feasibility. This research aims to examine and improve
understanding of the synergistic utilisation of solar energy in the
simultaneous generation of thermal energy for heating seawater and
electrical energy for desalination applications. The system under
consideration involves integrating the SSH (Solar Salt-water Heating)
system with PVT and DCMD technologies for salt-water desalination. This
integration incorporates two distinct loops within the system. The study
encompasses various facets, encompassing the creation of a novel TRNSYS
component for the DCMD system utilising Fortran software, exploration of
the influence of feed temperature and velocity on the permeate flow, and
assessment of the efficacy of the integrated PVT and DCMD process in
solar-driven desalination.

2. Mathematical modelling of the DCMD system

In a prior investigation by the authors [6], a numerical model was
formulated to simulate a Direct Contact Membrane Distillation (DCMD)
module. The model was based on the use of a straightforward mass transfer
coefficient and the overall heat transfer properties of the membrane. The
model presented in this study was evaluated against experimental and
modelling findings conducted by Zhang et al. [37], who employed identical
membrane characteristics and hydrodynamic conditions. The mass transfer
Jw (L/(m?h)) can be determined by a linear function that combines the
membrane permeability Cyiopq (L/(M?h.Pa)) and the vapour pressure
difference across the membrane [37,38]. This relationship is represented by
equation (1) in Table 1. The partial pressures in the feed and permeate sides,
Py, and Py, (Pa), are functions of the temperature at the membrane surface,
Tysand Ty, which can be calculated using the Antoine equation (Eg. (2)),
as shown in Figure 1. A simple model for heat transfer in the DCMD
module, which assumes that Cy;,4, and U are constants and presented in
Egs. (3-11). The feed and permeate temperatures at the (i+1)" station can
be calculated using equations (8) and (9), and the total mass and heat flux
transferred at this station are given by equations (10) and (11).

microporous
mermbrane

Feod flow out

Permeate flow out

:.x e

1 o
T -

Feed flow in

Parmeate flow in

Figure 1. Schematic of DCMD module under the co-current flow mode.
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Table 1. Mass and heat equations of the DCMD system

Parameter Equation Equation
number
Mass transfer Jw= Cglabal(be - Pbp) O
[33,34]
Partial pressures 3816.44 2)
of water at feed ~ Porp = €xp|23.1964 — Tyrp + 227.04

and permeate sides
U = —5248V2 +4735.7V — 36.036 3)

Overall heat
transfer coefficient
Mass transfer Cotobar = —0.004V2 + 0.0053V @)
coefficient —0.0001
Heat change in the Cp'fmf(Tf'Hl a Tf'i) - U(Tf'i - Tp'i)dA ©)
. . AH,dA
hot side, cold side t ({.W m” (T,
and membrane T eppT PR
- Tp,i+1
Feed temperature 5y _ _ [U(Tri = Tyi) + JwAH,wdx — (6)
change i Cp r 1y
Permeate [U(Ty; — Tyi) + JwAH,lwdx (7
temperature AT, = C o
change pp Mpi
Feed temperatures Lri+1 = Tri = ATp; ®)
at (i + 1)t station
Permeate Tpiv1 = ATy — Ty )

temperatures at

(i + 1)t station

Mass flux at (i + Jis1 = Cglobal(Pf,Hl - p,i+1) (10
1) station

Heat fluxatthe  Qix1 = U(Trie1 = Tpisa) an

(i + 1)t station

3. System description

The present study proposes a model for the production of freshwater from
seawater and thermal energy. This model involves the combination of
Direct Contact Membrane Distillation (DCMD) and Photovoltaic/Thermal
System (PVT), as illustrated in Figure 2. The fundamental solar distillation
system comprises photovoltaic/thermal (PVT) collectors, an auxiliary
heater, a heat exchanger, a pump, and a direct contact membrane distillation
(DCMD) module.

