¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.27394

Simulation study of an air-gap membrane distillation system
for seawater desalination using solar energy

Abdelfatah Marni Sandid*®*, Taeib Nehari*?, Driss Nehari?

“Department of Mechanical Engineering, University of Ain Temouchent, 46000 Ain Temouchent, Algeria,
emails: abdelfatahsandid@hotmail.com (A. Marni Sandid), nehari_tb@yahoo.fr (T. Nehari), and
nehari2746@gmail.com (D. Nehari)

"Smart Structures Laboratory (SSL), University of Ain Temouchent, 46000 Ain Temouchent, Algeria

Received 11 January 2021; Accepted 6 May 2021

229 (2021) 40-51
July

ABSTRACT

The paper presents a numerical study to investigate the solar membrane distillation (SMD) sys-
tem for seawater desalination using solar energy. The SMD system includes both flat plate col-
lectors and photovoltaic panels. Therefore, the photovoltaic system is used to power electrically
the pumps and sensors. The present model has good compatibility of no more than 5% with the
experimental air-gap membrane distillation (AGMD) system. It was found that the solar AGMD
system is used for the production of 3-5 L/h of distilled water flow. In addition, the energy needed
is calculated for the pumps and replaced by two photovoltaic panels, each one has an area of
1.6 m? using an energy storage battery (12 V, 200 Ah). Besides, the brine that contains the high
salt concentration is completely dispensed with this process. Therefore, the energy efficiency of
the AGMD module and the collector efficiency values reach 68% and 74% respectively. The solar
AGMD system will be studied using TRNSYS and PVGIS programs on different days throughout
the year in Ain Temouchent weather, Algeria.
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1. Introduction

Population growth and the degradation of some fresh-
water resources are two problems that make us look for
developing modern technologies for water desalination.
In many countries and places across the world, seawater
is used in desalination processes because it covers a large
area of 70% of the land. The reverse osmosis technology
has been used that provides a large flow of freshwater;
however, it also consumes large electrical energy due to
the use of huge pumps in this technology [1]. Therefore,
the membrane distillation (MD) process has been used for
seawater desalination. The MD processes are used at low
temperatures and less than 100°C. Therefore, more efficient
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methods have been used for the desalination process due
to 100% salt rejection with low fouling and operating
pressure in MD applications [2].

Membrane distillation is a thermal process in which
water vapor is transported through a hydrophobic porous
membrane. The liquid phase to be treated must be kept in
contact with one face of the membrane without penetrat-
ing its pores unless the transmembrane pressure is greater
than the inlet pressure. The hydrophobicity of the mem-
brane prevents liquid from entering the pores thanks to
the surface tension. Thus, liquid/vapor interfaces are cre-
ated near the pores. There are several types of membrane
distillations. The differences only concern the permeate
side and will condition the driving force of the separation.
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Until now, polytetrafluoroethylene (PTFE), polyvinylidene
fluoride, polyethylene, and polypropylene have been
the most commonly used membranes for MD processes [3].

There are four main configurations of membrane distil-
lation modules in the literature [4,5-7]: direct contact mem-
brane distillation (DCMD), air-gap membrane distillation
(AGMD), sweeping gas membrane distillation (SGMD),
and vacuum membrane distillation (VMD). This differ-
ence in the nature of the permeate treatment: the conden-
sation of the vapor that has passed through the membrane
takes place inside the module for DCMD and AGMD con-
figurations and outside the module for VMD and SGMD
configurations. DCMD is the most MD configuration tech-
nology studied due to the simplicity and ease of handling,
where its energy efficiency, called the membrane thermal
efficiency (MTE), is commonly related to the operating
conditions [8]. In the MD process field, the DCMD process
has a lower MTE against the AGMD procedure because of
conduction heat losses. The mechanism functions of the
AGMD systems are based on the stagnant air gap inter-
position between the membrane and condensation area,
which leads to an inherently increase in the thermal energy
efficiency of the process [9]. Consequently, the first patent
to discuss the principle of AGMD appeared with Hassler
[10] and Weyl [11] for the basic knowledge, in which the
concept and behavior of AGMD systems can be found in
different literature studies [12-14].

