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ABSTRACT. A promising water desalination system based on direct contact membrane distillation 

(DCMD) powered by flat plate solar collector (FPC) is proposed in the present study. The 

carried out system is modelized and simulated by using the commercial code TRNSYS. Doing 

this was possible by including a novel component able to simulate the physical behavior of the 

DCMD. The simulation of the solar distillation system has been done during the 21st june along 

a daylight of 10 hours under the meteorological conditions of Ain Témouchent city (Algeria).  

The results showed that the present model has a good agreement with the experimental data of 

the literature. The present desalination system allows to get a daily distillate production around 

42.86 l/d and the specific daily distillate production rate is 10.85 kg for each m2 of FPC. 

Furthermore, concerning the performance parameters, it was found that the solar fractions 

ranged from 0 to1 and the collector efficiencies was assessed 74%. 

RÉSUMÉ. La présente étude propose un système de dessalement de l'eau prometteur basé sur la 

distillation membranaire à contact direct (DCMD), alimenté par un capteur solaire thermique 

plan (FPC). Le système réalisé est modélisé et simulé à l'aide du code commercial TRNSYS. 

Cela a été possible en incluant un composant novateur capable de simuler le comportement 

physique du DCMD. La simulation du système de distillation solaire a été réalisée le 21 juin 

pendant 10 heures dans les conditions météorologiques de la ville de Ain Témouchent (Algérie). 

Les résultats ont montrés que le modèle actuel est en bon concordance avec les données 

expérimentales de la littérature. Le système de dessalement actuel permet d’obtenir une 

production quotidienne de distillats d’environ 42,86 l/jour et un taux de production quotidien 

spécifique de distillats égal à 10,85 kg pour chaque m2 de FPC. En plus, en ce qui concerne les 

paramètres de performance, il a été constaté que les fractions solaires sont dans la gamme de 

0 à 1 et que l’efficacité des capteurs était évaluée à 74% 

KEYWORDS: solar desalination, direct contact membrane distillation, flat plate solar collector, 

water treatment, TRNSYS. 
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1. Introduction  

Southern Mediterranean countries are facing a growing water scarcity. This 

shortage induces the need to increase the water supply via alternative sources. Rural 

and remote areas are particularly uncomfortable because they are often far from the 

municipal water systems and conventional sources, and often they are not connected 

with the electricity grid. There are opportunities to address the problem of water 

scarcity in rural and remote areas through sustainable saltwater desalination 

technologies.  

The desalination of seawater and brackish water is well-established industry 

consisting of a wide range of available technologies with decades of experience. Rural 

and remote region have specific needs, which imposes on us the choice of appropriate 

technologies. This includes a technical requirements related to a small-scale 

application using renewable sources of easy operation and maintenance. According to 

the little scale seawater desalination, the membrane distillation (MD) can be a great 

option especially in view of the possibility to use the solar thermal and low-grade heat 

directly as the primary source of energy (Schwantes et al., 2013; Khayet, 2013).  

Membrane Distillation is a half process that consolidates both thermal and 

membrane process. The Membrane has a direct contact with a seawater on the feed 

side and a fluid or vaporous stage on the permeate side. Therefore, can be 

characterized as a procedure for expelling water vapor from aqueous feed solution 

heated to a temperature under 100°C. The transfer force of the process is the difference 

in partial pressures between two sides of the membrane, which causes evaporation on 

the feed side (Schwantes et al., 2013; Khayet et al. 2013; Bahmanyar et al., 2012; 

Ashoor et al., 2016). Contingent upon the procedure arrangements, four different 

systems of MD have been distinguished (Bahmanyar et al., 2012 ; Ashoor et al., 2016): 

Direct Contact Membrane Distillation (DCMD) where a cold liquid is in coordinate 

contact with the layer at the permeate side; Air Gap Membrane Distillation (AGMD) 

where a stagnant air gap is kept up between the membrane and condensing surface; 

Vacuum Membrane Distillation (VMD) where a pump is employed to make the 

vacuum on the permeate side and subsequently the condensation happens outside the 

membrane module; and Sweep Gas Membrane Distillation (SGMD) in which the inert 

gas is typically used to sweep the vapors at the permeate side and after that to condense 

these vapors outside the membrane module.  

Among the previous cited configurations, DCMD is the most widely considered 

due to the straightforwardness to setup and the adequately high flux rate in 

examination with other MD configurations. In addition, membrane distillation is less 

membrane-fouling problem than the systems that use pressure as the reverse osmosis 

(RO) (Laissaoui et al., 2018). There are many modeling and experimental 

investigations of complex processes during DCMD operation including heat and mass 

transfer, operating parameters effects, pore size distribution air flux, flow rate, flow 
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velocities and feed temperature have been reported in the literatures (Chen et al., 2009; 

Izquierdo-Gila et al., 2008; Phattaranawik et al., 2003). 

Several experimental works dealing with solar desalination systems have been 

done. Among them, Francisco Suárez et al. (2015) whose carried out an experimental 

inquiry to decide the freshwater production rates and energy requirements of the 

coupled DCMD with salt-gradient solar pond (SGSP) system. The results showed that 

the average fresh water flux outputted is 1.0 L.hr-1m-2 of membrane which is 

equivalent to 1.16 10-3 m3/d per m2 of solar pond, in the other side, the DCMD/SGSP 

system produces a sustainable water flux approximately six times greater than the 

AGMD/SGSP system operating under similar conditions. Furthermore, 70% of the 

energy extracted from the SGSP was used to drive the thermal desalination and the 

rest was lost in various areas of the system.  

The experimental investigation of R. Gemma Raluy et al. (2012) presented a solar 

compact MD installed in Playa de Pozo Izquierdo (Gran Canary Island-Spain). Their 

results were obtained during 5 year experiment and data analysis demonstrated that 

the unit water production was ranged from 5 to 120 L/d and specific thermal energy 

consumption (STEC) was between 140 and 350 kWh/m3. Fawzi Banat et al. (2007) 

manufactured a little scale solar membrane desalination unit (SMADES) with the 

plant coordinates solar thermal and photovoltaic energy. The feed water is specifically 

warmed by solar thermal collector and afterward exchanged to spiral-wound AGMD 

module. The main results showed that the plant worked consistently up to 120 L/d, 

STEC was in the scope of 200-300 kWh/m3 and the solar collector efficiency reached 

45 %. 