A battery, regulator/inverter, and PVT collectors are connected to power
the auxiliary electrical heater in the storage tank and pumps. The system is
designed to operate in Ain Témouchent, Algeria, during the day from 08:00
to 18:00 hours.

Meanwhile, thermal energy is delivered by a PVT, where the heat transfer
fluid (HTF) captures solar energy and provides thermal energy at the same
time. After that, the heated fluid is sent to a thermal storage tank. The heat
from the HTF is transferred to the seawater via a coil heat exchanger.

The electrical system comprises a solar panel, a battery bank, and an
independent inverter. This autonomous system utilises DC to AC
conversion to provide power to the pump and supplementary heater located
in the storage tank. The chemical storage of direct current electrical energy
for future use is the primary function of battery packs, particularly in
overcast weather conditions. During the DCMD process, a heated feed
solution (salt water) is delivered to the module. A fraction of the feed
solution (gas) infiltrates the membrane and combines with the cooling
liquid on the permeate side. The remaining feed solution, referred to as the
concentrate, exits the module through the feed side.

<=

PVT collector

6 9 Freshwaterin

Seawater storage tank

| ! Differential | DCMD

! | temperature |

| controller 1§ Thermostat

Outlet brine
.

- i

Fresh water out

. Tmmersion heater

Figure 2. Schematic diagram of solar-DCMD plant.
4. TRNSYS Simulation

TRNSYS software has been employed to evaluate the performance of the
proposed system, which is modelled using various component simulation
models known as TRNSYS types (see Figure 3). These include Weather
Data Reading and Processing (TYPE15-6TM2), Constant Speed Pump
(Type 3d), Stratified Fluid Storage Tank with Internal Heat Exchangers
(Type 60d), Time Dependent Forcing Function (Water supply profile)
(Type 14b), Differential Temperature Controller (Type 2b), Unit
Conversion Routine (Type 57), Online Plotter with File (Type 65c), PVT
collector (Type 50a), Electrical Storage (Type 47c), Regulator/Inverter
(Type 48b), and a newly programmed DCMD module (Type 223).

,,,,,,,,, .
9 [ Ty
Tl | S S+
s . | b2
& Vs + Typefie
P et/ by T— - k
<

Typel Dalyload

Figure 3. Solar PVT and DCMD systems modelled in TRNSY'S 17.
4.1 PVT collector

In the TRNSYS model, the PVT collectors were simulated using TYPES50a
and their parameters are detailed in Table 2. The Hottel-Whillier equation
is used to estimate the thermal efficiency of the PVT collectors [39], taking
into account the effective product between the transparent cover
transmittance and the absorption (za),, total heat loss coefficient (U; in
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W/m?2K), PVT rear panel temperature (T,,) and ambient temperature (T,),
and solar radiation (G, in W/m2):

N = (2 = Uy (57 (12)

The photovoltaic efficiency is calculated by dividing the electric energy
output (E in W) by the solar radiation (G, in W/m2) over the PVT area (Apyr
in m?) [39], using the optical performance of the PVT (1,) and the thermal
loss coefficients (C; and C,):

C1(Tp=Ta) =C2(Tp=Ta)?

Ne = (505 = mo — B ETer (13)

Table 2. Parameters for PVT collector of Type 50a.

Parameter Value
Area of collector (m?) 02.00
Efficiency factor of collector fin 00.96
Thermal capacitance of fluid (kJ/kg K) 3.708
Absorptance of the collector plate 00.92
Loss coefficient of the collector (kJ/h m? K) 16.00
Transmittance of cover 00.89
Coefficient of temperature impact on solar cell efficiency 0.0032
Cell efficiency referenced at a specific temperature (°C) 25.00
Factor related to packing 00.80

4.2 Seawater storage tank

The Type 60 model is a comprehensive design created explicitly for
stratified fluid storage tanks, as shown in Figure 4. It incorporates the
possibility of incorporating internal heat exchangers, which enhances its
use for simulating commercially accessible domestic hot water tanks
intended for solar applications. This model's computational intensity and
robustness are comparatively lower than Type 4, mostly because of its
intricate modelling method that incorporates iterative loops for heat
exchanger coefficients, node energy balance, and internal heater
management [7]. Table 3 contains the parameters pertaining to the seawater
storage tank utilised inside the TRNSYS model.

