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ABSTRACT: This study presents an energy-exergy analysis of a Humidification-Dehumidification (HD) 

solar water desalination system. The extensive application of the HD system lies in its low energy 

consumption and ability to exploit solar energy to supply all the heat energy demands. The unsteady 

governing equations were solved until the system reached a steady state. The simulations were done 

with the Euler approach to solving the system of energy balance equations numerically. This study's 

main goal was to investigate the effect of different configurations of the hybrid system and various 

operating conditions on the performance of the solar HD water desalination system. The optimum 

configuration was selected based on thermodynamic and exergy analyses. The effects of important 

parameters such as inlet water and air mass flow rate in the humidifier and dehumidifier water 

temperature and mass flow rate on the system's operation were studied. This paper also explored the 

feasibility of the extra heat as a domestic water heater under various conditions. Based on exergy 

analysis, it is shown that the solar desalination system with air-water preheater with the power of 

1057.9 W had the most exergy destruction in comparison with the two other systems (i.e., water 

preheater system and air preheater system with the respective exergy destructions of 901.3 W and 

75.3 W). Comparing the values of freshwater production, exergy destruction, and exergy efficiency, 

the solar system with a water preheater was selected as the optimum one.   
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INTRODUCTION 

Nowadays, drought and the increase in population have 

resulted in a freshwater shortage for some people, mostly 

living in arid areas. Approximately 1 out of 6 people  

in the world are dealing with the problem of freshwater 

availability. About 70% of the people in the world will face 

a lack of drinking water by 2025, while almost 50%  

of them live in places less than 200 km distance from the sea. 

Interestingly, 70% of the earth's surface is covered with 

water; but, just 3% of this water is freshwater, and most of 

this amount is stored as ice in Greenland and Poles. 

Therefore, almost 1% of the water in the world should 

supply human beings' demand for freshwater [1]. 

Considering these issues, alongside the fact that there is  

a huge amount of brine water in the oceans and seas and 

local sources of brine water in deserts, researchers and 

desalination industries have been motivated to study and 

optimize different methods of water purification [2]. Most 

of these methods have high energy consumption and 

usually use the waste heat of power plants. Furthermore, 

water desalination plants suffer from pollution due to the 

usage of fossil fuels and contamination due to chemical 

materials used for pre-purification. Thus, there is no 

significant development in the technological and commercial 

aspects of small thermal water desalination systems.    

Asbik et al. [3] presented an exergy analysis for a solar 

water desalination system coupled with a thermal energy 

storage system utilizing phase change materials. Diaf et al. [4] 

investigated solar desalination from an economical point 

of view. Their method contained several solar distillation 

stages for the small-scale production of freshwater. 

Chafidz et al. [5] presented a portable and integrated solar 

desalination system that operates based on membrane 

distillation for arid remote areas in Saudi Arabia. This 

system can be used in areas with no electricity and 

drinking water. It can be also applied in emergency 

conditions such as natural disasters. Qtaishat and Banat [6] 

presented a small-scale low-temperature solar desalination 

system based on membrane distillation. Rodriguez et al. [7] 

applied low-pressure vapor in the solar collector for water 

desalination, however, the main problems were the size 

and cost of this system.  

Other studies have shown that the cost of freshwater 

production with common methods such as MSF (Multi-

Stage Flash), ME (Multi-Effect), and VC (Vapor 

Compression) at rates lower than 100 m3/day will 

significantly increase by the decline of the production 

capacity limiting the application of these methods  

for small scale water desalination [8]. The current paper 

will study the Humidification-Dehumidification (HD) 

desalination approach due to increasing attention focused 

on this method in recent years. Low energy consumption 

and the ability to use solar energy to supply the total 

thermal energy demand are among the special features  

of this method.  

HD desalination system includes a humidifier tower, 

storage tank, and dehumidifier heat exchanger. This 

method operates in three stages: first, warm air enters  

the humidifier tower. In this stage, brine water from  

the storage tank is added to the warm air to increase its 

moisture content. In the next stage, warm, humid air passes 

through the dehumidifier condenser coils; freshwater  

is produced upon condensation of the vapor. The outlet 

brine water returns to the storage tank to further humidify  

the warm air in the humidifier tower. Many researchers 

presented various thermodynamic analyses and optimization 

schemes for the HD desalination system [9-13].  

Nawayseh et al. [14, 15] showed that HD solar 

desalination with the process is an effective approach  

to extract freshwater from brine. Zhang et al. [16] 

numerically investigated an HD desalination system 

integrated with a heat pump. Their results showed an 

enhancement in the system efficiency by increasing inlet 

brine water, humid air flow rate, and air temperature. They 

also computed the Gained Output Ratio (GOR) and  

the cost (per kg of freshwater production). Ahmad et al. [17] 

experimentally studied an HD desalination system 

containing wavy aluminum sheets in the humidifier  

to inspect the effect of parameters such as temperature  

and flow rate of the input brine water, water-to-air mass 

ratio, and the flow rate of cooling water entering the 

dehumidifier, on the system performance and efficiency. 