Concerning the hypothetical examinations in view of operating parameters 

influence on the permeate flux, W.G. Shim et al. (2015) developed a mathematical 

model to predict permeate flux inside solar-DCMD system for seawater desalination 

which was studied under unsteady conditions, different types of 

polytetrafluoroethylene (PTFE) membranes, membrane properties (liquid inlet 

pressure “LEP”, pore diameter, porosity and pore size distribution) were characterized 

for each membrane. The results have given a good agreement between a numerical 

simulation and experimental outcomes, the experimental STEC ranged from 896 

kWh/m3 to 1433 kWh/m3 and the Gain output ratio (GOR) ranged from 0.44 to 0.70. 

The solar-DCMD system has been operated in Korea for more than 150 days of 

seawater desalination; while during the day, more than 77.3 % of the solar energy is 

supplied to the heating. Otherwise, Jianhua Zhang et al. (2011) implemented a simple 

mathematical model designed to incorporate the effects of membrane length, 

temperature and flow rate of feed fluid on flux of co-current and counter flow DCMD, 

based on the mass transfer coefficients and heat transfer coefficients obtained directly 

from the experimental results. The authors found a reasonable agreement with the 

experimental results.  

Amongst the most vital programming used as a part of this field, there is the 

transient system simulation program (TRNSYS) that used to simulate the solar-

DCMD process in order to develop and improve this domain, where few simulations 

have been carried out. Hung C. Duong et al. developed a TRNSYS model to simulate 
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the performance of an integrated solar thermal driven direct contact membrane 

distillation (DCMD) framework for seawater desalination utilizing recorded climate 

information from 1st to 5th January 1991 in New South Wales Australia. A spiral-

wound DCMD module connected to solar thermal collector composed of 10 flats. The 

results obtained from the simulation showed that distillate production is subject to the 

accessibility of solar radiation amid the day; in any case, a little framework can deliver 

more than 140 kg of distillate every day under genuine climate conditions. Gowtham 

Mohan et al. (2016) present a dynamic modeling using the TRNSYS simulator 

program to aim evaluate a new solar thermal polygonation (STP) system for cold 

creation by single stage LiBr-H2O chiller absorption, clean water (MD) and Domestic 

hot water is investigated with three diverse solar collectors - flat plate collectors (FPC), 

evacuated collector tube (ETC) and compound parabolic collector (CPC) for the 

climate conditions of the United Arab Emirates (UAE). The outcomes demonstrated 

that the most minimal recuperation time of 6.75 years is accomplished by STP with 

an ETC field with a gross zone of 216 m2. 

Juan et al. have experimentally evaluated the thermal, environmental and 

economic performance of a small-scale ethanol distillation system using solar energy 

by evacuated solar collector tube (ETC) and parabolic trough collectors (PTC) system 

with two different concentrations of ethanol at the feed stream (5 wt.% and 10 wt.%) 

were tested to acquire a distillate product of 95 wt.% ethanol (hydrous ethanol).The 

thermal analysis of the simulation demonstrated that PTC represents  a superior choice, 

where 80% and 71% of the energy investment funds can be accomplished by 5 % wt 

and 10% wt of ethanol respectively in the sustain stream. Luis Acevedo et al.(2016) 

built up a dynamic model TRNSYS to design a providing power system by coupling 

photovoltaic/thermal collectors (PVT) and a wind turbine (WT), the aim of this study 

is to produce a domestic hot water (SHW) from PVT and ETC and freshwater (FW) 

that obtained through two seawater desalination systems (MD and RO), whereas a 

new type of MD system has been integrated in TRNSYS program. The primary 

outcomes showed that the MD system produced up to 15,311 L/year and cover an 

electrical energy request of 1890 kWh. Moreover, the system outputted SHW, FW 

and power coverage by 99.3 %, 100 % and 70 % consecutively.  

From recent studies (Schwantes et al., 2013; Raluy et al., 2012; Banat et al., 2007; 

Pal et al., 2010), the authors reported only the solar driven DCMD motionless 

seawater desalination systems, which supplies nearby areas with potable water. 

Nevertheless, requires financial liquidity to supply the surrounding areas from the 

station site. In this case, there is a huge need to use a solar-DCMD system mobile. 

Through extensive existing studies of small-scale solar-DCMD system, which 

requires a small value of hot water and thus can be achieved in areas with a medium 

temperature following the literatures. 

The previous studies lacked to give complete simulations of a solar energy and 

DCMD systems that allows finding the optimization of a little scale seawater solar 

desalination, which can be useful for mobile DCMD solar installations with 

production of drinking water. The objective of the present study is to conduct 

numerically a mobile small size system with DCMD for brackish water desalination 

and application in order to provide the areas which are far from drinking water sources 
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and electric power, whereas the combination of the solar energy systems is used to 

produce simultaneously the thermal energy for heating the brackish water and 

desalinated water. According to that, the following technologies are in the same time 

incorporated into the system: Solar brackish water Heating system with FPC and 

DCMD for desalination. This numerical inquiry includes; (i) creation of a novel 

TRNSYS component of DCMD system by Fortran software, (ii) heat and mass 

transfer analysis through the membrane; (iii) Assess the performance of the solar 

thermal driven DCMD process.  

2. Mathematical modelling  

2.1. Membrane modeling  

The membrane distillation process is governed by different heat and mass transfer 

formularizations that occur at both feed side of the membrane and permeate side. The 

mass transfer occurs through the pores of the membrane while the heat is transferred 

through both the membrane and its pores. 

Fig.1 shows a 2D schematic plan of DCMD heat and mass transfer mechanism, 

the mass flux 𝐽𝑤 (L.m-2.hr-1) of water can be written as a linear function of the vapor 

pressure difference across the membrane and the membrane mass transfer coefficient  

𝐵𝑚 (L.m-2.hr-1.Pa-1) (Phattaranawik et al., 2003; Qtaishat et al., 2008; Eleiwi et al., 

2016) given by:  

𝐽𝑤 = 𝐵𝑚(𝑃𝑚𝑓 − 𝑃𝑚𝑝)                                           (1) 

Where Pmf and Pmp are the partial pressures in feed and permeate sides (Pa) as a 

function of the temperature on the feed (Tmf) and permeate (Tmp) at the membrane 

surface (oC) that can be calculated with Antoine equation:  

𝑃𝑚𝑓,𝑝 = exp⁡(23.1964 −
3816.44

𝑇𝑚𝑓,𝑝+227.04
)                       (2) 

The heat transfer involved in DCMD can be divided into three regions (Ashoor et 

al., 2016; Eleiwi et al., 2016): 

(1) Convective thermal transfer in the feed boundary layer. 