According to the high-energy costs associated with
existing desalination methods, there is a great demand
for technologies that can use low-temperature sources like
waste heat or solar energy. Although recent developments
in AGMD configurations, the first flat plate AGMD system
was developed by the Swedish Svenska Utvecklings AB
in 2016 [15], while such modules today are manufactured
and commercialized by Scarab Development. Each mod-
ule is made up of 10 planar cassettes with an overall mem-
brane surface of 2.3 m? and a global capacity of 1-2 m*d
of distillate water [16]. The single-stage consists of injec-
tion-molded plastic frames containing two parallel mem-
branes, feed and exit channels for warm water, and two
condensing walls [15,17].

On the other hand, Khan and Martin [18] conducted
experimental analysis from arsenic removal using single
cassette AGMD with an effective membrane area of 0.2 m?
and reported fluxes of 20 L/m*h at a temperature difference
of 50°C between hot and cold inlet temperatures. He et al.
[19] applied factorial design and response surface method-
ology (RSM) to analyze the relationships between operat-
ing parameters (hot and cold inlet temperatures, feed flow
rate) on performance indicators including distillate flux
and gained output index of a hollow fiber AGMD module.

In Kumar and Martin’s work [20], a single cassette
AGMD module is characterized to identify the effect of
process parameters on distillate flux and thermal efficiency.
Favorable conditions to obtain a distillate flow rate of
3-5 kg/h determined on a bench-scale experimental setup.
The developed RSM regression model was tested by anal-
ysis of variance and studied using experimental results
of Asim et al. [21]. Parametric optimization was carried
out as well to identify suitable conditions for operating
MD with constant or dynamic energy supply (e.g., solar

thermal energy). Then, experiments on a solar membrane
distillation (SMD) system were carried out in October
during which maximum radiation would be incident
on solar collectors installed in the United Arab Emirates.

Dynamic simulation of the combined system using
tools such as TRNSYS and parametric analysis enables
to design of a functional system and then optimizes it.
In this study of Kumar and Martin [22], the application
of the cogeneration system for residential households in
the UAE is considered for per capita production of 4 L/d
of pure water and 50 L/d of domestic hot water. The opti-
mized cogeneration system utilizes more than 80% of the
available solar energy gain and operates at 45% and 60%
collector efficiencies for flat plate collectors (FPC) and ETC
systems respectively. The cogeneration operation reduces
6%-16% of thermal energy demand and also enables 25%
savings in electrical energy demand. In Gowtham’s paper
[23], a novel solar thermal polygeneration (STP) system
for the production of cooling, clean water, and domestic
hot water is modeled and analyzed for the weather con-
ditions of the UAE using TRNSYS software. The system
comprises solar collectors for the production of thermal
energy. Economic benefits are analyzed for different col-
lectors and fuel costs savings. The lowest payback period
of 6.75 y is achieved by STP with evacuated tube collec-
tor field having a gross area of 216 m?.

The configuration studied in this article for seawater
desalination is AGMD. It is a thermal membrane process,
the driving force behind the transfer being a partial pres-
sure difference on either side of the membrane created by
a temperature difference. Compared to other membrane
distillation techniques, AGMD seems interesting for its
aspects of low membrane wetting and the fact that there is
no additional energy consumption linked to the use of an
additional pump. In recent years, AGMD has experienced
more sustained development, mainly in research, thanks
to developments in membrane manufacturing techniques.
Seawater desalination is one of the most promising fields
for the application of solar thermal energy due to the coin-
cidence, in many places of the world, of water scarcity,
seawater availability, and good levels of solar radiation
(like Algeria). The SMD is recently an under-investiga-
tion desalination process suitable for developing self-suf-
ficient small-scale applications. The use of solar energy
considerably reduces operating costs.

The main objective of this project is to analyze and opti-
mize renewable-driven AGMD systems. This objective can
contribute to ensuring the availability of distillate water
using the solar desalination process. In this paper, a numer-
ical model of desalination that depends on single cassette
AGMD module integrated solar thermal system is validated
with simulation results of Kumar and Martin [20] which was
carried out an experimental study on SMD system only in
October on solar collectors installed in the UAE as previ-
ously mentioned. Then, a solar AGMD system is studied for
optimizing the operation of a SMD, in terms of thermal effi-
ciency, distillate production, and cost savings. Besides, the
brine that contains the high salt concentration is completely
dispensed with this process. Therefore, a TRNSYS program
[24] and PVGIS software [25] are used to predict the long-
term performance of the solar AGMD system at different
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times throughout the year in Ain Temouchent weather,
Algeria.

