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Abstract: A humidification–dehumidification (HDH) desalination system requires thermal energy
to desalt seawater. An environmentally friendly approach to obtain thermal energy is to utilize
solar energy using solar collectors. Either seawater or air (or both) are typically preheated by HDH
desalination systems before these fluids are conveyed to the humidifier column. Compared with
preheating only air or water, preheating both is preferred because improved performance and higher
productivity are achieved. Many researchers have proposed dual preheated HDH systems utilizing
two separate solar heaters/collectors for simultaneous air–seawater preheating. In this study, dual-
fluid preheating is achieved using a single solar collector. The proposed simultaneous air–water
solar heater (SAWSH) is a modified flat-plate collector designed for simultaneously preheating air
and seawater before the fluids reach the humidifier. A thermodynamic study was conducted using
formulated mathematical models based on energy and mass conservation principles. Then, the
dual-fluid heating HDH system is compared with HDH systems in which only air or only water is
heated. This work found that the former outperformed the latter. The daily and monthly performance
levels of the system in terms of the outlet temperatures of air and water, distillate rate, and gain
output ratio were calculated using the weather data of the hot and humid climate of Jeddah City,
Saudi Arabia.

Keywords: humidification–dehumidification; desalination; solar collector; air heating; water heating

1. Introduction

Many countries around the globe, mainly those in arid regions, lack access to potable
water. According to the recent United Nations world water development report 2021,
approximately 2 billion people globally suffer due to water stress, and 4 billion reside
in regions with physical water scarcity [1]. In addition, approximately 1.6 billion people
reside in areas of economic water scarcity. In view of the foregoing, and to resolve the
problem of potable water demand and shortage, saline water desalination is deemed as
a potential solution. Remarkably, although these regions lack water, they are exposed to
abundant solar radiation that can be effectively utilized for the desalination process [2].
Solar energy is considered as an environmentally friendly, economical, and energy-efficient
clean form of renewable energy that can be utilized to harness potable water through solar
desalination [3]. Further, to solve the problem of freshwater demand in remote and arid
areas across the globe where the amount of electric energy is limited, energy-efficient and
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cost-effective decentralized water production plants are required. A technique identified to
be an innovative and favorable technology for freshwater production at a small scale (or) de-
centralized level is humidification–dehumidification (HDH) thermal-based desalination [4].
This technique has attracted sufficient interest for research because of its advantages. It can
operate at low temperatures and use any low-grade waste heat for powering the system. It
is cost effective, can adopt local materials for construction, and can be possibly integrated
with sustainable energy resources, such as solar and biomass [5,6]. In addition, one of the
main advantages of this technology is the use of separate humidification and dehumid-
ification components for the thermal desalination process. Hence, each element can be
designed independently based on requirements and operational constraints [7]. The HDH
system allows considerable thermodynamic flexibility in the vaporization of water as heat
transfer fluid (HTF) into the air medium during humidification, as well as the subsequent
condensation of saturated vapor through latent heat recovery during dehumidification [8].
In general, the thermal energy required to operate the HDH system is supplied using
fossil fuel, industrial waste heat, geothermal energy, biomass energy, or solar energy [4,9].
For solar energy to be energy efficient and cost effective for powering HDH systems, the
following are necessary: solar flat-plate collector (FPC), parabolic trough collector (PTC),
evacuated tube collector (ETC), and Fresnel lens collector (FLC).

Santosh et al. [3] conducted a detailed review of solar-based HDH desalination sys-
tems powered by different solar collectors. They highlighted the advantages of different
solar collectors on preheating water and air HTFs in HDH systems. They found that
the freshwater production rate in any HDH system mainly depends on the mass flow
rates of water and air, temperatures of these fluids across the humidifier inlet, and solar
radiation intensity. The study suggested that the adoption of combined solar collectors,
such as FPC with high-efficiency FLC or ETC within HDH desalination, has considerable
potential for augmenting the overall HDH process efficiency, subsequently improving
freshwater productivity. It was further reported that the use of a dual-fluid (water and
air) preheating system compared with a single-fluid preheating mechanism contributed to
higher system efficiency.