(2) The combination of the conduction heat transfer across the membrane 

and the heat transferred due to the migration of water vapor through the 

pores of the membrane (Sharqawy et al., 2010).  

(3) Convective thermal transfer in the permeate boundary layer. 

In the stationary state, the overall flow of heat transfer Q (W.m-2) across the entire 

DCMD system is given by (Bui et al., 2010): 
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𝑄 = (
1

ℎ𝑓
+

1

ℎ𝑚+
𝑗𝑤∆𝐻𝑣

𝑇𝑚𝑓−𝑇𝑚𝑝

+
1

ℎ𝑝
)−1(𝑇𝑏𝑓 − 𝑇𝑏𝑝)                       (3) 

As a result, the overall heat transfer coefficient U  (W.m-2K-1) for the DCMD 

process is expressed as follows (Bui et al., 2010): 

𝑈 = (
1

ℎ𝑓
+

1

ℎ𝑚+
𝑗𝑤∆𝐻𝑣

𝑇𝑚𝑓−𝑇𝑚𝑝

+
1

ℎ𝑝
)−1                                        (4) 

In the equations above, hf  is the feed boundary layer heat transfer coefficient 

(W.m-2K-1), hp is the permeate boundary layer heat transfer coefficient (W.m-2K-1), 

∆Hv is the latent heat of vaporization (J.L-1) (Sharqawy et al., 2010), hm is the thermal 

transfer coefficient of the hydrophobic membrane (W.m-2K-1) which can be calculated 

from the  membrane  thermal conductivity km (W.m-1 K-1) (Amir et al., 2012) and δm 

the  membrane thickness (m). 

The temperatures 𝑇𝑚𝑓 and 𝑇𝑚𝑝 at the surfaces of the membrane can be estimated 

as (Amir et al., 2012; Sharqawy et al., 2010; Martinez-Diez et al., 1999): 

𝑇𝑚𝑓 =
𝑘𝑚(𝑇𝑏𝑝+

ℎ𝑓

ℎ𝑝
𝑇𝑏𝑓)+𝛿𝑚(ℎ𝑓𝑇𝑏𝑓−𝐽𝑤∆𝐻𝑣)

𝑘𝑚+ℎ𝑓(𝛿𝑚+
𝑘𝑚
ℎ𝑝

)
                                   (5) 

𝑇𝑚𝑝 =
𝑘𝑚(𝑇𝑏𝑓+

ℎ𝑝

ℎ𝑓
𝑇𝑏𝑝)+𝛿𝑚(ℎ𝑝𝑇𝑏𝑝+𝐽𝑤∆𝐻𝑣)

𝑘𝑚+ℎ𝑝(𝛿𝑚+
𝑘𝑚
ℎ𝑓

)
                                 (6) 

Where 𝑇𝑏𝑓and 𝑇𝑏𝑝 are the bulk temperature on the feed and permeate sides (K).  

 

Figure 1. Heat and mass transfer through a DCMD membrane 
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A simple model based on the mass transfer coefficient Cglobal(L.hr-1.m-2.pa-1) and 

overall heat U  (J.hr-1m-2K-1) related membrane properties to verify the effect of 

membrane length, temperature and velocity on the heat and mass flow. This model 

has been compared to the experimental and modelling results of Jianhua Zhang et al. 

(2011) by using the mass transfer coefficient and global heat at the same flow rate as 

present following the adjustment equations (Zhang et al., 2011): 

𝑈 = −5248𝑉2 + 4735.7𝑉 − 36.036                                (7) 

𝐶𝑔𝑙𝑜𝑏𝑎𝑙 = −0.004𝑉2 + 0.0053𝑉 − 0.0001                       (8) 

For simplify the model, it is assumed that (Jianhua Zhang et al., 2011): 

-The heat exchanged to the environment through the wall of the module can be 

ignored.  

-As indicated by Lunnon (1912), the latent heat of evaporation and condensation 

does not change with concentration.  

-𝐶𝑔𝑙𝑜𝑏𝑎𝑙  And 𝑈 are constant for a given membrane at a steady rate.  

-There is no temperature slope across the membrane perpendicular to the direction 

of flow. 

-By adjusting the mass exchange, the permeate mass going through the membrane 

can be neglected. 

-By balancing the heat transfer, the sensible heat passed by the permeate can be 

neglected. As indicated by these assumptions, the mass flux can be expressed as 

follows: 

𝐽𝑤 = 𝐶𝑔𝑙𝑜𝑏𝑎𝑙(𝑃𝑏𝑓 − 𝑃𝑏𝑝)                                                   (9) 

Where 𝑃𝑏𝑓  and 𝑃𝑏𝑝  are the partial pressures of the water (Pa) respectively as a 

function of the temperature on the feed side 𝑇𝑏𝑓  and permeate side 𝑇𝑏𝑝 ; these 

pressures are defined as follows (Shim et al., 2015): 

𝑃𝑏𝑓,𝑝 = exp (23.1964 −
3816.44

𝑇𝑏𝑓,𝑝+227.04
)                               (10) 

Figure 2 shows the heat and mass transfer of a co-current DCMD in a flat sheet 

module, the heat change in the hot side, cold side and membrane can be described as 

follows (Zhang et al., 2011): 

𝐶𝑝,𝑓�̇�𝑓(𝑇𝑓,𝑖+1 − 𝑇𝑓,𝑖) = −[𝑈(𝑇𝑓,𝑖 − 𝑇𝑝,𝑖)𝑑𝐴 +⁡𝐽𝑤∆𝐻𝑣𝑑𝐴] = 𝐶𝑝,𝑝�̇�𝑝(𝑇𝑝,𝑖 −

𝑇𝑝,𝑖+1)                                                                                                           (11) 