2. Description: the AGMD system

Fig. 1 shows a schematic presentation of the princi-
ple of the seawater air-gap membrane desalination pro-
cess using solar energy. The three major components in
the solar AGMD system are a solar-thermal system, a solar
photovoltaic (PV) system, and an AGMD unit.

2.1. Solar-thermal system

The studied system contains the thermal energy loop,
as shown in Fig. 1. The system incorporates five FPC with
a total area of 12.75 m? with a controller, a counter-flow
heat exchanger, a controller in differential temperature,
and pumps. The water flow rate is controlled by an ON/
OFF controller to optimize thermal energy harvesting
and setting time. Due to the convergence of climatic
changes between Algeria and the UAE, we chose five flat
plate collectors in order to obtain a suitable temperature
to provide a flow rate of 5 L/h of distilled water in the
weather of the state Ain Temouchent (latitude 35°3'0" N,
longitude 1°1'0" E), Algeria.

2.2. Solar photovoltaic system

The solar PV system consists of different components
that must be selected according to the type of system, the
location of the site, and the applications. The main compo-
nents of the solar photovoltaic system are the solar charge
controller, the inverter, the group of batteries, the auxiliary
power sources, and the loads (devices) as shown in Fig. 1.
An installed DC/AC converter converts 48 V DC from the
battery into 24 V DC as required by (low load) equipment

such as sensors, whereas a DC/DC inverter inverts the
48 V DC into 230 V AC (high load) that is used by pumps.

2.3. AGMD module

AGMD is a configuration of membrane distillation
(MD) in which an air layer is interposed between a porous
hydrophobic membrane and the condensation surface. Fig. 2
shows the picture of the module fitted with the cassette in
a plate and frame configuration and shows the layout of
components in the bench-scale MD module. The cassette
of the AGMD module the following specifications: hydro-
phobic PTFE membrane with a pore size of 0.2 um, the
thickness of 280 um, and total membrane area: 0.2 m? [20].

In the AGMD system, seawater is circulated through
the AGMD module by the pump. It is responsible for
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Fig. 2. Pictures of cassette fitted into the module and bench-scale
AGMD module [20].
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Fig. 1. Schematic of the solar AGMD system for seawater desalination.
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cooling the vapor coming out from the AGMD process. The
hot seawater from the AGMD process is exchanged using
the thermal system via a counter-flow heat exchanger.
However, to avoid losing the heat energy coming out
from the evaporator, another recovery exchanger is added.
Therefore, it is used to give heat energy to the cold sea-
water coming from the pump. However, the high salt
concentration damages the distillation membrane and
reduces the distilled water flow. Therefore, the saltwater
leaves the membrane, and cannot returns to the process
of distillation (in membrane). Furthermore, from this
water we recover the remaining heat via an additional
heat exchanger. Thus, the brine that contains the high salt
concentration is completely dispensed with this AGMD
process as shown in Fig. 1.

In addition, the salt rejection in the membrane distil-
lation process remains high and greater than 99.9% in all
cases. An experimental study was conducted to evaluate
the performance of the membrane distillation in the work’s
Noor et al. [26]. A high saline water feed of up to 200 g/L
NaCl was used in this study at various operating conditions
by changing the feed temperature and feed concentration.
The results estimated showed excellent conformity with
the experimental results. The salt rejection remained high
(greater than 99.9%) in all cases.

2.4. Weather data

This model has been studied in Ain Temouchent
weather, Fig. 3 shows changing climate conditions through-
out the year. The weather in Ain Temouchent state is pleas-
ant, warm, and moderate in general. At an average tem-
perature of 25.7°C, August is the hottest month of the year.
At 10.8°C on average, January is the coldest month of the
year. Therefore, in Fig. 3, we notice a change in tempera-
ture throughout the year, which reaches up to 40 degrees
Celsius in August, and we note that the wind is mod-
erate and does not exceed the velocity of 15 m/s. For the
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irradiation, it changes during the months of the year and
reaches up to 220 kWh/m? in August and July as shown
in Fig. 4, because the temperature is high in this period
of the year. This study has been simulating for a full
year and the results will appear on different days in Ain
Temouchent weather affected by the Mediterranean Sea.