Mohamed et al. thermodynamically evaluated the suitability of the HDH unit with a
solar PTC for preheating the air HTF [10]. Individual system components were modeled,
and HDH performance was assessed in winter, spring, summer, and autumn. Results
indicated that freshwater productivity was higher (0.5 kg/kg of air HTF) during summer
owing to the high solar radiation intensity and longer solar time compared with other
seasons. An experimental evaluation of an HDH system equipped with a bubble column
air humidifier involving preheated water HTF supply from a solar evacuated tube collector
was implemented by Khalil et al. [11]. The HDH system productivity, efficiency, and gain
output ratio (GOR) were 21 kg, 63%, and 0.53, respectively. The authors concluded that
the performance of the air bubble column humidifier with preheated water compared
with conventional packed-bed humidifier units was higher. Yildirim et al. [12] conducted
a parametric study that involved preheating water and air HTFs using a solar flat-plate
water collector and double-pass air heaters. A comparative investigation evaluating the
performance of an HDH system when only water is heated, only air is heated, and both
water and air are heated was implemented. Compared with the single-fluid heating
process, the HDH system with dual-HTF preheating was found to contribute to higher
freshwater productivity.

Sharshir et al. [13] employed an evacuated solar water heater to operate an HDH
system. Their system had a hybrid solar-driven desalination unit comprising an HDH
and four solar stills. Hot brine water from the HDH unit was reprocessed by feeding
it into the solar stills to utilize the water’s residual heat. Their results indicated that
the GOR increased by up to 50%, and the single solar still efficiency improved up to
90%. The maximum production rate of freshwater was 63.3 kg/d, and the estimated
cost of freshwater using this system was USD 0.034/L. Experimental investigations were
conducted by Antar and Sharqawy to evaluate the performance of air-heated single-stage
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and two-stage solar HDH desalination systems [14]. The fabricated systems were tested
on the seashore of Dhahran, Saudi Arabia. Two ETCs were employed to preheat air
before it is conveyed to the humidifier column, where it flows counter to sprayed raw
water. Their results indicated that the productivity was 3.5 and 6 L/d for the single-
stage and two-stage systems, respectively, indicating that the two-stage HDH system is
more efficient. Dai et al. [15,16] analyzed a water-heated solar HDH desalination unit
with forced air circulation in an open-air closed-water circulation. Their study identified
that the performance of the system was highly reliant on parameters, such as the inlet
temperature of water across the humidifier, mass flow rate of seawater, and mass flow rate
of air. Moreover, they revealed that the humidifier inlet water temperature considerably
affected freshwater productivity, and for each specific inlet water temperature value, the
air and water mixing across the humidifier has an optimal ratio. Houcine et al. [17]
evaluated the performance of an air-heated five-stage HDH system using an FPC with
forced air circulation. The basic idea behind their process was the stepwise heating of
air, followed by the humidification process. The fabricated five-stage HDH desalination
unit was examined from March to August 2003. The unit’s freshwater productivity was
~355 kg/d, indicating the efficient operation of a stepwise-heated multistage HDH system.
Orfi et al. [18] presented a water-heated and air-heated solar HDH desalination unit with
two separate solar collectors for the simultaneous heating of water and air. The study was
conducted based on a mathematical model involving energy and mass transfer mechanisms
across the humidifier and dehumidifier units of the HDH system, considering the operation
of the system in Monastir, Tunisia. Their results indicated that the system was able to
produce more than 40 L of distilled water per square meter of solar collector per day during
the month of July. Zhani and Bacha [19] also presented a solar desalination prototype using
the HDH principle with two separate flat-plate solar collectors for air and water heating.
They conducted an experimental study under the weather conditions of Sfax City, Tunisia.
Their experimental results showed that the thermal performance of the system increased
with solar radiation, thus achieving maximum thermal performance and higher production
rate during the month of July.