For example, they found that reducing the cooling water 

temperature from 28.5 to 17oC will raise the production 

rate from 10 to 15 L/h. He et al. [18] studied an HD 

desalination system with low waste heat from a thermo-

economical point of view. Their simulations were carried 

out with closed water and air cycle assumption. Besides 

the GOR and freshwater production rate, the maximum 

required investment was also calculated.  

Farid et al. [19] offered a mathematical model to study 

the HD process. Their results clarified the effects of  
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various parts of the system on the performance and 

production rate. Their optimization method was, however, 

so complicated. Hou et al. [20, 21] presented a method  

to optimize the performance of an HD solar desalination 

system. The optimum water-to-dry air mass flow rate ratio 

was obtained with the aim of pinch figures. 

Capocelli et al. [22] proposed an HD desalination 

system using multi-stage vapor absorption. Their proposed 

system had high energy consumption but unique features 

such as high flexibility and good recovery and GOR rate, 

which thermodynamically justified its utilization.  

Nafey et al. [23] generated a mathematical model  

to investigate the effect of climate and operational 

conditions on the performance of solar HD systems. Their 

paper indicated that the system's performance is strongly 

related to the air and cooling water mass flow rate and the 

rate of received solar energy.  

Orfi et al. [24] theoretically and experimentally studied 

a solar HD desalination system. To improve the system's 

performance, they used the latent heat of the condensed 

vapor to preheat the feed water.  

Yamali et al. [25] theoretically investigated an HD 

solar desalination system with a double-pass flat plate 

solar air heater. The effect of different system operating 

conditions, types of air heaters, and some different design 

parameters and weather conditions on the performance  

of the mentioned system was considered under the 

climatological condition of Ankara. Their results showed 

that the system's productivity could increase up to 8%  

if a double-pass solar air heater is used instead of  

a single-pass solar air heater; moreover, about 30% reduction 

was observed without a double-pass solar air heater under 

the same operating condition.  

A study by Kariman [26] on desalination systems  

is considered one of the promising solutions to deal with 

the water scarcity problem. The multi-effect type is getting 

more popular among different kinds of desalination 

systems, with advantages like using low-grade thermal 

resources. Considering the mentioned issues, in this study, 

a high-performance Multi-Effect Desalination (MED) 

system is introduced, and the enhancement potential  

is evaluated in detail. The introduced and reference designs 

are compared together from different points of view.  

The results showed that the freshwater production  

of the introduced MED device is enhanced from the range 

of 12-16 to 14-21.6 L/h compared to the base case 

condition, but also gained output ratio increases up to 

30%-40%. Moreover, the conducted exergy analysis 

shows that with an exergy efficiency of 82%, the brine tank 

has the highest performance among other components, 

while the exergy destruction for this part is negligible 

compared to the other parts. Therefore, a high level of 

improvement can be achieved using the introduced design. 

In a research by Hosseinzadeh et al.[27], the integrated 

carbon dioxide power cycle with the geothermal energy 

source to supply the required reverse osmosis desalination 

power for freshwater production is defined. The cycling 

power is consumed by the desalination system and sodium 

hypochlorite generator. Exergoeconomic analysis and 

optimization are studied. Exergoeconomic analysis shows 

that the desalination system, sodium hypochlorite 

generator, carbon dioxide turbine, and natural gas turbine 

have the highest rate of capital gain and exergy destruction 

cost. For the first case of optimization, the total cost rate  

is considered the objective function. The optimal inlet 

discharge rate of the sodium hypochlorite generator was 

62% of the desalination system's brine water outlet 

discharge rate. Plus, the total cost rate is reduced by 10% 

compared to the general case when 100% of the brine 

water discharge rate of the desalination system enters into 

the sodium hypochlorite generator. The second case is 

multiobjective optimization to reduce costs and increase 

productivity. 

In research by Kariman et al. [28], energy analysis  

is first carried out to identify the major energy-consuming 

equipment and the electrical energy consumed in the 

system. The exergy analysis of the system showed that  

the most exergy destruction occurs in the boiler compartment 

and central heat exchanger. The system is designed  

for a tank capacity of approximately 11.3m3, so the freshwater 

output is 9.6  m3, and we reported freshwater production 

in every process. This process takes about 4.5  h. So  

the system's capacity is about 2200 lit/hour. Finally,  

the system was optimized to reduce energy consumption 

and increase freshwater production using a two-objective 

genetic algorithm. Optimization results showed that 

59.83  L of fresh water per kWh was generated. 

In research by Kariman et al. [29], different 

desalination systems and their governing equations are 

studied. Then the energy consumption of an evaporative 

vacuum easy desalination system with a brine tank  

is modeled. This modeling and the equations governing  
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the energy consumption of new subsets such as the 

evaporator, condenser, vacuum pump, and other pumps 

are presented. In the end, the economic modeling of the 

system is investigated. The system's feasibility is reported  

in three cities (Abu Dhabi, Las Palmas, and Perth). The results 

show that the pumps' annual operating cost is estimated 

to be 0.19 M€/yr, 0.51 M€/yr, and 0.14 M€/yr for Abu Dhabi 

and Las Palmas, and Perth, respectively. Also, the annual 

cost of freshwater production is compared with other 

reaches in these cities. The results are shown that Perth 

has the lowest cost of freshwater output at 0.67 M€/yr, 

and Las Palmas has the highest cost of freshwater 

production at 0.104 M€/yr. The reason is the difference 

in the electricity prices in these cities. 