In order to simulate the thermal behaviour of a thermally stratified energy
storage tank containing water, the reservoir can be approximated as
comprising N (where N < 100) uniformly sized segments that are
completely mixed. This assumption allows for the modelling of the tank's
thermal performance. When calculating the energy balance, it is essential
to consider all energy flows in and out of a node (layer). This includes
energy transfers associated with mass flow (injected flow, Qyject ),
conduction (Qona), cOnvection (Q.ny), auxiliary power (Qq.,), and internal
heat exchanger flows within the tank (flows the layers, Q)

dT;
MiCp ; = Qenv + Qcond + th + Qaux + Qinject + Qflue (14)

Table 3. Characteristics of hot water tank (Type 60d) [40].

variable Value
Volume of tank (m®) 0.3
Height of tank (m) 1.68
Inlet 1 height (m) 0.1
Outlet 1 height (m) 1.6
Specific heat of fluid (kJ kg* K1) 3.850
Density of fluid (kg m®) 1025
The coefficient for tank heat loss (W m?2 K) 0.3
Thermal conductivity of fluid (kJ hr't m? K2) 14
The temperature at which boiling occurs (°C) 100
Elevation of auxiliary heater (m) 1
Elevation of thermostat (m) 15
Reference temperature for system element (°C) 60

{QJESY
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Temperature range for heating element's operation (°C) 5
Peak heating rate of system element (kJ hr?) 9900
Proportion of glycol in mixture. 0.4
Inside diameter of heat exchanger (m) 0.016
The outside diameter of the heat exchanger (m) 0.02
Fin diameter of heat exchanger (m) 0.02
Overall surface area of heat exchanger (m?) 2
Length of heat exchanger (m) 32

Thermal conductivity of heat exchanger wall (kJ hrt m* K1) 1.8
Thermal conductivity of the material in the heat exchanger 1.8
(kJ hrt mtK?) 0.9
Inlet height of heat exchanger (m) 0.1
Outlet height of heat exchanger (m)

QOutlet
My out Trout Qout

[ Tiamter
M~ Ty
Toant.
‘ ‘\__________/ ¥ Teet Alpa
SN ICE
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N~ - - "
S K L
it Inlet 1 wall
faml N ]
My T,
) a.n Lin | | VL T
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(a) Storage mode
Qinjcct annd
Q ‘ an]tﬂ
inject
Q § \ ‘é; Qum
cov !
| ; Qi
Qm_]m Qaux+th+Qﬂuc

Qinjccl Qcond
(b) Energy balance conditions on the tank node

Figure 4. Diagram of storage tank and key parameters
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4.3 Solar pump

Solar hot water systems commonly employ a direct current (DC) pump that
can be directly energised by a solar or photovoltaic (PV) module. The
parameters pertaining to the solar pump utilised in the TRNSYS model are
presented in Table 4. Equation [7] can be utilised to determine the pump's
outlet temperature.

_Pf
TfsCp fs

Tfs,out = Tfs,in + (15)

where Ty, is the inlet temperature, P is the power of the pump, f is the
fraction of the pump's power converted into heat energy of the fluid, 77 is
the mass flow rate, and C,, ¢ is the specific heat at constant pressure of the

fluid. The mass flow rate at the outlet of the pump can be determined as
follows [7]:

mfs,out = YMyatea (16)

where M,.q;04 1S the nominal mass flow rate, and y is the control signal of
the pump. A linear relationship between flow and energy consumption is
assumed as follows [7]:

p= 14 Prated (17)

Where P,4i0q1s the nominal power of the pump in kj/hr.