3. Equations and methods

The most significant influential design variables on
the AGMD performance are the feed inlet temperature
(Ty,), the cooling inlet temperature (T ) which is con-
densation temperature, the feed flow rate (Vf), and feed
concentration (C). The selected performance indicators
of the AGMD process are distillate flux (J,) and specific
performance ratio (SPR), whereas J, is calculated by [20]:

M
d 1
o M

Ji=
where M, (kg) is the mass of distillate water collected
within the time t, and S (m?) is the effective membrane
surface area of evaporation. SPR is obtained by [20]:

SPR = M,

)

md

Q.4 (KWh) is the thermal energy supplied to the AGMD
module. The regression quadratic model with coded
parameters [20] can be expressed as:

Y =B, +B,X, +B,X, +B,X, +B,X X
+ BZSXZXS + ﬁ11}<l2 + BZZXZ + BSSX§

2 + B13)<1){3

®)

Kumar and Martin [20] determined the final regres-
sion equations for J, and Ty, , in terms of actual operating
parameters as follows:
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Fig. 3. Ambient temperature and wind velocity throughout the year in Ain Temouchent weather.
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Fig. 4. Irradiation throughout the year in Ain Temouchent weather.
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The basic method of measuring collector performance
is to expose the operating collector to solar radiation and
measure the fluid inlet and outlet temperatures and the
fluid flow rate. The useful gain is:

Q, =mCy(T,~T) (6)

m, is the solar fluid mass flow rate (kg h™), C is the spe-
c1f1c heat capacity of solar fluid (k] h™), T and T, are the
inlet and outlet temperature of the solar ﬂuld (X).

The efficiency of flat plate collectors is expressed
as follows [27]:

(T-T)  (T-T)

7
¢ "G @

with G the solar flux, Ta the ambient temperature, 4, and
a, (W m? K?) are characteristic constants of the efficiency
of the collector.

Heat exchanger counter flow effectiveness is [22]:

- exp[_UA[l Cn
min Cmax

(8)
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UA is the overall loss coefficient between the heater and
its surroundings during operation (kg h™), C__ is the

maximum capacity rate (k] h™ K), C_  is the minimum
capacity rate (k] h™ K).
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Required heating rate including efficiency effects in the
auxiliary heaters is [22]:

Qaux = Qloss + Qﬂuid (9)
with

Qloss = UA(T - Tenv ) + (1 - T]htr)Qmax and Qﬂuld m C ( set T;)
(9a)

Q... is the required heating rate including efficiency
effects (kgh™), Q, ., is the rate of heat addition to fluid stream
(kg h™), Q, . is the rate of thermal losses from the heater to
environment (kg h™), Q__ is the maximum heating rate of
the heater (kg h™), 1, is an efficiency of the auxiliary heater,
ni1, is the outlet fluid mass flow rate (kg h™), Cis the fluid
spec1f1c heat (k] h™"), T is the fluid inlet temperature (K), (T)
brackish water average temperature T_, set temperature of
heater internal thermostat (K), T, is the temperature of
heater surroundings for loss calculations (K).

MD system determines the distillate water flow rate
along with MD hot side outlet temperature. Other main
components of the solar thermal MD system are the solar
collectors, a heat exchanger, three pumps, and a hot water
storage tank. The heat exchanger transfers heat from the
collectors to the MD feed water stored in a small tank and
it circulates to the MD module using the pumps. Cold-
water pumps to MD from a cold-water storage tank having
temperatures according to the ambient conditions of the
location. Table 1 shows the main specifications considered
for the components of the solar thermal MD system. Five
flat plate collectors having a total area of 12.75 m? con-
sidered for both experiments and the simulation model.
A simple storage tank with fixed inlets and uniform heat
losses use for feeding water storage. The temperature dif-
ferential controller uses to control the flow of heat trans-
fer fluids in the solar thermal system. This model studies
throughout the year, especially in December when the
minimum radiation is incident on solar collectors in Ain
Temouchent.
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Table 1
Main specifications for the solar thermal integrated MD system [20]
Component Parameter Value Unit
Flat plate collectors Collector absorber area 12.75 m?
Collector efficiency 0.781 -
Tilt angle 35 °
Heat exchanger Effectiveness 0.5 -
MD hot water store Volume 100 L
MD hot pump Flow rate 420 kg h™
Auxiliary heaters Maximum heating rate 1,500 4
Efficiency of the auxiliary heater 1 -
The use of solar energy considerably reduces operat- G ( t)
ing costs; however, its intermittent nature requires a non- N = T (11)
stationary optimal operation that can be achieved through Gr s1c