Another research by Yargoli et al. [30] defines  

the integrated carbon dioxide power cycle with a geothermal 

energy source to supply the required reverse osmosis 

desalination power for freshwater production. It is also  

a carbon dioxide power cycle, coupled with thermal energy 

recovery of infrared energy of Liquid Natural Gas (LNG) 

to generate more power. A sodium hypochlorite generator 

is considered to prevent the brine water from discharging. 

The brine water portion of the desalination outlet was the 

input to this generator. The cycling power is consumed by 

the desalination system and sodium hypochlorite 

generator. After modeling, the advanced exergy analyses 

are studied. By exergy analysis, it is observed that in this 

model, the condenser has the highest exergy destruction 

rate, equal to 952 kW. Additionally, the unavoidable part 

of the exergy destruction of carbon dioxide turbines 

constitutes 88% of its exergy destruction, equal to 301 kW. 

So this component is the best option to improve exergy 

destruction. 

Previous works have addressed the thermodynamic 

analysis of the solar HD desalination system and the effect 

of various factors on the efficiency and performance of the 

system. But, to the best of the authors' knowledge, there is 

no research exploring the influence of different 

configurations of inlet water and air heating on the 

system's performance. Therefore, the present paper is 

aimed to conduct an energy-exergy analysis to select  

the best configuration. The effect of various operating 

conditions such as temperature and mass flow rate of inlet 

water and air on freshwater production will also be 

discussed. The other novelty of this paper lies in the 

feasibility of using the dehumidifier outlet water waste 

heat for supplying domestic hot water.    

 

THEORETICAL SECTION 

This section provides the equations required for 

modeling three different configurations of the HD system. 

The classification is based on preheating inlet water  

and air to study their effect on the production rate. The first 

case is the solar desalination system with the air preheater, 

the second is the solar desalination system with the water 

preheater, and the last one is the system with both air and 

water preheater[31-34]. 

 

HD system with air preheater and flat collector 

In this system, ambient air is preheated after entering 

the upper channel of the solar collector. Preheated air gets 

warmer in the lower channel of the collector. It then enters 

the humidifier, and the remaining stages are the same  

as the previously mentioned stages for the HD system.  

This configuration is schematically depicted in Fig. 1 [35].  

 

HD system with water preheater and parabolic collector 

In this configuration, air enters the humidifier without 

preheating, but the brine water is preheated in the parabolic 

collector before entering the storage tank. The other stages 

are the same as the previously described systems. A schematic 

view of this configuration is shown in Fig. 2 [36].  

 

HD system with air and water preheater 

This system combines the two previous systems in 

which both water and air are preheated before entering  

the HD system. The schematics of this configuration  

are illustrated in Fig. 3 [37]. 

 

EXPERIMENTAL SECTION 

Assumption 

For energy equilibration of each system element,  

the following assumptions were used as heat losses from 

the collector edges, water storage tank, humidifier, and 

dehumidifier to the environment are neglected. In both 

solar passages, radiation energy absorbed by the airflow 

will be neglected. There is no leakage during air passage 

through the solar collector, humidifier tower, and 

dehumidifier heat exchanger. Air temperature difference 

changes linearly in the streamwise direction. The fully 
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Fig. 1: Schematics of the HD desalination with air preheater. 

 

 
 

Fig. 2: Schematics of HD system with water preheater. 
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Fig. 3: The schematics of the HD desalination system with air and water preheating. 

 

developed laminar or turbulent flow is considered.  

The outlet water temperature is equal to the outlet air wet-

bulb temperature of the dehumidifier. Dehumidification  

is done on a saturation curve. Condensed water and outlet 

cooling water temperatures are equal to the dehumidifier's 

outlet air dry-bulb temperature. The temperature gradient 

in the water storage tank is neglected. The Humidifier inlet 

water temperature is the same as the storage tank water 

temperature. Cooling water temperature is assumed to be 

constant throughout the day.   Ambient temperature, wind 

speed, and relative humidity are set as their value at 12 pm. 

The solar radiation is 700 at 12 pm.  