Table 4. Characteristics of the single-speed pump (Type 3b) [41].

Variable Value
Flow rate under standard conditions (kg hr?) 212.0
Fluid's specific heat capacity (KJ Kg* K1) 3.708
Power rating under specified conditions (KJ hr?) 226.8

4.4 Differential temperature controller

The differential temperature controller (DTC) is an electronic device that
compares the temperatures of two locations using electronic sensors. It
contains a logic component that can turn on or off a relay at appropriate
times and a built-in microprocessor that can activate one or more pumps
when the temperature is warmer at one location than at another. This device
includes a relay switch that controls the pump operation [42].

To generate a control function y, [0 or 1], the DTC considers the upper and
lower input temperatures (T and T, respectively) and the upper and lower
dead band temperature differences (AT, and AT,). The new value of y,
depends on the input control function y; [0 or 1] [7].

If the temperature at the monitored location (T;y) exceeds the high limit
condition (Th;gp 1imie), the control function will be set to zero, assuming the
DTC was previously operational:

Ify;, =1and AT, < (Ty —T) . ¥o = 1 (18)
Ify, =1and AT, > (Ty —T,) . ¥o = 0 (19)

If the controller was previously off:

Ify, =0and ATy < (Ty —T.) . ¥ = 1 (20)

Ify, =0and ATy > (Ty —T,) . ¥o = 0 (21)

(Qes)
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4.5 Water supply profile (TRNSYS Type 14e)

In order to effectively simulate a hot water system, the hot water load
profile is needed, which delineates the temporal consumption of hot water,
note, however, that in certain instances, a daily circulation profile is
employed without any alterations to depict varying usage patterns during
weekends or seasonal fluctuations, as shown in Figure 5.

0,20 —

‘ —&— Feed water flow rate ‘

0,15 4

0,10 —n

0,05 4

Feed water flow rate (Kg/hr)

0,00 T T T T T T T T \
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)
Figure 5. Water supply profile

4.6 Weather data reading and processing (TRNSYS TYPE1S-
6TM2)

The weather data utilised for the models in this work was acquired from
typical weather year (TMY) files, employing TYPE 109-TMY?2 to extract
hourly weather data. The Metronome files for Ain Témouchent, Algeria,
were specifically used.

4.7 DC/AC converter

Two energy conditioning devices, specifically a regulator and an inverter,
are necessary components for photovoltaic power systems. The regulator's
role is to distribute the direct current generated by the solar cell group to
the battery. The inverter is responsible for converting the DC power into
AC power and directing it towards the load or, in the case of a fully charged
battery, back to the grid. In situations when there is excess energy, it is
discharged. [7].

4.8 Battery

The lead-acid battery model is a significant component in a solar power
system, encompassing solar cells and power conditioning elements. The
battery's state of charge is characterised by its variation over time, which is
contingent upon the pace at which it is charged or discharged. The advanced
modes of the model additionally encompass formulas pertaining to battery
voltage, current, and state of charge [7]. The Shepherd equations, which use
power as input, correspond to TYPE47c:

Discharge voltage (I <0):

V =egq—gaH + I7gq (1 + ’"“‘; ) (22)

Charge voltage (1> 0):

oH
V= g goll + Iy (1 " gj) 23)

The open circuit voltages at full charge and extrapolated from V vs | curves
on charge and discharge are represented by e, and eqq, respectively. The
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coefficients of H in voltage-current-state of charge formulas are represented
by g. and g,, which have small values. The internal resistances at full
charge when charging and discharging are represented by 7. and 144
respectively. The parameters m, and m, are used to determine the shapes
of the I-V-Q characteristics specific to each cell type. The capacity
parameters for charge and discharge are represented by Q.and Q,,
respectively, while Q,, represents the rated capacity of the cell.