advanced control strategies. In this study, the control and
the thermal system for the MD process make with the use
of photovoltaic panels for cost savings. Therefore, to reduce
the operating cost, the photovoltaic system uses a storage
battery that replaces the power load of the pumps, which
appears in Fig. 2. Then, the following output parameters,
which are the outlet temperature of the solar collector and
auxiliary power supplied to the storage tank. The con-
trol and the thermal system for the MD process also make
with the use of photovoltaic panels device for cost sav-
ings. In this study, a TRNSYS program and PVGIS software
are used to predict the long-term performance of the solar
water heating systems in different locations for the distillation
membrane, and they can simulate the system performances
under different weather, among them the operating condi-
tions in the weather of the state Ain Temouchent, Algeria.

The PV system is calculated based on the parameters of
Table 2 using PVGIS software and the following equations:

The peak power of the autonomous photovoltaic
installation

G,(t) is the solar radiation incident on the solar_PV array
in the current time step kW/m?

Grgrc is the incident radiation at standard test conditions
kW/m?2

The size of the inverter from 25% to 30% must be greater
than the total quantity of devices. In the case of a device
or compressor, the size of the inverter must be at least
3 times the capacity of these devices and must be added
to the capacity of the inverter to handle the surge current
during startup.

The storage capacity of the battery is calculated accord-
ing to the following relation [28,29]:

C(Wh)

D daily need, N, autonomy number of days without
radiation, n, battery efficiency, P, = (1-online losses),
P, Depth of the discharge.

The bulk temperature of the feed is used for calculat-

D><1000><N].

12
m,x By xP, (12

D ing the latent heat of evaporation. The thermal efficiency
F=F,= NxF (10)  of the MD unit is given by [30]:
P_power of the PV field, D daily need kWh/h, F form EE = m, xH, 13)
factor, N number of hours equivalent. Q.
Table 2
Technical characteristics of PV panels
Component Parameter Value Unit
PV panel Module area 1.6 m?
Power tolerance +5 %
Solar cells 36 Cells
Module open-circuit voltage at reference conditions 38.9 \%
Battery Module short-circuit voltage at reference conditions 9.31 Amperes
Inverter Tolerance for iterative calculations 16.7 Ah
Charging efficiency 0.8 -
High limit on the fractional state of charge (FSOC) 1 -
Regulator efficiency 0.78 -




46

-T

Qin = mf X Cp X (Tfeed,in feed,out

)
where m, is the feed-water flow rate (kg/h), C,is the feed-
water heat capacity (kWh/kg°C), T, is the evaporator
inlet temperature (°C) and T, is the evaporator outlet
temperature (°C).

Where H is latent heat of vaporization (J/kg) [26], m, is
permeate flux (kg/s), H_ is estimated by [26]:

(14)

H, =2501.897149 — 2.407064037T +0.001192217T>

—0.000015863T° (15)
where T is the average temperature at the evaporator
entrance and the exits of the condenser (°C).

In addition, in this study with these equations, a
TRNSYS program is used to predict the long-term perfor-
mance of the solar water heating system for the AGMD
process. A complete test rig to evaluate the performance
of membrane distillation module is driven by solar
energy using the flat plate collectors in Ain Temouchent
weather, Algeria. Where Ain Temouchent is near the
north coast of Algeria affected by the Mediterranean Sea.