Cp,f and Cp,p are the feed and permeate specific heat capacity (kJ.kg-1K-1), dA =

wdx  where A⁡ membrane area (m2), w  is the membrane width (m), the feed 

temperature change is calculated as: 
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∆𝑇𝑓,𝑖 = −
[𝑈(𝑇𝑓,𝑖−𝑇𝑝,𝑖)+𝐽𝑤∆𝐻𝑣]𝑤𝑑𝑥

𝐶𝑝,𝑓⁡�̇�𝑓,𝑖
                                     (12) 

The permeate temperature change is calculated as: 

∆𝑇𝑝,𝑖 =
[𝑈(𝑇𝑓,𝑖−𝑇𝑝,𝑖)+𝐽𝑤∆𝐻𝑣]𝑤𝑑𝑥

𝐶𝑝,𝑝⁡�̇�𝑝,𝑖
                                       (13) 

Cglobal And U are assumed to be constants, the feed and permeate temperatures at 

the (i + 1)th⁡station can be calculated by: 

𝑇𝑓,𝑖+1 = 𝑇𝑓,𝑖 − ∆𝑇𝑓,𝑖                                                  (14) 

𝑇𝑝,𝑖+1 = 𝑇𝑝,𝑖 − (
𝑚𝑓

𝑚𝑝
)∆𝑇𝑓,𝑖                                             (15) 

The mass and heat flux transfer at the (i⁡ + ⁡1)th⁡station can be determined as 

follows: 

𝐽𝑖+1 = 𝐶𝑔𝑙𝑜𝑏𝑎𝑙(𝑃𝑓,𝑖+1 − 𝑃𝑝,𝑖+1)                                     (16) 

𝑄𝑖+1 = 𝑈(𝑇𝑓,𝑖+1 − 𝑇𝑝,𝑖+1)                                            (17) 

From which the total mass and heat flux transfer of the membrane can be 

calculated as: 

𝐽 =
∑ 𝐽𝑖𝑊∆𝑥𝑁
𝑖=0

𝐴
                                                       (18) 

𝑄 =
∑ 𝑄𝑖𝑊∆𝑥𝑁
𝑖=0

𝐴
                                                         (19) 

The algorithms calculations of the DCMD procedure are given in Figure 3 for co-

current. The computation begins from the feed inlet end (x0 = 0) and completions at 

the concentrate outlet end (xN = L) of the DCMD module. 

 

Figure 2. The heat and mass transfer of a co-current DCMD in a flat sheet module 
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Figure 3. The algorithms calculations of the DCMD model for co-current flow 

2.2. Solar distillation system 

The proposed model for freshwater production from brackish water and thermal 

energy is a combination of direct Contact Membrane Distillation (DCMD) and flat 

plate solar collector (FPC) as shown in Fig 4. The fundamental solar distillation 

system is made out of solar thermal collector, auxiliary heater, heat exchanger, pump 

and DCMD module. 

The thermal energy is provided from a solar collector which captures the solar 

energy transmitted by radiation and transferred it to the heat transfer fluid (in the 

present we use propylene glycol, that its Cp=3.708 kJ.kg-1.K-1) in the form of heat; 

these heat transfer fluids coming into contact with a counter current tubular heat 

exchanger to transfer its heat to the brackish water and to ensure an ideal temperature 

for the DCMD process is used an auxiliary heater. The system consists mainly of 

principal subsystems:  

(1) Solar thermal loop.   

(2) The DCMD module.  

(3) Power loop (production, regulation and consumption). 

The heat transfer fluid (HTF) is assumed as an extremely huge part in a solar 

collector system. In an SBH (solar brackish water heating) framework, HTF absorbs 

the thermal energy in the collector and transmits it through the heat exchanger to the 

brackish water. The HTF properties such as boiling and solidification point, flash 

point, viscosity, and thermal capacity assume a part in the choice of a working liquid 

for an SBH system. For instance, an SBH system individually will require an HTF 
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with a low freezing point and a high boiling point in cold and hot climates. The most 

portion of the regular HTFs utilized are air, water, hydrocarbon oils, Glycol/water 

blend, and refrigerants/stage change fluids (Shukla et al., 2013). 

 

Figure 4. Schematic diagram of the solar DCMD system 

2.2.1. Flat plate solar collector (FPC) 

The solar thermal collectors utilize the accessible solar energy to heat an HTF. The 

following equations are the basic equations for the useful collector energy and for the 

collector efficiency (Cao et al., 2014). 

𝑄𝑢 = �̇�𝑓𝑠𝐶𝑝,𝑓𝑠(𝑇9 − 𝑇8)                                            (20) 

Where Qu presents the heat collected by solar collector (Kj.hr-1),⁡T8 and T9 are the 

inlet and outlet temperature of the solar fluid (K),⁡ṁfs is the solar fluid mass flow rate 

(kg.hr-1) and Cp,fs⁡is the specific heat capacity of solar fluid (kJ.kg-1K-1) 

The solar collector thermal efficiency ηcoll  can be expressed by the following 

equation (Mohan et al., 2016): 

𝜂𝑐𝑜𝑙𝑙 =
𝑄𝑢

𝐴𝑐⁡𝐺𝑇
= 𝜂0 − 𝑎1

(𝑇𝑎𝑣−𝑇𝑎𝑚𝑏)

⁡𝐺𝑇
− 𝑎2

(𝑇𝑎𝑣−𝑇𝑎𝑚𝑏)
2

⁡𝐺𝑇
⁡            (21)  

Where GT is the incident total solar radiation (kJ.hr-1.m-2), Ac is the collector gross 

area (m²), η0 is the optical efficiency,⁡a1 is the global heat loss coefficient (kJ.hr-1.m-

2.K-1) and a2 is the temperature dependence of the global heat loss coefficient (kJ.hr-

1.m-2.K-2); ⁡Tamb  Ambient temperature (°C) and Tav  is the average collector fluid 

temperature (°C). Such parameters are accessible for tried collectors that obtained 

experimentally and generally given by the maker and associations capable of 

confirming these values. 