4.9 DCMD module

In order to conduct the simulation with TRNSYS17 software, an additional
component, namely TYPE 223, was incorporated into the standard library.
This component has been specifically developed to cater to the
requirements of a desalination unit employing the DCMD process. The
abovementioned component is implemented using the FORTRAN
programming language and encompasses a range of parameter values for
the DCMD model, as illustrated in the provided reference [6].

5. Results and Discussion

In order to verify the accuracy of our simulation utilising the recently
developed TRNSYS component for the DCMD unit, an investigation was
carried out on the system devised by Zhang et al. [37], encompassing a
diverse set of velocities and temperatures. The experimental data was
compared to the data generated by the suggested model, utilising optimal
parameters [34]. The comparison was conducted for co-current setups, with
a flow speed of 0.4 m/s and constant inlet temperatures of 60 °C and 20 °C
for the feed and permeate, respectively. Perspex modules with varying
membrane lengths were employed for this analysis. The prior research
findings [6, 42] suggest that the current model accurately predicts the
permeate flux, as it aligns well with experimental data. On average, there is
an 8% discrepancy for a length of 0.07 m. The flux exhibits a gradual and
consistent reduction in the flow direction, while the permeation flux
demonstrates an increase as the circulation velocity of the feed fluid rises.
Moreover, the permeate flux exhibits an increase as the feed temperature
rises, owing to the reliance of the partial vapour pressure at the membrane
surface on the feed temperature, as described by the Antoine equation.
Figure 6 illustrates the discrepancy between the current modelling and
experimental findings [37], spanning a range of 0.27 % to 17 %. The
observed rise in inaccuracy can be attributed to the utilisation of adjustment
equations within the modelling process [6, 42].

. V=0.20 m/s
. V=0.26 m/s
0.12 V=0.33 m/s
g I \/=0.40 m/s
E O.ﬂOJ
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= o008
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= 004 _
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o] 2 4 6 8 10 12 14 16 18
Error (%)

Figure 6. The error between the present modelling and experiment
shown in Zhang et al. [37] for different feed fluid velocities.
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Figure 7. The effect of the feed fluid velocity on heat flux transfer for
several hot fluid temperatures.

The correlations between heat flux transfer and feed velocity are shown in
Figure 7, where a positive correlation is observed between flow velocity
and heat transfer across the membrane, as supported by earlier studies [6,
42]. Moreover, the thermal energy transfer across the membrane is
enhanced when the feed water temperature increases while maintaining a
constant cooling water temperature of 20°C. The maximum heat transfer
through the membrane recorded was 40.74 kJ.hr'.m™2.

5.1 Meteorological data

In order to simulate the system's behaviour during the specific month of
June and forecast its performance, the researchers employed a Typical
Meteorological Year (TMY) dataset for Ain Témouchent. Figure 8 displays
the annual solar radiation variations, ambient temperature, and wind speed.
During the exceptionally hot day, the recorded solar radiation reached an
estimated value of 2966 kJ/h m?. Furthermore, it is worth noting that the
most elevated documented ambient temperature reached 30°C, while the
utmost recorded wind speed amounted to 10 my/s.

Wind Spead(ms) and ambient air temperature (C) Solar radiation{K 0 he m*
—Tomy

— Vyind

Solar radiation(Kyhm2)

Wind speed (mis) and amblent aif temper stute ()

sl

AR “-\mu'\“" WAL ;f‘ Mw\a ,eru‘\l“

Figure 8. Variations in weather data 0f A|n Témouchent in the left
axes wind speed and ambient air temperature and right axes solar
radiation over June

5.2 Thermal system results

Figure 9 illustrates the thermal performance fluctuations of the PVT
collector. The left vertical axis indicates the temperatures at the entrance
and outflow. In contrast, the right vertical axis shows the flow rate of the
solar fluid and the quantity of usable thermal energy generated over June.
The results obtained from the simulation indicate that the initial temperature
of'the PVT collector constantly remains within the interval of 20°C to 60°C,
whereas the final temperature ranges from 20°C to 85°C.