4. Solar AGMD system in the TRNSYS simulation
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model. To facilitate the selection of the system components,
it is important to develop an information flow diagram.
The information flow diagram for the models is shown
in Fig. 5. The main component of the model is the AGMD
unit, which is represented by a new equation in TRNSYS.
Additional components to the model include TYPE109-
TM2 reading and processing of meteorological data, Type
91 heat exchanger, Type 1 flat plate collector, Type 2 dif-
ferential temperature controller, Type 3 single speed pump,
Type 94 photovoltaic panels, Type 47 storage battery, Type
48 inverter, Type 14 forcing functions, Type 57 unit con-
version and Type 65 online plotter. Tables 1 and 3 show
the values of parameters used in the TRNSYS model.

5. Results and discussion
5.1. Model validation

The aim of this section is the validity of input data and
output results under the same operating conditions for
the AGMD module in order to obtain correct and accu-
rate results. Fig. 6 shows the comparison between the

Table 3
Operational conditions of tested AGMD module [20]

The model of solar thermal membrane distillation sys- ~_Operational parameter Specification
tem with AGMD and the photovoltaic system is developed Feed flow rate, L/min 4,6and 8
using TRNSYS software, which is a quasi-steady-state Hot water operation temperature, °C 40-90
simulation program. TRNSYS enables system compo- Coldwater operation temperature, °C 10-50
nents represented as preformats to be selected and inter- o ’

: ; , Tap water conductivity, uS/cm 500-10,000
connected in any desired manner to construct a system’s
=
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Fig. 5. Diagram of the solar AGMD system in the TRNSYS program.
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Fig. 6. Effect of feed inlet temperature on flux [20].

experimental results and the simulated results obtained
from the model used. Then, it presents the effect of inlet
feed temperature on permeate flux, the feed temperature
varies from 40°C to 90°C. The system runs under the fol-
lowing operating conditions: hydrophobic PTFE mem-
brane with a pore size of 0.2 um, the thickness of 280 um,
total membrane area: 0.2 m?, permeate flow rate of 3.65 L/
min, and feed flow rate of 4.65 L/min with feed salinity of
2 g/L. As shown in Figs. 6-8, it can be noticed that the hot
and cold feed outlet temperatures and permeate flux of
the AGMD module calculated by the present model have
good compatibility of no more than 5% in this experiment.
This good compatibility using the TRNSYS program on
the experimental AGMD system installed in the UAE [20]
makes it suitable for use in various climatic changes like
Ain Temouchent weather in Algeria, which is characterized
by a good solar climate. The results show that increasing
the feed inlet temperature increases the system flux sig-
nificantly. Increasing the feed inlet temperature increases
the vapor production and the driving force to permeation
(the transmembrane temperature difference, and conse-
quently the difference in partial pressures across mem-
brane surfaces) which enhance permeation across the
membrane. The percentage increase in flux when the feed
temperature is increased from 40°C to 90°C is 56% at per-
meate temperature of 25°C, 41% at 15°C, and 30% at 5°C
as shown in Fig. 6. Thus, percentagewise, higher cold
permeate temperature gives more percentage increase
in flux.

Fig. 7 shows the comparison of the inlet hot feed side
temperature of the AGMD module between the given exper-
iment results [20] and the simulated results obtained from
the model used. It can be noticed that the inlet hot feed side
temperature of the AGMD module predicted by the present
model has a good agreement with the experiment. The out-
let temperature of the thermal system of an AGMD module
reaches 84°C in the maximum radiation from October on
solar collectors in UAE. Based on this result as shown in
Fig. 7, the present study aims at simulating the solar-based
solar thermal membrane distillation system considered
as a field trial installation in UAE.
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Fig. 7. Comparison of temperature outlet of the thermal system
between the simulation and the experimental data [20].

In Fig. 8, a single cassette AGMD module is studied to
identify the effect of process parameters on distillate flux.
Fig. 8 shows a comparison between the results of this sim-
ulation and the applied results from Kumar and Martin’s
article [20]. The results show excellent compatibility between
them. This agreement using the experimental parameters of
the article by Kumar and Martin [20] confirms the validity of
this system studied in this paper. This is shown by the distil-
lation flow rate value. Therefore, favorable conditions were
determined and validated to obtain a distillate flow rate of
4.5 kg/h.

Based on the experimental characteristics of the AGMD
module, the simulation results are validated with experi-
mental data obtained from the pilot solar thermal membrane
distillation system mounted in UAE [20].