2.2.2. Auxiliary heater 

The chosen auxiliary devices are important to supply additional heating energy to 

the proposed systems. Generally, these apparatuses are an electric auxiliary heater 
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supplied via photovoltaic (PV) power, which is a source of continuous electrical 

energy that converted into an alternating current using an inverter. The excess energy 

produced is stored in batteries. The radiator is intended to add heat to the seawater at 

a rate not exactly or equivalent to Qmax (kJ.hr-1). The auxiliary heater operation is 

described from the rate of heat addition to the brackish water Qfluid (kJ.hr-1), the 

thermal rate losses from heater to environment Qloss(kJ.hr-1) and required heating rate 

including efficiency effects Qaux(kJ.hr-1): 

𝑄𝑓𝑙𝑢𝑖𝑑 = �̇�𝑏𝑤𝐶𝑝,𝑏𝑤(𝑇𝑠𝑒𝑡 − 𝑇2)⁡                                           (22) 

𝑄𝑙𝑜𝑠𝑠 = 𝑈𝐴(�̅� − 𝑇𝑒𝑛𝑣) + 𝑄𝑚𝑎𝑥(1 − 𝜂𝑎𝑢𝑥)⁡                        (23)  

With: �̅� =
𝑇3+𝑇2

⁡2
  

𝑄𝑎𝑢𝑥 = 𝑄𝑓𝑙𝑢𝑖𝑑 + 𝑄𝑙𝑜𝑠𝑠 ⁡                                                 (24) 

Where ṁbw brackish water mass flow rate (kg.hr-1),⁡Cp,bw brackish water specific 

heat (kJ.kg-1.K-1), UA overall loss coefficient between the heater and its surroundings 

during operation (kJ.hr-1), Tset  set temperature of heater internal thermostat 

(C),⁡Tenv⁡temperature of heater surroundings for loss calculations (°C), T2 and T3 are 

the inlet and outlet brackish water temperature (°C), T̅  brackish water average 

temperature (°C) and ηaux efficiency of auxiliary heater.   

The solar fraction⁡SF (or solar share), represent the ration of the provided energy 

by the solar collector to the totale required energy for the fonctioning of desalination 

system (Cao et al., 2014) is in this way: 

𝑆𝐹 =
𝑄𝑢

⁡𝑄𝑢+𝑄𝑎𝑢𝑥
⁡                                                          (25) 

2.2.3. Heat exchanger 

In Solar brackish water Heating system, the heat exchanger (HX) is utilized to 

transfer absorbed solar heat from the working fluid to the brackish water. The counter 

flow heat exchanger is included in modeling of the system. Below is the general 

equation for calculating the steady-state heat transfer in the heat exchanger: 

Total heat transfer rate across heat exchanger Phx(kJ.hr-1) is calculated by: 

𝑃ℎ𝑥 = 𝑈𝐴⁡𝐿𝑀𝑇𝐷 = �̇�𝑏𝑤𝐶𝑝,𝑏𝑤(𝑇2 − 𝑇1) = �̇�𝑓𝑠𝐶𝑝,𝑓𝑠(𝑇7 − 𝑇9) =

𝜀ℎ𝑥⁡�̇�𝑏𝑤𝐶𝑝,𝑏𝑤(𝑇9 − 𝑇1)                                          (26) 

Whereas UA  overall heat transfer coefficient of exchanger (kJ.hr-1), 

�̇�𝑏𝑤𝐶𝑝,𝑏𝑤⁡capacity rate of fluid on cold side (kJ.hr-1),⁡ṁfsCp,fs capacity rate of fluid 

on hot side (kJ.hr-1), T1 and T2 are the brackish water inlet and outlet temperature (C), 

T9  and T7  are the solar fluid inlet and outlet temperature (C) and ⁡LMTD  the 

logarithmic mean temperature difference. 

Heat exchanger effectiveness⁡𝜀ℎ𝑥 is calculated by:  
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𝜀ℎ𝑥 =
1−𝑒𝑥𝑝(

−𝑈𝐴

�̇�𝑏𝑤𝐶𝑝,𝑏𝑤
(1−

�̇�𝑏𝑤𝐶𝑝,𝑏𝑤

�̇�𝑓𝑠𝐶𝑝,𝑓𝑠
))

1−
�̇�𝑏𝑤𝐶𝑝,𝑏𝑤

�̇�𝑓𝑠𝐶𝑝,𝑓𝑠
⁡𝑒𝑥𝑝(

−𝑈𝐴

�̇�𝑏𝑤𝐶𝑝,𝑏𝑤
(1−

�̇�𝑏𝑤𝐶𝑝,𝑏𝑤

�̇�𝑓𝑠𝐶𝑝,𝑓𝑠
))

⁡                               (27) 

2.2.4. Direct contact membrane distillation (DCMD) 

The efficiency of a desalination plant in view of distillation is characterized 

regarding consumed of thermal energy. There are two primary definitions to introduce 

this efficiency: Gain output ratio (GOR) is defined as the ratio between the evaporation 

latent heat ΔH(kJ.kg-1) (Martinez-Diez et al., 1999) multiplied by the distilled water 

produced ṁd (kg.hr-1) and the heat input to the system Qinput (kJ.hr-1) (Raluy et al., 

2012; Duong et al., 2015). 

𝐺𝑂𝑅 =
�̇�𝑑𝛥𝐻

𝑄𝑖𝑛𝑝𝑢𝑡
⁡                                                     (28) 

3. System simulation using TRNSYS 

3.1. TRNSYS model 

Tableau 1. The components of the Transys17 simulation programs 

Component Type 

Flat plate solar thermal collector 

Pump 

Weather data reading and processing 

Heat exchanger 

Auxiliary heater 

Control signal 

Mains brackish water supply profile 

Mains freshwater supply profile 

Mains brackish water supply temperature 

Mains freshwater supply temperature 

DCMD 

Online plotter 

Integrator 

Printer 

TYPE73 

TYPE110 

TYPE15-6TM2 

TYPE5b 

TYPE6 

TYPE14h 

TYPE14h 

TYPE14h 

TYPE14e 

TYPE14e 

New TRNSYS component- TYPE223 

TYPE65c 

TYPE24 

TYPE25c 

 

The system described in the previous section was dynamically simulated by 

transient systems simulation (TRNSYS 17). Every component model is subroutines 

("Type") that exists in the standard library of TRNSYS. Table 1 demonstrates the 

devices and the corresponding simulation subroutine (Type). Once all the components 
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of the system have been identified and a mathematical description of each component 

is available, the main components of this model are described and shown in Table 1. 

TRNSYS software is utilized for analyzing the performance of the system, as the 

whole system is modeled as shown in Figure 5. 