 

Energy balance equations 

Energy balance equations for air heaters are as follows 

[25-28]: 

Second glass cover: 

mg. Cp−g.
dTg2

dt
= I. αg. Ac + qr,g1−g2 −                           (1) 

qc,g2−amb − qr,g2−sky + qc,g1−g2                                               

First glass cover: 

mg. Cp−g.
dTg1

dt
= I. αg. τg. Ac −                                          (1) 

qr,g1−g2 − qc,g1−a1 + qr,p−g1 − qc,g1−g2                                 

First air pass: 

ma. Cp−a.
dTa1

dt
= qc,p−a1 + qc,g1−a1 −                             (3) 

MaCp−a(Ta1−e − Ta−i)                                                                 

Absorber plate: 

mp. Cp−p.
dTp

dt
= I. αp. τg

2. Ac −                                          (4) 

qc,p−a2 − qc,p−a1 − qr,p−g1 − qr,p−b                                        

Second air pass: 

ma. Cp−a.
dTa2

dt
= qc,p−a2 + qc,b−a2                                   (5) 

−MaCp−a(Ta2−e − Ta1−e)                                                           

Base plate: 

mb. Cp−b.
dTb

dt
= qr,p−b − qc,b−a2 − q1,b−amb                 (6) 

Energy balance equations for the storage tank, 

humidifier, and dehumidifier are: 

Water storage tank[36]: 

mw1. Cp−w.
dTw1

dt
= Mw2(t). Cp−w. Tw2(t)                      (7) 

+Mmw(t). Cp−w. Tmw − Mw1. Cp−w. Tw1(t) − q1,w1−amb 

Humidifier: 
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Ma. (ha3(t) − ha2−e(t)) = Mw1. Cp−w. Tw1(t) −          (8) 

Mw2(t). Cp−w. Tw2(t)                                                                   

Dehumidifier: 

Ma. (ha3(t) − ha4(t)) =                                                     (9) 

Mw3. Cp−w. (Tw4(t) − Tw3) + Mc(t). Cp−w. Tw5(t)              

Heat transfer terms in flat collector: 

Heat transfer terms in the above Equations (1-9) 

are[37]: 

qr,g1−g2 = Ac. hr,g1−g2. (Tg1 − Tg2)                                (10) 

Ac = w. L                                                                              (11) 

The radiation heat transfer coefficient between two 

glass covers is: 

hr,g1−g2 =
σ. (Tg1

2 + Tg2
2 ). (Tg1 + Tg2)

(
1

εg1
+

1

εg2
− 1)

                          (12) 

qc,g2−amb = Ac. hc,g2−amb. (Tg2 − Tamb)                      (13) 

The Convective heat transfer coefficient for the airflow 

above the glass cover can be obtained through empirical 

equations [38]: 

hc,g2−amb = 2.8 + 3 . Vwind                                              (14) 

qr,g2−sky = Ac. hr,g2−sky. (Tg2 − Tsky)                           (15) 

Tsky = Tamb − 6                                                                  (16) 

The radiation heat transfer coefficient between the 

second glass cover and sky can be calculated as[39]: 

hr,g2−sky = εg2. σ. (Tg2
2 + Tsky

2 ). (Tg2 + Tsky)              (17) 

qc,g1−g2 = Ac. hc,g1−g2. (Tg1 − Tg2)                                (18) 

The natural convection heat transfer coefficient 

between the first and second glass covers has the following 

form[40]: 

hc,g1−g2 = Nug1−g2.
Ka

x
                                                     (19) 

To calculate the Nusselt number, the following relation 

is proposed [25]: 

Nug1−g2 = 1 + 1.44 × [1 −
1708

Ra × CosB
]

+

                  (20) 

× (1 −
(Sin1.8 × B)1.6 × 1708

Ra × CosB
) + [(

Ra × CosB

5830
)

1/3

− 1]

+

 

In the above equation, + exponent means that for 

negative values, those terms will be zero. Also,  𝑅𝑎  

is defined as[41]:  

Ra =
g. β. (Tg1 − Tg2). x3

α × υ
                                                (21) 

Thermal properties of humid air can be proposed  

as a function of air temperature [42]: 

K = 0.024 + 0.6773 × 10−4 × T                                   (22) 

α = 7.7255 × 10−10 × T1.83                                           (23) 

υ = 0.1284 × 10−4 + 0.00105 × 10−4 × T                (24) 

qc,g1−a1 = Ac. hc,g1−a1. (Tg1 − Ta1)                                (25) 

The forced convection heat transfer coefficient inside 

the upper channel of double pass flat plate solar air heater 

can be expressed as[43]: 

hc,g1−a1 = Nug1−a1.
Ka

Dh

                                                     (26) 

Dh =
4.  Asec

(2 .  w + 2 . D)
                                                         (27) 

Nug1−a1 = 4.9 +                                                                (28) 

0.0606.  (Rea1. Pr. Dh L⁄ )1.2

1 + 0.0909. (Rea1. Pr. Dh L⁄ )0.7. Pr0.17
                                   

Nug1−a1 =
(fa1 8⁄ ) × (Rea1 − 1000) × Pr

1 + 12.7 × (fa1 8⁄ )0.5 × (Pr0.67 − 1)
      (29) 

Rea1 =
Va1 + Dh

Va1

                                                                (30) 

fa1 = (0.79 × ln Rea1 − 1.64)−2                                    (31) 

qr,p−g1 = Ac. hr,p−g1. (Tp − Tg1)                                     (32) 

The radiation heat transfer coefficient between the 

copper absorption plate and the glass cover can be 

determined by[44]:  

hr,g1−g2 =
σ. (Tg1

2 + Tp
2). (Tg1 + Tp)