A hybrid solar desalination system with water flash evaporation was presented by
Kabeel et al. [20]. They proposed a dual water-heated and air-heated HDH unit equipped
with an FPC and a double-pass dual-glass solar air heater, respectively. The maximum
achievable GOR was approximately 4.5, and the authors concluded that an increase in
the air heater collector area contributed to the increase in freshwater production rate.
Yamali et al. [21] proposed an air-heated HDH system with the application of a double-
pass flat-plate solar air heater. Their result showed that the distillate production increased
up to 8% with the use of a double-pass FPC solar air heater and decreased by approxi-
mately 30% without utilizing this FPC under the same operating conditions. Moreover,
they also reported that the air and water mass flow rates considerably affected the overall
system production. The effect of various operating parameters, configuration, and weather
conditions on the production rate of an HDH desalination system was theoretically studied
by Nafey et al. [22,23]. The authors evaluated the system performance using four config-
urations: air heating, water heating, air–water heating in a closed loop, and air–water
heating in an open loop. A concentrating solar water-heating collector and a flat-plate
solar air-heating collector were used. They revealed that the production rate of the system
increased with the air mass flow rate, water collector area, and input solar energy. However,
the productivity of the unit was observed to decrease with increasing water mass flow
rate. The authors also reported that wind speed and ambient temperature only had a slight
influence on the HDH system’s performance.

In addition to the adoption of an HDH system with a single HTF preheating process
and a dual-fluid preheating system using two separate collectors, a few research works
have also been conducted on the preheating of both HTFs using a single solar collector.
Rajaseenivasan et al. utilized a dual-purpose solar collector (DPSC) to simultaneously heat
water and air HTFs prior to their entry into the humidifier unit of an HDH system [24].
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The passage of water and air media was through the bottom and top of the DPSC’s
absorber plate. Results indicated that the system’s productivity values were approximately
12.36, 14.14, and 15.23 kg/m2·d with the use of DPSC with no turbulators, with convex
turbulators, and with concave turbulators, respectively. Similarly, a number of novel studies
have focused on utilizing a Fresnel lens solar collector to simultaneously preheat both
HTFs. Wu et al. conducted theoretical and experimental investigations of a novel Fresnel
lens collector-preheated HDH system involving the simultaneous heating of water and air
media in the humidification chamber loaded with ceramic packing materials [25]. Their
results indicated that a single Fresnel lens collector was efficient in preheating both HTFs,
contributing to improved freshwater productivity and GOR of approximately 3.4 kg/h
and 2.1, respectively. The work was further extended by Xiao et al., with the adoption of
bubbling humidification and dehumidification techniques [26]. With the developed HDH
system, the attained maximum freshwater production rate and average thermal efficiency
were approximately 7.3 kg/d and 71%, respectively.

Thus, the foregoing indicates that researchers have predominantly worked on pre-
heating a single HTF in an HDH system or two HTFs (water and air) using two different
solar collectors. Research on the use of a single solar collector to preheat two HTS in an
HDH system is limited. In addition, experimental studies on overcoming obstacles in the
optimization of system and process parameters to achieve maximum system efficiency and
improve freshwater productivity are also few. Further, the literature reports that the cost of
using a Fresnel lens solar collector for preheating dual fluids compared with employing
simple solar heating devices is higher, thus substantially contributing to the increase in
capital cost and freshwater production cost [27]. Accordingly, the primary objective of the
current work is to mathematically investigate the performance of an HDH system equipped
with a novel simultaneous air–water solar heater (SAWSH) unit and optimize significant
system process parameters to achieve maximum freshwater productivity. Further, major
HDH system parameters are validated with reported experimental results to evaluate the
proposed model accurately.