 

Figure 5. Solar thermal and DCMD systems modeled in TRNSYS 17 

Flat plate collectors (FPC) are simulated using the Type 73 model available in the 

TRNSYS library. TRNSYS simulation program is employing the standard second-

order collector performance. Type110 model is a variable speed pump that can keep 

up any outlet mass flow rate in the vicinity of zero and uttermost value. The mass flow 

rate of the pump differs directly with control signal setting. The fluid solar is pumped 

from 8 am to 6 pm consistently. We must force the mass flow rate on the pump by 

sending a period changing control signal with Type14h. 

 

Figure 6. Feed water load variation during the day 

Type 14 forcing functions were utilized few times in the model to enter mains 

brackish water and freshwater supply temperature (Type 14e), mains brackish water 

and freshwater supply profile (Type 14h) and control signal. The process was operated 
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at constant distillate water circulation rates (36 L/hr) and distillate temperature (25°C), 

the feed water circulation flow rates of this module shown in Figure 6 and the feed 

water temperature (25°C). 

The auxiliary heater (Type 6) has an extreme power of 1388.9 W and losses of 

charge not to be considered. The set point is 60°C. The climate data TM2 (Typical 

Meteorological File) used is the one of the regions of Ain Temouchent-Algeria. The 

simulation of the solar distillation system consists of 10 h per day; in this study the 

representative day selected to done the simulation was 21st jun. 

Tables 2, 3 and 4 show parameters values of the auxiliary heater, pump and solar 

collectors respectively used in the TRNSYS model. 

Table 2. Input parameters of the auxiliary heater for TRNSYS simulation 

Parameters Value Unit 

Maximum heating rate 

Specific heat of fluid 

Overall loss coefficient for heater during operation 

Efficiency of auxiliary heater 

The set point temperature 

5000 

4.190 

0 

1 

60 

kJhr-1 

kJkg-1K-1 

kJhr-1K-1 

- 

°C 

Table 3. Main input parameters of the flat plate solar collector for TRNSYS 

simulation (Ayompe et al., 2011) 

Parameters Value Unit 

Number in series  

Collector absorber area  

Fluid specific heat  

Tested flow rate  

Intercept efficiency  

First order efficiency coefficient  

Second order efficiency coefficient  

Maximum flow rate  

Collector slope Degrees  

Absorber plate emittance  

Absorbance of absorber plate  

Number of covers  

Index of refraction of cover  

Extinction coefficient thickness product 

2 

3.95 

3.708 

80 

0.776 

14.22 

0.0594 

212 

53 

0.7 

0.8 

1 

1.526 

0.28 

- 

m2 

kJkg-1K-1 

kghr-1m-1 

- 

kJhr-1m-2K-1 

kJhr-1m-2K-2 

kghr-1 

Degrees 

- 

- 

- 

- 

- 
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Table 4. Input parameters of pump for TRNSYS simulation (Ayompe et al., 2011) 

Parameters Value Unit 

Rated flow rate  

Fluid specific heat capacity  

Rated power   

212 

3.708 

226.8 

Kg.hr-1 

kJ.kg-1K-1 

kJ.hr-1 

3.2. Creation of a DCMD type in TRNSYS environment  

The simulation run using TRNSYS17 software has been executed via injected a 

new programed component; in particular TYPE 223 is added to the standard library. 

This new TYPE is committed to a desalination unit DCMD. This component is written 

by FORTRAN language. Table 5 shows a various parameters value for the DCMD 

model.  

Table 5. Parameters for the DCMD model (Zhang et al., 2011) 

Parameters Value Unit 

Membrane material 

Membrane length  

Pore size  

Contact angle  

membrane area  

membrane Width   

Specific heat of freshwater   

Specific heat of feedwater 

feed water speed 

Salinity   

PTFE 

0.145 

1 

126 

0,0136 

0.1 

4190 

4190 

0.4 

10 

- 

m 

µm 

Degrees 

m2 

m 

J.kg-1K-1 

J.kg-1K-1 

m.s-1 

gNaCl.Lwater-1 

4. results and discussion 

4.1. Validation of the DCMD model 

In order to validate our numerical predictions based on the new TRNSYS 

component (DCMD unit); we have studied the system designed by Zhang, (2011) 

from co-current configurations for a velocity of 0.4 m.s-1. The cold inlet temperature 

was kept constant at 20 °C and the hot inlet temperature is assumed higher than 60 °C, 

the Perspex module with membranes different lengths were used here. Fig. 7 shows 

the comparison between the given experimental results (Zhang, 2011) and the 

numerical results obtained from the model used in the present investigation. It can be 

noticed that the permeate flux predicted by the present model has a good agreement 
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with the experimental data. The average difference between the permeate fluxes 

provided by the present model (modeling) and experiment is 8% for the Membrane 

effective length at 0.07 m. This discrapency between predicted permeates fluxes and 

experimental data is also find by Zhang, (2011) and could be justified by: the 

experimental error and different empirical equations which are used for the modeling.  

 

Figure 7. Validation of the numerical model at (T5=20°C, T3=60°C, V=0.4m.s-1) 

with Jianhua Zhang. (2011) experimental result 

The model was also verified with temperature profile. Fig. 8 shows the comparison 

between the given numerical results (Jianhua Zhang et al., 2011) and the present 

numerical results which use the same numerical model. It is clear that the both 

numerical results fit well, as they are from the same analytic model. In this figure (Fig. 

8), the temperature profile of the feed side and the permeate side along the membrane 

module in co-current flow mode are depicted under the following conditions: The 

permeate temperature (T5) of 20˚C, the inlet feed temperature (T3) of 60˚C; flow 

velocity of the fluids 0.4 m.s-1 and the PTFE membrane effective length is 0.145 m. 

These results predict local temperatures on both sides of the membrane approach each 

other at different lengths of membranes. From the plot, we notice that the temperature 

of permeate side is increasing, in contrast of the feed side which is decreasing. 

Moreover, the temperature gradient between the fluid on both sides is converged from 

the inlet to the outlet of the membrane.  