(
1

εg1
+

1

εp
− 1)

                             (33) 

qc,p−a1 = Ac. hc,p−a1. (Tp − Ta1)                                    (34) 

hc,p−a1 = hc,g1−a1                                                               (35) 

Considering assumption 4, Ta1_eis defined as: 

Ta1e
= 2 . Ta1 − Tai

                                                           (36) 
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qc,p−a2 = Ac. hc,p−a2. (Tp − Ta2)                                    (37) 

For calculating hc,p−a2, the relation for hc,g1−a1can be 

useful, in which in all Ta1: terms are replaced by Ta2_e 

hc,b−a2 = hc,p−a2                                                                 (38) 

qc,b−a2 = Ac. hc,b−a2. (Tb − Ta2)                                     (39) 

qr,p−b = Ac. hr,p−b. (Tp − Tb)                                          (40) 

hr,p−b =
σ. (Tp

2 + Tb
2). (Tp + Tb)

(
1

εp
+

1

εb
− 1)

                                  (41) 

q1,b−amb = Ac. Uloss. (Tb − Tamb)                                  (42) 

Mw2(t) = Mw1 − Ma. (W3(t) − W1(t))                        (43) 

Tw2(t) = Ta3(t)                                                                   (44) 

Mc(t) = Ma. [W3(t) − W4(t)]                                         (45) 

Ta4(t) = Tw4(t) = Tw5(t)                                                (46) 

Mmw(t) = Ma. [W3(t) − W1(t)]                                     (47) 

q1,w1−amb = Ac. Uloss. (Tw1 − Tamb)                             (48) 

 

Heat transfer terms in parabolic collector 

The part of solar energy absorbed by the fluid in the 

pipe is called useful energy and the fluid in the absorber 

pipe is called Heat Transfer Fluid (HTF). Thus, useful 

energy can be calculated as [45]: 

Qu = FR[I Aap − ArUL(Ti − Tap)]                                 (49) 

Aap = (W − Dg) × L                                                         (50) 

Ar = πDoL                                                                           (51) 

Absorbed energy by HTF results in a temperature rise: 

Qu = Mcp(To − Ti)                                                            (52) 

FR =
Mcp

ArUL

[1 − exp (−
ULF′Ar

Mcp

)]                                (53) 

F′ =

1

UL

1

UL
+

Do

hfiDi
+ [

Do

2k
ln

Do

Di
]

                                             (54) 

Nu =
hfiDi

kf

                                                                           (55) 

Nusselt number for laminar flow is assumed to be 4.364 

and for turbulent flow following equations can be used[46]: 

Nu = 0.023(Re)0.8(Pr )0.4                                               (56) 

Re =
ρVDi

μ
                                                                           (57) 

Pr =
cpμ

kf

                                                                              (58) 

UL = [
1

hr

+
1

hc

]−1                                                               (59) 

hw =
(Nu)kw

Dg

                                                                     (60) 

Nu = 0.4 + 0.54(Re)0.52, 0.1 < Re < 1000       (61) 

Nu = 0.3(Re)0.6,                  1000 < Re < 50,000      (62) 

hr = εrσ(Tr + Tap)(Tr
2 + Tap

2 )                                        (63) 

 

Exergy equations 

exK =
1

2
mv2                                                                        (64) 

exP = mgh                                                                           (65) 

exph = (h − h0) − T0(s − s0)                                         (66) 

exch = ∑ yiexi
ch

N

i=1

+ RT0 (∑ yi

N

i=1

l n(yi))                       (67) 

exw = W                                                                               (68) 

Exq = Q (1 −
T0

T
)                                                              (69) 

ex = exK + exP + exph + exch                                      (70) 

ExD = Exin − Exout + Qi × (1 −
T0

Ti

) − W                 (71) 

η =
∑ Exergy out

∑ Exergy in
= 1 −

ExD

∑ Exin

                                   (72) 

 

Solution procedure and validation 

A computer code was developed based on the above 

energy and exergy balance equations to investigate the 

effect of different configurations for inlet air and preheated 

water to select the best case. Using this code, the influence 

of various parameters on the HD desalination system  

can be studied. This code simultaneously and unsteadily 

solves the energy balance equations using the Euler 

method. The Timestep was ½, and the initial values of Tg1, Tg2, 

Ta1, Ta2, and Tw1 were set as ambient temperature while Tb and Tp 
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Table 1: Basic design parameters and operating conditions of the desalination system. 