2. System Description

The proposed HDH system equipped with SAWSH adopted for simultaneously pre-
heating water and air HTFs using a single solar collector is illustrated in Figure 1. The major
components of the HDH system include a SAWSH, a seawater storage tank, a constant
effectiveness humidifier unit, and dehumidifier units. The proposed SAWSH consists
of upper and lower sections. A common absorber plate separating the upper and lower
sections is employed, as shown in Figure 2a. The lower section is utilized for heating the
water HTF, and the upper section is involved in preheating the air HTF. Furthermore, for
effective dual-fluid preheating, the sides and bottom of the SAWSH are well insulated to
prevent convection and radiative heat losses to the atmosphere. Similarly, for effective
heat transfer, a common absorber plate painted with a black coating is placed between
the upper and lower sections of the SAWSH, as depicted in Figure 2b. Solar energy is
efficiently absorbed by the absorber plate in the form of heat. Subsequently, thermal energy
is transferred to the water HTF in the lower section and air HTF in the upper section of the
SAWSH. Air flow is maintained with the support of an exhaust fan at the airside exit in the
SAWSH, and a constant temperature water tank is utilized for storing the exit water of the
SAWSH; this water is continuously supplied to the humidifier unit. This is because water
in the lower portion is stationary, whereas the water flow for the HDH system is regulated
using a control valve across the humidifier unit.
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Figure 1. Humidification–dehumidification desalination powered by SAWSH.

Figure 2. Schematics of SAWSH depicting (a) top view and (b) front view.
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The dimensions and process parameters of the SAWSH unit are summarized in Table 1.
The HDH process involves the simultaneous initial preheating of both the seawater and air
HTFs (dual-fluid preheating) in the SAWSH unit. The preheated water is further sprayed
in a counter-flow packed-bed humidifier unit (similar to a forced-air cooling tower) from
the top. Similarly, hot dry air is allowed to enter from the bottom of the humidifier unit to
interact with the counter-flowing water HTF, thus contributing to the humidification effect.
The humidified air further passes through the cross-flow heat exchange dehumidifier unit
where it interacts with the coolant. This contributes to the latent heat extraction from
the humidified air for freshwater production through the dehumidification process. The
dehumidified air is discharged to the atmosphere, and brine is collected at the bottom of the
humidifier unit; accordingly, the HDH process is in open-water open-air circulation mode.

Table 1. Dimensions and process parameters of SAWSH [28].

Parameter Value

Mass of seawater in collector at any instance (Mw) 105 kg
Area of absorber plate (Ap) 1.5 m2

Length of collector (L) 1.5 m
Stefan’s constant (σ) 5.67 × 10−8 W/m2 ◦C4

Absorptance–transmittance product (ατ) 0.85
Absorptance of glass cover (αgc) 0.05
Emissivity of absorber plate (εp) 0.85

Heat transfer between water and plate (hpw) 108.6 W/m2 ◦C
Density of air (ρair) 1.2 kg/m3

Thermal conductivity of insulation (Ki) 0.004 W/m ◦C
Insulation thickness (ti) 0.05 m

Cross-section of upper compartment (air channel) (C) 1.5 m2

Air mass flow rate across SAWSH (
.

mair) 0.005, 0.010, and 0.020 kg/s

3. Mathematical Modeling

To achieve efficient solar HDH desalination with simultaneous dual-fluid preheating,
a mathematical model consisting of a SAWSH unit and an HDH desalination system was
formulated. The following are assumed for modeling the HDH system with simultaneous
water and air preheating.

1. The system operates under a steady-state condition.
2. The flow of fluids in the system is considered incompressible assuming the constant

properties, since the air was assumed as ideal gas [29,30].
3. Pressure and heat losses from the HDH system components are neglected.

3.1. Modeling of SAWSH Unit

The SAWSH model was developed based on the energy balance of HTFs and various
components involved in it, including the glass cover, absorber plate, collector base, and
water and air HTFs. The governing equations involved are discussed below.

3.1.1. Glass Cover

The energy balance for the glass cover is given by [28]:

Uo
(
Tgc − Tam

)
= hagc

(
Tair − Tgc

)
+ hrpgc

(
Tap − Tgc

)
+ αgcS (1)

where Uo is the overall heat transfer coefficient between the glass cover and surroundings,
Tgc denotes the glass cover temperature, Tam is the ambient temperature, hagc is the con-
vective heat transfer coefficient between the glass cover and air, Tair is the temperature
of air flowing through the upper compartment, hrpgc denotes the radiative heat transfer
coefficient between the absorber plate and glass cover, Tap denotes the absorber plate
temperature, αgc denotes the absorptance of the glass cover, and S is the solar radiation
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intensity. The total overall heat transfer coefficient, Uo, is the summation of convective and
radiative heat transfer coefficients between the glass cover and surroundings, as follows:

Uo = hgca + hram (2)

where hgca denotes the convective heat transfer coefficient between the glass cover and
ambient, and hram is the radiative heat transfer coefficient between the glass cover and
ambient air.