5.2. Thermal capacity and permeate flux

Fig. 9 shows the outlet temperatures for five flat plate
collectors that have a total area of 12.75 m? considered for
both experiments and the simulation model. It is found
that the change in feed inlet temperature of AGMD mod-
ule profiles for the first day of January, April, August, and
November is illustrated in Fig. 9. The temperature decreases
in January and reaches 78°C, but it increases in August
when the temperature is high and reaches 95°C, as it reaches
84°C and 82°C respectively in April and November. This
change is due to the change in ambient temperature and
radiation in the daytime and their difference from month
to month. Therefore, plots show a remarkable influence of
the hot feed temperatures during the days of winter and
summer seasons by the percentage reaches 18%.

Fig. 10 shows the inlet feed temperatures of AGMD
coming from the exchanger heaters and using the flat plate
collectors. The system runs under the following operating
conditions: hydrophobic PTFE membrane with a pore size
of 0.2 pm, the thickness of 280 um, total membrane area:
0.2 m? and permeate flow rate of 3.65 L/min, the feed flow
rate of 4.65 L/min with feed salinity of 2 g/L. The inlet feed
temperatures reach 70°C and 74°C in January and November,
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Fig. 8. Comparison of distillate flow between the simulation and
the experimental data [20].
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Fig. 9. Distribution of collector outlet temperature along the day
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Fig. 10. Distribution feed inlet temperature of AGMD.

as it reaches 75°C and 85°C in April and August respec-
tively. Therefore, it can be seen that the percentage increases
in the high temperature during the days of winter and
summer seasons by the percentage, 17.8%.

Fig. 11 shows the variation of permeate flux variation
with keeping all other parameters constant as above. Clearly,
the trends show that the permeate flux increases with var-
ious intermittent climatic conditions. Therefore, the inlet
hot temperature is very effective to increase the perme-
ate flux at different times as shown in Fig. 11. It is worth
mentioning that the exponential nature of flux increase
can better be observed in summer as compared to other
times. Over the entire range of permeate flux (3-5 L/h) and
throughout the year, the percentage increases in flux and
reaches 40% between winter and summer.

5.3. Power to load of the photovoltaic system

To save costs, a photovoltaic system uses based on renew-
able energy (solar energy). Therefore, the energy needed
calculates for the pumps and replaces by two photovol-
taic panels, each one has an area of 1.6 m? using an energy
storage battery (12 V, 200 Ah) via TRNSYS and PVGIS
help programs. Accordingly, the purpose of this study is
the use of solar panels in the photovoltaic system to pro-
duce the necessary electrical energy. Therefore, we note in
Fig. 12 that the electric power of the pumps that reaches
0.2 kW is the same energy that comes out of the photo-
voltaic system. Consequently, the electrical energy of the
pumps is replaced by using the PV system panels in various
intermittent climatic conditions as shown in Fig. 12.

5.4. Flat plate thermal solar collector efficiency

Fig. 13 shows the four efficiencies for the evolution
of the entire year. The results show that the efficiencies
increase from 0.65 to 0.74 during summer, as they reach
0.59, 0.63, and 0.64 respectively in January, November, and
April. Therefore, the changing climate conditions through-
out the year are very effective in increasing the flat plate
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Fig. 11. Permeate flux of AGMD.
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Fig. 13. The flat plate thermal solar collector efficiency during
4d.

thermal solar collector efficiencies. Percentagewise, the
efficiencies increase from 18.4% to 66.6% throughout the
entire year.

5.5. Thermal energy efficiency of the AGMD system

Fig. 14 shows the effect of the thermal energy effi-
ciency of the AGMD module on different days of the year.
The changing climate conditions are varied from winter
to summer while keeping all other parameters constant as
mentioned in Table 1. As shown in Fig. 13 and by percent-
age, the energy efficiency increases by 67.2% between win-
ter and summer. Over the entire range of time (throughout
the year) 40.6% increase in the energy efficiency is obtained
at 9 h, 34.7% is obtained at 11 h, 13.2% is obtained at 14 h
and 39.7% is obtained at 18 h. Therefore, increasing the

Ly

~
o
1

[o2]
o
1

(63
o
1

w
o
1

Thermal energy efficiency ( % )
N B
o o

-
o
1

o
]

9 11 14 18
TIME (h)

Fig. 14. The thermal energy efficiency of the AGMD module
during 4 d.

temperatures with the changing climate conditions every
day from the year increases the thermal energy efficiency of
the AGMD module. Thus, it increases the difference in par-
tial pressure that assists the permeation process across the
membrane.