Parameter Value Parameter Value 

Solar air heater width (m) 0.5 glass Specific heat (J/kgoC) 800 

Solar air heater length (m) 1.0 Basin plate Specific heat (J/kgoC) 385 

Channel thickness (m) 0.05 Absorption plate Specific heat (J/kgoC) 385 

Distance between two glass covers(m) 0.025 Air Specific heat (J/kgoC) 1006 

Mass glass(kg) 3.75 Water Specific heat (J/kgoC) 4178 

Mass Basin plate(kg) 4.50 Solar air heater area (m2) 1.0 

Mass Absorption plate(kg) 4.50 Loss heat transfer coefficient (W/m2K) 0.75 

First glass cover Emissivity 0.90 Second glass cover Emissivity 0.90 

Base plate cover Emissivity 0.95 Absorption plate cover Emissivity 0.95 

Glass Absorptivity 0.05 Absorption plate Absorptivity 0.95 

Glass Transmissivity 0.95 Solar collector slope 0.05 

Stored water mass (kg) 500 Storage tank water Mass flow rate (kg/s) 0.028 

Air Mass flow rate (kg/s) 0.027 Humidifier inlet water mass flow rate (kg/s) 0.05 

Make-up water Temperature (℃) 20 Humidifier inlet water Temperature (℃) 20 

Ambiental Temperature (℃) 25 Wind velocity(m/s) 5 

 

were 5 and 10 ℃  above the ambient temperature, 

respectively. These temperatures were used for determining 

temperature-dependent heat transfer coefficients. Using 

these initial temperatures and calculating heat transfer 

coefficients, the above system of first-order ordinary 

differential equations was numerically solved to obtain  

the final temperatures. Thus, for a given humidifier inlet 

water and air temperatures at each time step, the outlet air 

temperature of the humidifier and dehumidifier can be 

calculated by equations 8 and 9, respectively. In the 

dehumidifier, condensed water in each time step can be 

calculated using equation 45 by knowing inlet and outlet 

air temperatures. The humidity and enthalpy of saturated 

air can be estimated using empirical relations as a function 

of air temperature:   

W = 7.7e−7 × T3 −  1.95e−5 × T2 +                          (73) 

0.00071 × T + 0.002                                                                  

ha = 2.85e−5 × T4 − 0.00106 × T3 +                        (74) 

0.0615 × T2 + 1.32 × T + 10.5                                               

The basic design parameters and operating conditions 

used in the solar desalination system are listed in Table 1. 

To validate the simulation results of the proposed 

HD solar desalination system, the results of [25]  

were used. Fig. 4 shows the variation of freshwater 

production rate during a day versus inlet water mass 

flow rate for three different air mass flow rates.  

As can be seen, productivity increases with the mass 

flow rate of water and air, which is consistent with  

the findings of [25]. The differences between the results 

can be due to the lack of information presented in [25], 

such as the HD desalination system, environmental 

conditions, e.g., solar radiation intensity, the surrounding 

temperature, wind velocity, air relative humidity,  

and chemical features of saline water.  

 

RESULTS AND DISCUSSION 

In this section, first, different configurations (Figs. 1-3) 

 for air and water preheating were to select the best one. 

Then, the effect of important parameters,  such as humidifier 

inlet water and mass flow rates and dehumidifier inlet water 

temperature and mass flow rate, on freshwater production 

rate and dehumidifier outlet water temperature (to use  

for building heating) was investigated. Furthermore,  
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domestic hot water demand for a building with 4 residents 

was calculated and compared with the model results.  

 

Comparing and choosing the best preheating configuration 

Fig. 5 illustrates the effect of humidifier inlet water mass 

flow rate on freshwater production for three studied cases. 

As can be seen, the production rate for the system with air 

preheating was lower than the two other systems (which are 

almost the same). Fig. 6 also presents the effect of  

the humidifier inlet water mass flow rate on the dehumidifier 

outlet water temperature for three different configurations. 

Accordingly, there is no significant temperature difference 

in outlet heat water between the cases.   

According to Figs. 5 and 6, it can be concluded that 

water preheating is better than air preheating for the HD 

desalination system due to its higher freshwater 

productivity and higher temperature provided for the 

desalination system in a similar capacity. To select the best 

case, the extra cost due to the air heating flat plate collector 

should be added, and thus, according to the insignificant 

effect of flat plate solar collector, only water preheating 

was selected. 

 

Parametric study of the selected configuration 

Figs. 7 and 8 depict the variation of produced freshwater 

with time and water temperature for the case with water 

preheating, respectively. It can be seen that the amount of 

freshwater production increased over time as a result of the 

temperature rise of humidifier inlet water due to solar 

energy absorption. After about 50 seconds, about 0.015 kg 

of fresh water was produced. Based on Fig. 8, after about 

5 seconds, the outlet water temperature from the dehumidifier 

reached approximately a constant value (72.5 oC).  Thus, 

water preheating only affects freshwater production  

and does not change the outlet water temperature. 

Figs. 9 and 10 illustrate the dependence of the 

freshwater production rate on humidifier inlet water mass 

flow rate and dehumidifier inlet water mass flow rate, 

respectively. An increase in both parameters enhanced 

productivity. Indeed, when the inlet water mass flow rate 

increases, the humidity of the air got intensifies, and  

by the rise of the cooling system inlet water mass flow rate, 

the higher amount of moisture in the air will be condensed 

thus, the produced water mass flow rate will further 

enhance. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The productivity rate versus inlet water mass flow rate 

for three different air mass flow rates compared with [25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: The freshwater production rate versus inlet water mass 

flow rate for three studied configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Outlet cooling water temperature (Tw4) versus inlet 

water mass flow rate for three studied configurations. 
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Fig. 7: Freshwater productivity rate in water preheating  

case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Variation of Outlet cooling water temperature with time 

in water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Productivity variation with humidifier inlet water mass 

flow rate in the configuration with water preheating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Productivity versus dehumidifier inlet water mass flow 

rate in the configuration with water preheating. 