Moreover, the simulation results illustrate a range of useable thermal
energy, with a peak value of 4000 kJ/h, attributable to the high efficiency
attained by the absorption of lead from the solar panels. The curve on the
shared axis illustrates the fluctuations in the total flow rate of the solar fluid
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circulating within the enclosed system. The pump facilitates the flow rate
and has the potential to reach a maximum value of 212 kg/h. Figure 10
depicts the temperature levels of the fluid measured at the top, middle, and
bottom of the storage tank for the PVT system during June. The peaks show
varying temperature levels between 56°C and 60°C, 32°C and 60°C, and
20°C and 58°C, respectively. These temperature variations result from
ambient temperature changes and the tank's specific area in which the liquid
temperature was measured.

In addition, it is observed that the storage tank experiences a minor
fluctuation in the highest temperature of the fluid. This variation is
attributed to the use of auxiliary heating, which can raise the temperature
to a maximum of 60°C. Moreover, the heating element exhibits a dead band
of 5°C.

PVT collector mlet and outlet temperatures (C)

— T

Flow rate(Kg/hr) and Useful thermal energy (KJVhe)

icoll

—— Tocan

PVT callector Iniet and outiet tamper ature{C)
Flow ratef o) and useful thermal energy(Kihi

Simdstion Tme =634 00141
Figure 9. Variations in the thermal system result in left axes PVT
collector inlet and outlet temperatures and in the right axes solar fluid
flow rate and valuable thermal energy over June
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Figure 10. Variations of temperature levels of the fluid at the top, middle
and bottom of the storage tank over June.

Figure 11 illustrates the auxiliary heating rate and energy input from the
heat exchanger on the left axis and the storage tank's intake and outflow
flow rates throughout June on the right axis. The modelling results indicate
that the energy provided by the auxiliary heater (Q,ux) attains its maximum
value of 10 10° kJ/hr. Furthermore, the heat exchanger located within the
storage tank facilitates energy transmission from the solar fluid to the salt
water, resulting in a rate of 5000 KJ/hr.

Additionally, the modelling results demonstrate that the seawater mass flow
rate entering and exiting the storage tank attains a maximum value of 20
Kg/hr for both. The solar fraction (SF) concept is used to explain the
system's performance. SF is defined as the ratio of the thermal energy used
to heat seawater provided by the heat exchanger (Qhx) to the total energy,
which includes both the thermal energy and electrical energy required
(Qaux). It can be calculated as follows [40,41]:

SF:th/(Qaux+th ) (24)

Figure 12 clarifies changes in solar fraction (SF), this is due to the
fluctuation of solar radiation, which leads to a change in the energy
absorbed by PVT collectors and, of course, a change in the energy provided
by the heat exchanger to seawater. SF varies from 15 % to 30 %.

Since 2008,
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Figure 11. Variations of auxiliary heating rate, energy input from the
heat exchanger, and storage tank's inlet and outlet flow rates over June.
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Figure 12. A solar fraction over Jun
5.3 PV system results

Figure 13 illustrates the fluctuations in the power equilibrium of the inverter,
the power derived from the solar photovoltaic (PV) array (incoming power
from generation), and the power consumed by the load throughout the
designated month of testing (June). The findings indicate that the
photovoltaic (PV) array achieved its maximum power output at 2.5 kW, but
the load required 2.4 kW. The energy necessary for heating water is derived
from a combination of thermal energy and supplementary heating, as shown
in Figure 12. The heat exchanger delivered an estimated energy output of
roughly 1.3 kilowatts, whereas the auxiliary heater provided an energy
input of 2 kW, as depicted in Figure 11. The Type 48b (Regulator/Inverter)
was employed to provide the requisite supplementary electrical power.