 

Figure 8. Validation of the numerical model at: (L=0.145 m, V=0.4m/s, T5=20°C 

and T3=60°C) 
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4.2. Results and discussion for the solar distillation system 

In order to run a simulation for the selected represetatif day (Jun 21st), in the 

subject to predict the performance of the SBH system, a typical Meteorological Year 

of Ain Temouchent (TMY) is used at GMT1 time zone, latitude 35.306 0N and 

longitude -1.147 0E were used. Fig. 9 demonstrates the variation of hourly values of 

solar radiation, ambient temperature and wind speed. The most extreme estimations 

of solar radiation were 920 W.m-2 during this day. The greatest ambient temperatures 

were 29.45°C. 

 

Figure 9. Solar radiation, ambient temperature and wind speed during the day 21st 

June 

Figure 10 shows the plots of the mass flow rate and the solar fluid temperature 

trough the heat exchanger, and the solar fluid temperature in the inlet (T8) and outlet 

(T9) of FPC respectively (see Fig.4).  

In this system, the HTF (propylene glycol, Fraction of glycol=0.4, Cp=3.708 

kJ.kg-1.K-1) flow usually be through the collector loop by forced convection according 

to a variable speed pump, where the maximum mass flow rate of the HTF is assumed 

as constant value 100 kg.hr-1 during the function time period of the pump. Various 

results are obtained from these plots as follow:  

(1) The solar radiation and ambient temperature have a positive effect on the 

HTF temperature that has reached the uttermost value of 79.44°C at the 

outlet of FPC in the tested days. 

(2) A temperature curve at the pump inlet applies entirely to the temperature 

curve at its outlet; in the fact this is due to the objective of pump works to 

lifting the flow velocity, not to change the HTF temperature. The highest 

value for them is 76.36 °C. 

(3) The mass flow rate variation has a positive influence on SF. 

(4) One of the most important factors that contribute to increase the 

temperature is the use of new type HTF fluid with a low freezing point and 

a high boiling point in cold and hot climates, increase in the collector gross 

area or change the HTF mass flow rate with solar radiation. 
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Figure 10. Solar fluid mass flow rate and temperatures for the FPC system in the 

tested days 

Figure 11 illustrates the energy of the solar radiation (GT) and the energy supplied 

by the solar collector (Qu) that is provided to HTF and energy provided by the 

auxiliary heat to the brackish water (Qaux) for each hour during the 21st June. The 

results of the simulation indicate during the time interval 8am to 6pm that the solar 

energy fluctuated in the range 121.97 kJ.hr-1.m-2-1040.26 kJ.hr-1.m-2 and the energy 

supplied by the solar collector is between 8.58 kJ.hr-1 and 2783.25 kJ.hr-1, whereas the 

auxiliary heating consumed a highest value of 2763.59 kJ.hr-1. This means that the 

high value of the solar radiation leads to minify the intervention of the auxiliary heater 

to augment the brackish water temperature until 60 °C. From this plot it appears that 

the auxiliary energy reaches very high values, this is due to that the fluid solar is 

pumped from 8 am (equivalently 4112 hr) to 6 pm (equivalently 4122 hr). Thus, the 

energy provided to the brackish water from 6 am (equivalently 4122 hr) to reach the 

temperature 60 °C is purely from the electric heater.  

According to the Figure 12, the solar fraction ⁡SF , the heat exchanger 

effectiveness⁡𝜀ℎ𝑥 and the solar collector thermal efficiency ηcoll for the FPC systems 

are presented. The SF is in the range 0 ≤SF≤ 1, the solar savings fraction gets zero '0' 

value for no solar energy utilization, and have the value 1 when the energy is provided 

only via solar way. For intermediate values different from 0 and 1, the pump and 

auxiliary heater work together. Concerning solar collector thermal efficiency ηcoll , 
its maximum value in our case is 0.74 (i.e. 74%). This value is in concordance with 

the common value in range 60-80% for most thermal solar collectors. The heat 

exchanger effectiveness⁡𝜀ℎ𝑥 is also confined between 0 and 1, representing the ratio 

of energy converted from the working fluid to the seawater and the maximum possible 

heat transfer rate for the given flow and temperature conditions. The zero value 

signifies the period intermission of the pump work, whereas for the value 1, the solar 

fluid energy is transferred to the seawater. 
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Figure 11. The solar radiation (GT), the energy supplied by the solar collector (Qu) 

and the auxiliary heat to the brackish water (Qaux) for a specific time (June 21st) for 

𝑇3 = 60°𝐶, 𝑇5 = 25°𝐶 

 

Figure 12. Solar fraction⁡𝑆𝐹, heat exchanger effectiveness⁡𝜀ℎ𝑥 and FPC efficiencie 

𝜂
𝑐𝑜𝑙𝑙

.  

Figure 13 shows the total heat transfer rate across heat exchanger and the power 

consumed by the pump for each hour during the 21st June. It can be seen that the power 

consumed by the pump 𝑃𝑝𝑢𝑚𝑝  remains constant and equal to 226.8 kJ.hr-1, this is 

because the solar fluid mass flow rate is constant within the closed cycle. The total 

heat transfer rate across heat exchanger Phx is ranged between 565.49 kJ.hr-1 and 

2795.13 kJ.hr-1, this parametre is proportionnelly to the solar radiation variation. In 
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addition, in the first half daylight between 8am to 14pm (4110 hr to 4116 hr), the Phx 

increasing until reach a high value and this due to the rise of Qu of solar fluid. Whereas, 

for the second half daylight from the time 4117 hr, the Phx decreases due to diminution 

of solar radiation and Qu. 
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Figure 13. Total heat transfer rate across heat exchanger and the power consumed 

by the pump for characteristic day 

Fig. 14 displays the variation of the useful collector energy, the energy supplied 

by of auxiliary heater, heat transfer rate across heat exchanger and the power of pump 

during the 21st June. It appears the same behavior obtained previously in Fig. 11 and 

13. It is clear that when the solar radiation ratio is high, the useful heat collected by 

solar collector is above the auxiliary heat added by electric heater, this leads to raise 

the solar fraction. However, the use of the auxiliary heat during the solar radiation 

weakness allows the reduction of the solar fraction and a high energy added to 

brackish water to reach the the needed temperature of the MD (60°C). 