 

Fig. 11 shows that the humidifier inlet water mass flow 

rate has a higher impact on the productivity rate than  

the dehumidifier inlet water mass flow rate.  According to  

Fig. 12, the humidifier inlet water mass flow rate had  

a negligible effect on the dehumidifier outlet water 

temperature. The effect of the dehumidifier inlet water 

mass flow rate on the temperature of dehumidifier outlet 

water is also shown in Fig. 13. Due to the constant value 

of heat transfer, the outlet water temperature from this 

device is reduced by the elevation of the dehumidifier inlet 

water mass flow rate. 

Fig. 14 shows the variation of dehumidifier inlet water 

temperature influence on the freshwater production rate. 

As can be observed, this parameter has a negligible effect 

on the production rate.  

As discussed before and shown in Fig. 15, the 

production rate dramatically increased with the humidifier 

inlet air mass flow rate. The change in inlet air mass flow 

rate from 0.008 to 0.024 Kg/s augmented the temperature 

of water used for building heating from 61.2 to 64.4oC. 

This can be assigned to the rise of production with the air 

mass flow rate (Fig. 4), which enhanced the heat transfer 

rate in the heat exchanger. Therefore, its temperature grew 

at a constant value of cooling water mass flow rate.   

The effect of radiation on the temperature of water 

utilized for heating is depicted in Fig. 16. Based on the 

results, the radiation intensity had no significant impact  

on the dehumidifier outlet water temperature used for 

building heating. Because as radiation intensity increased, 

the value of vaporization and humidity absorption also  
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Fig. 11: The sensitivity of system productivity on Mw1 and Mw2 

in the water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: Tw4 variation with humidifier inlet water mass flow rate 

in the water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Tw4 variation with dehumidifier inlet water mass flow 

rate in the water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Freshwater productivity rate versus Tw3 in water 

preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Tw4 variation versus humidifier inlet water mass flow 

rate in different values of system inlet air mass flow rate in 

water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16: Tw4 variations with humidifier inlet water mass flow 

rate in different solar radiation rate for water preheating case. 
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enhanced in the humidification system. Thus, the 

production rate increased at a constant mass flow rate and 

temperature of cooling water. 

In addition to freshwater production, the HD solar 

system with water preheating also aims to supply hot water 

for a building. The maximum hot water demand of  

a building with four residents was easily calculated as 

about 0.0252 kg/s. As shown in Fig. 17, the hot water 

temperature dramatically decreased with the rise in 

consumption. Therefore, providing total domestic hot 

water demand, the water temperature experienced a 

reduction. Thus, a secondary solar collector is required 

to compensate for this reduction in the outlet water from 

the system. It is suggested that the mass flow of the 

consumption stay fixed in the optimum value and number 

of the heaters be increased where it is needed. 

 

Exergy analysis of the system  

Fig. 18 shows the effect of humidifier inlet water 

temperature on the humidification exergy efficiency for 

the three studied configurations. It can be easily concluded 

that exergy efficiency increased with the inlet water 

temperature of the humidifier. This behavior could be  

due to the higher vapor absorption ability at higher 

temperatures. Moreover, exergy efficiency in the air 

preheating case was lower than in the other cases.   

Fig. 19 shows the impact of the cooling water temperature 

on the dehumidification exergy efficiency. As can be observed, 

the exergy efficiency showed an ascending trend  

with cooling water temperature. This behavior negatively 

affected the production rate. Thus, the optimum value  

of inlet cooling, water temperature should be determined 

through optimization methods. Another point is that  

the highest exergy efficiency was for both water and air 

preheating configurations. 

The effect of humidifier inlet water temperature  

on storage tank exergy efficiency is illustrated in Fig. 20, 

which suggests a remarkable increase in exergy efficiency 

with the temperature. Again, the air-preheating 

configuration exhibited the lowest exergy efficiency (its 

maximum value is about 65% compared to 81% and 82.5% 

for water-preheating and air-water preheating configurations, 

respectively).   

Fig. 21 presets the exergy destruction for different parts 

of the HD solar desalination system in the aforementioned 

configurations. The highest total exergy destruction  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Tw4 variations with Mw3 in water preheating case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18: Humidifier exergy efficiency variations with Tw1 for 

three different configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19: Dehumidifier exergy efficiency variations with Tw3 for 

three different configurations. 
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Fig. 20: Exergy efficiency variations for the storage tank with 

Tw1 for three different configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21: Exergy destruction in different parts of the 

desalination system for three studied configurations. 

 

was observed in the system with air-water preheating.  

For the air preheating configuration, the most exergy 

destruction was for the dehumidifier, while for the water 

preheating case, the most destruction was detected in the collector. 

The collector and humidifier exhibited the highest exergy 

destruction for the air-water preheating case.   