In order to have a more detailed understanding of the power output of the
photovoltaic (PV) array, two specific days were chosen for analysis, as
illustrated in Figure 14. The monthly average power generation of the
photovoltaic (PV) array in June ranges from 169 W to 134 W.

Power (W)
Poioad

——— P in from generation

power(W)

AL EEL LR LT

e
Simulation Time 444,00 ]

Figure 13. Variations of power in from generation and power to load
over June.
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Figure 14. Variations of power in from generation on 1% and 2" June.

Figure 15 illustrates the fluctuations in photovoltaic efficiency observed on
21 June. The graph represents a progressive improvement in efficiency
from 8 am to 6 pm, culminating in a value of 0.66. The observed rise can
be attributed to variations in solar radiation. Nevertheless, the image does
not exhibit any discernible effects of decreasing temperatures on the
efficiency of photovoltaic (PV) systems. It is noted that elevated cooling
temperatures of a photovoltaic-thermal (PVT) collector might exert a
detrimental impact on its overall efficiency.
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Figure 15. Variations of photovoltaic efficiency on 21 June.

5.4 DCMD module results

Figure 16 presents the fluctuation of permeate flux. The maximum distillate
output per membrane area is 12 L/m?.hr. The variability in productivity can
be ascribed to diurnal fluctuations in solar radiation, which subsequently
impact the temperature of the feed water and, consequently, the rate of
permeate flux. Furthermore, it is noted that the distribution of the feed mass
flow rate exhibits variations throughout the course of the day, which in turn
contributes to the observed fluctuations in productivity. The mean monthly
permeate flux was determined to be 5.556 L/m? hr.
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Figure 16. Variations of total mass flux transfer J,, for DCMD system
over Jun.
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Figure 17 illustrates the fluctuations in the temperatures of the feed and
permeates (Thout and Tcout) as they exit the DCMD system throughout
June. The observed drop in the exit temperature of the feed is in line with
the findings described earlier. Also, it is seen that the temperature of the
permeate water outlet rises throughout the course of the day, suggesting a
rise in heat transmission.
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Figure 17. Variations of outlet feed and permeate temperatures over
June.

To clearly depict the variations in outlet feed and permeate temperatures,
as well as permeate flux, throughout the course of a day, the date of 21 June
was chosen, as illustrated in Figure 18. In the co-current flow setup, it is
seen that the feed temperature experiences a decline while the distillate
temperature exhibits an increase during the course of the day. The permeate
flux gradually rises during the day, displaying an average daily magnitude
of 6.22 L/m? day.

Table 5 provides a comparison between the current study and previous
studies on (PVT+MD) or (PV-+thermal collector+MD) systems to confirm
the usability of PVT collectors in salt-water desalination systems with MD.
The results show that the present system produced 12 L/m?h of potable
water using PVT, which is higher than the systems developed using CPVT
[27,28,30,42] or mixed two desalination technologies [42].

This finding provides evidence supporting the viability of the existing
system in terms of generating drinkable water. In order to enhance
productivity and address deficiencies in the process, it is recommended to
exercise control over stratification through the implementation of hot water
outlets positioned at the location of the heat exchanger or the use of
supplementary storage facilities external to the tank. The inclusion of
supplementary storage within the tank has the potential to disrupt
stratification, hence impacting the supply of cooling water to the PVTs.
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Figure 18. Variations of outlet feed and permeate temperatures and
permeate flux on 21 June.
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Table 5. Comparison between present study and previous studies in
(PVT+MD) or (PV+ thermal collector +MD) systems for seawater

desalination.
System Collector Generating Reference
Area drinkable water
Present system 2m?of PVT area |12 L/m?h -
(PVT+DCMD)
CPVT+AGMD 1 m? of CPVT 3.4 Lim*h [27,28]
aperture area
CPVT+DCMD - 7.1 Lim?h [28,30]
(PV+FPC)+DCMD |2 m? of FPC 11.09 L/m?h [42]
absorber area
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