Concerning the profil of temperature and mass flow rate along the desalination 

unit (shown in Fig. 4), the cycle starting from the input of the heat exchanger (T1) that 

is constant 25 °C, but inside the tubes of heat exchanger, the seawater absorbs the 

useful energy loaded in the HTF which leads to increase the temperature to the 

extremely value (T2) of 60 °C. Most of the time, the brackish water temperature 

remains below the value required to be distilled, therefore it is heated by auxiliary 

heater until reaches the temperature at least 60°C and moore than 80°C at output (T3). 

After that, the brackish water loses energy inside DCMD system, causing a decrease 

of brackish water temperature T4 at outlet feed side and increase of freshwater 

temperature T6 at outlet permeate side from 25 °C to 36.15 °C (which has been 

introduced at a steadfast temperature T5 of 25 °C).  

The mass flow rate highest values of the permeate and concentrate were 36.10 
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kg.hr-1 and 24 kg.hr-1 respectively. These values are significantly higher; therefore, 

can be reused with brine recycling or with multi-stage DCMD system. 

 

Figure 14. Variation of the the useful collector energy, the energy supplied by of 

auxiliary heater, the heat transfer rate across heat exchanger and the power of 

pump (June 21st) for 𝑇3 = 60℃, 𝑇5 = 25℃ 

The Fig. 15 presents the temperatures variations at inlet and outlet (T4 and T6) of 

DCMD system, then the total mass and heat flux transfer of the membrane during a 

summer day (June 21st). At feed side, the brackish water inlet temperature (T3) is in 

the range 60-79.22°C (not shown here). The brackish water outlet temperature (T4) 

fluctuates in range 43-25°C. Thus, at permeate side, freshwater inlet temperature (T5) 

was about 25 ºC and outlet one (T6) varies from 25 °C to 36.15 °C. The maximum 

production flux of the permeate is 6.955 L.hr-1. The quality of the total heat flux 

transfer through the membrane was high 3.15 107 KJ.hr-1m-2. 

 

Figure 15. Variation of temperatures curves at inlet and outlet of DCMD system, the 

permeate total mass flow (gk/hour) and heat flow transfer of the membrane with 

time during 21st June 
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Table 6. Comparisons between the simulated DCMD system and the data from the 

literature 

 

Simulated 

data from 

the present 

study 

Pilot data from the literature 

  
(Hung 

et al.)  

(Banat et 

al.)  

(Fath 

et al., 

2008)  

(Koschikowski 

et al., 2003)  

Configurations 

flat-sheet  

DCMD 

module 

spiral-

wound 

DCMD 

module 

PGMD 

(permeate 

gap 

membrane 

distillation) 

PGMD AGMD 

Membrane area (m2)  0.0136 7.2 10 - 8 

Thermal collector 

area (m2)  
3.95 22.6  5.73 5.73 5.9 

Daily distillate 

production (kg/d) 
42.86 142 <120 64.17 81 

Distillate 

production/collector 

area  

(kg/(m2d) collector) 

10.85 6.3 <20.9 11.2 13.7 

 

Referring to the simulation results obtained from the current solar DCMD model, 

it is observed that are comparable with previous studies as shown in table 6. The 

distillate production per membrane area reaches its highest value compared with 

plants with other technolgies membrane (see table 6). On the other hand the distillate 

production per collector area is in the range of other types of membrane (see table 6). 

It can be also noted that we have used the collector area and the membrane area less 

small compared to those of the studies shown in table 6. However, values of daily 

distillate production of the present study are 42.86 l/d, which is so important for such 

means that used in the present investigation. 

Figure 16 illustrates the Gain output ratio GOR of DCMD system. It is an important 

parameter in the thermal desalination processes. Typically, in the DCMD processus 

the value of GOR ranges from 0.3 to 6 according to the literature (Banat et al., 2007; 

Shim et al., 2015). It depends on many parameters, such as feed water inlet 

temperature and feed flow rate. Indeed, the simulation results show that the GOR 

change from 0 to 0.95 and its average value reached 0.19. The GOR is related to the 

solar radiation and varied from one day to another (Banat et al., 2007). 
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Figure 16. Efficiencies and performance parameters (June 21st) 

4. CONCLUSIONS 

This study presents an analysis of combined solar thermal system and direct 

contact membrane distillation (DCMD) to produce the freshwater. 

In the fact, this process is an alternative to countries that lack drinking water but 

contain a large amount of salt water and continuous solar radiation during the year. In 

this paper, a transient simulation software TRNSYS has been used for flat plate solar 

collector (FPC) powering a small scale DCMD unit, this software allows to evaluate 

the system over the year. For this purpose, a new TRNSYS component type of DCMD 

system has been built and added in TRNSYS library as type 223. This study has been 

realized in special wearther conditions for the Ain Temouchent city, Algeria.  

According to that, this type was been included in the scheme with other additional 

components required for the solar desalination system. The simulation consists of 10h 

during the 21st June as a typical day in order to evaluate the thermal behaviors of the 

desalination system. 

The average difference between the permeate fluxes provided by the present 

model and experiment of the literature is 8% for the Membrane effective length at 

0.07 m. The proposed solar DCMD system has shown favorable potential application 

in desalination of brackish water. However, a TRNSYS simulation result was showed 

that the greatest ambient temperatures was 30 °C, the peak Total horizontal radiation 

can reach the value 1012 W.m-2 in July. In particular, during June 21st, the solar energy 

fluctuated in the range 121.97 kJ.hr-1.m-2 to 1040.26 kJ.hr-1.m-2 (33.88 W.m-2 to 

288.96 W.m-2) and the system was able to generated between 8.58 kJ.hr-1 and 2783.25 

kJ.hr-1 of heat whereas the auxiliary heating consumed a highest value of 2763.59 

kJ.hr-1 to augment the brackish water temperature from the 60°C. The HTF 

temperatures reached the highest value of 79.44°C at the outlet of FPC. The pump 

consumed 226.8 kJ.hr-1 and the total heat transfer rate across the heat exchanger 

ranges between 565.49 kJ.hr-1 and 2795.13 kJ.hr-1. Solar thermal driven DCMD 

system can produce 42.86 kg in June 21st of drinking water.  This is equivalent to a 
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daily distillate production rate of 10.85 kg for each m2 of FPC. In addition to that, the 

performance parameters which are the solar fractions ranged from 0 to1 and the GOR 

change from 0 to 0.95 and its average value reached 0.19 where the collector 

efficiencies was assessed 74 %. 
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