6. Conclusion

A complete test rig to evaluate the performance of mem-
brane distillation module is driven by solar energy during
the flat plate collectors heating process is simulated in Ain
Temouchent, Algeria.

Optimized parametric conditions were used to operate
the solar thermal driven membrane distillation system in
Ain Temouchent City and the system was simulated using
the TRNSYS tool. The AGMD numerical data is validated
using a multiple regression model relating to the operating
parameters of the solar AGMD system. As shown in Figs.
6-8, It can be noticed that the hot and cold feed outlet tem-
peratures and permeate flux of the AGMD module calcu-
lated by the present model have good compatibility of no
more than 5% in this experiment. Therefore, the dynamic
simulation results of the solar AGMD system show good
agreement with the experimental values.

In addition, the results showed the permeate flux of the
AGMD module using the FPC module throughout the year.
It was observed that the effect of flow rates of feed inlet and
hot temperature in AGMD is very effective to increase the
permeate flux. Distillate flux was varied from 3 to 5 kg/h
in various intermittent climatic conditions. Based on the
numerically characterized AGMD module, the results show
that increasing the feed inlet temperature increases the sys-
tem flux significantly. Increasing the feed inlet tempera-
ture increases the vapor production and the driving force
to permeation (the transmembrane temperature difference,
and consequently the difference in partial pressures across
membrane surfaces) which enhances permeation across the
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membrane. Higher values are achieved with high hot feed
temperature and flow rates. The energy efficiency of the
AGMD module and the collector efficiency values reach
68% and 74% respectively. The interaction effects between
all the input parameters are evident in modeling the distil-
late flux whereas for efficiencies high variations are observed
due to the interaction effects of the feed inlet temperature
and changing climate conditions throughout the year in Ain
Temouchent weather. Besides, the brine that contains the high
salt concentration is completely dispensed with this process.

The simulation results show that a very simple AGMD
system with a total collectors area of 12.75 m? for the
production of 3-5 L/h of distilled water flow throughout
the entire year. To save costs, a photovoltaic system uses
depending renewable energy (solar energy). Therefore,
the energy needed calculates for the pumps and replaces
by two photovoltaic panels, each one has an area of
1.6 m? using an energy storage battery (12 V, 200 Ah)
via TRNSYS and PVGIS help programs. Accordingly,
the purpose of this study is the use of solar panels in the
photovoltaic system to produce the necessary electrical
energy. The AGMD system using solar energy for seawa-
ter desalination will be useful for further simulations or
applications of the technology. Finally, these types of proj-
ects that integrate renewable energy technologies with
additional services are in principle attractive in terms of
the associated socio-economic benefits.
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Symbols

C, —  Specific heat capacity of solar fluid, k] h

pr —  Feed flow rate, kg/h

I, — Distillate flux, kg/h

T —  Temperature, °C

M, —  Mass of distillate water, kg

S —  Effective membrane surface area of evapora-
tion, m?

Q.« —  Thermal energy supplied, kWh

t — Time, h

m, —  Solar fluid mass flow rate, kg/h

UA —  Overall loss coefficient between the heater and
its surroundings during operation, kg/h

C —  Capacity rate, kJ/h K

Q —  Heating rate of the heater, kg/h

T —  Brackish water average temperature, K

T, —  Settemperature of heater internal thermostat, K

T, —  Temperature of heater surroundings for loss
calculations, K

P. —  Power of the PV field

D —  Daily need, kWh/d

F —  Form factor

N —  Number of hour’s equivalent

G/t) —  Solar radiation incident on the solar-PV array in
the current time step, kW/m?

GT/STC —  Incident radiation at standard test conditions,
kW/m?

N, —  Autonomy number of days without radiation

P —  Discharge

Greek

€ —  Heat exchanger counter flow effectiveness

n —  Efficiency

Subscripts

in —  Inlet

out —  Outlet

h — Hot

c —  Cold

p —  Permeate

d —  Depth

hr —  Hour

loss —  Losses

max —  Maximum

min —  Minimum
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