According to the thermodynamic analysis, the best 

configuration for freshwater production was the one with 

water preheating. Based on exergy analysis, the water-

preheating case had lower exergy destruction than the air-

water preheating case. Thus, the energy and exergy 

analyses lead to selecting the water preheating 

configuration for the HD solar desalination system.   

 

CONCLUSIONS 

The present research uses energy-exergy equations  

to develop a code to model a solar HD desalination system. 

Three different configurations of desalination inlet air and 

water preheating were compared in terms of freshwater 

production rate and domestic hot water temperature.  

It is shown that HD solar desalination with water 

preheaters can result in the highest freshwater production. 

Moreover, the effect of various parameters such as 

humidifier and dehumidifier inlet water and air mass flow 

rates and the radiation value on the system performance 

was also explored. The system productivity was improved 

with the increase of humidifier inlet air and water mass 

flow rate and the temperature of dehumidifier inlet water. 

The other factor studied in this paper was the cooling 

water mass flow rate, whose increase caused an 

enhancement in freshwater production but negatively 

impacted outlet heat water. As the dehumidifier inlet water 

mass flow rate is equal to this device's outlet water mass 

flow rate, this hot water can be used for a building with 

four residents. The heat water demand for such a building 

was estimated at 0.0252 kg/s, but the consumed heat water 

temperature decreased to supply the total demand, which 

can be compensated by utilizing a secondary collector. 

Comparing three different configurations with the aid of 

exergy analysis, the best choice was the water preheating 

case, whose exergy destruction was lower than the case 

with air-water preheating. Although air preheating 

configuration has the lowest exergy destruction, its 

production rate was also the lowest. Thus water preheating 

was selected as the best configuration for HD solar 

desalination system.  

 

Nomenclature 

Ac                                                    Solar air heater area, m2 

Asec                            Solar air heater cross-section area, m2 

Aap                  Projected area of the parabolic collector, m2 

Ar                        Lateral area of the parabolic collector, m2 

B                                                           Solar collector slope 

Cp                                                          Specific heat, J/kgoC 

D                                                        Channel thickness, m 

Dh                                                     Hydraulic diameter, m 

F                                                            Friction coefficient  

g                                                                                Gravity 

h                                                                    Enthalpy, J/kg 

s                                                                    Entropy, J/kg0C 

hc                     Convective heat transfer coefficient, W/m2K 

hr                       Radiative heat transfer coefficient, W/m2K 
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UL                            Total heat transfer coefficient, W/m2K 

I                                                            Solar radiation, W/m2 

K                    Conduction heat transfer coefficient, W/mK 

W                                                     Air moisture, kgwater/kgair 

w                                                   Solar air heater width, m 

x                                     Distance between two glass covers 

exk                                                                 Kinetic exergy  

exp                                                               Potential exergy 

exph                                                             Physical exergy 

exch                                                              Chemical exergy 

exw                                                               Exergy of work 

exq                                                         Heat transfer exergy 

exD                                                             Exergy destruction 

a                                                                             Ambient 

a_i                                                                                     Air 

a1                                                      Solar collector inlet air 

a1_e                                                                   First air pass 

a2              Outlet air from the upper channel of the collector 

a2_e                                                             Second air pass 

a3                                                            Collector outlet air 

a4                                                       Dehumidifier inlet air 

w                                                                                     Water 

ap                                                     Parabolic collector area 

w1                                                             Storage tank water 

w2                                          Humidifier tower outlet water 

L                                                  Solar air heater length, m 

M                                                         Mass flow rate, kg/s 

m                                                                           Mass, kg 

Mw1                 Humidifier inlet water mass flow rate, kg/s 

Nu                                                                Nusselt Number  

Pr                                                                  Prandtl Number 

qc                                       Convection heat transfer rate, W 

qr                                          Radiation heat transfer rate, W 

Ra                                                             Rayleigh Number 

Re                                                             Reynolds Number  

T                                                                  Temperature, ℃ 

t                                                                                Time, s 

Uloss                                     Heat losses coefficient, W/m2K 

Qu                     Solar radiation absorbed by fluid inside the  

                                                    parabolic collector pipe, J 

FR            Heat extraction coefficient in parabolic collector 

F'                                   Efficiency of the parabolic collector 

V                                                                     Velocity, m/s 

exD                                                             Exergy destruction 

exin                                                     Inlet mass flow exergy 

exout                                                Outlet mass flow exergy 

ex                                                             Exergy efficiency 

                                                                       Absorptivity 

                                                                      Transmissivity 

                                 Stefan-Boltzmann constant, W/m2K4 

                                                                             Emissivity 

                                             Thermal expansion coefficient 

                                                             Kinematic viscosity 

b                                                                           Basin plate 

c                                                                Condensed water 

g                                                                         Glass cover 

g1                                                                First glass cover 

g2                                                             Second glass cover 

1                                                                  Loss to ambient 

mw                                                                Make-up water 

p                                                                   Absorption plate 

w3                             Cooling water entering dehumidifier 

w4                                 Cooling water exiting dehumidifier 

w5                             Condensed water exiting dehumidifier 
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