Further, hgca, hram, and hrpgc are calculated using Equations (3)–(5), respectively [31]:

hgca = 2.8 + 3vair (3)

hram =
εgc σ

[(
Tgc + 273

)4 − (Tam + 267)4
]

Tgc − Tam
(4)

hrpg =
εp σ

[(
Tap + 273

)4 −
(
Tgc + 273

)4
]

Tap − Tgc
(5)

where εgc and εp denote the emissivities of the glass cover and plate, respectively. Moreover,
hagc in Equation (1) can be calculated as [32]:

hagc =

(
kair
De

)
0.0158Re0.8 (6)

where kair is the thermal conductivity of air HTF, and De denotes the equivalent/hydraulic
diameter, which is used when considering the flow across noncircular tubes and channels.
This diameter is calculated as

De =
4C
P

(7)

where C and p denote the cross-section and wetted perimeter in the upper compartment,
respectively.

3.1.2. Air Stream

The air stream energy balance for the differential length, dx, is:

.
maircair

dTair
dx

= hagcW
(
Tgc − Tair

)
+ haapW

(
Tap − Tair

)
(8)

where
.

mair is the mass flow rate of air through the upper compartment, cair is the specific
heat of air, and haap is the convective heat transfer coefficient between the absorber plate
and air. Here, hagc = haap, whereas W is the width of the collector. Therefore, Equation (8)
can be rewritten as:

Tair(L) = A1Tap + B1 (9)

From Equations (1) and (9), Tgc is derived as:

Tgc = A2 + B2Tap (10)

where A1, A2, B1, and B2 are arbitrary constants of integration, defined as follows:

A1 =
B
A

[1 − exp(−AL)] (11)

B1 =
C
A

[1 − exp (−AL)] + Taoexp (−AL) (12)

A =
W

.
maircair

[
haap + hagc −

hagchaag

Uo + hrpgc + hagc

]
(13)
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B =
W

.
maircair

[
hagc

hagchrpgc

Uo + hrpgc + hagc
haap

]
(14)

C =
W

.
maircair

[
hagc

(
UoTam + αgcS

Uo + hrpgc + hagc

)]
(15)

A2 =
UoTam + αgcS

Uo + hrpgc + hagc
+

hagcB1

Uo + hrpgc + hagc
(16)

B2 =
hagc A1

Uo + hrpgc + hagc
+

hrpgc

Uo + hrpgc + hagc
(17)

3.1.3. Absorber Plate

The energy balance for the absorber plate is represented as:

(ατ)S = haap
(
Tap − Tair

)
+ hrpgc

(
Tap − Tgc

)
+ hpw

(
Tap − Tw

)
(18)

where ατ is the absorptance–transmittance product, and hpw denotes the convective heat
transfer coefficient between the plate and water.

From Equations (9)–(18), Tap is given by:

Tap = A3 + B3Tw (19)

where A3 and B3 are given as:

A3 =
(ατ) S + haapB 1 + hrpgc A2

haap − A1haap + hpw + hrpgc − B2hrpgc
(20)

B3 =
hpw

haap − A1haap + hpw + hrpgc − B2hrpgc
(21)

where Tw is the temperature of water in the lower compartment.

3.1.4. Base

The energy balance across the base of the collector is defined as:

hpw(Tw − Tb) = Uba(Tb − Tam) (22)

where Uba is the overall heat transfer coefficient between the base and ambient air. The
temperature at the bottom, Tb, is given by:

Tb = A4 + B4Tw (23)

where:
A4 =

UbaTam

Uba + hpw
(24)

B4 =
hpw

Uba + hpw
(25)

The overall bottom loss coefficient is as follows [29]:

Uba =

[
ti
Ki

+
1

hba

]−1
(26)

where ti and Ki are the thickness and thermal conductivity of insulation, respectively. The
convective heat transfer coefficient, hba, between the bottom and ambient air is given by [31]
as follows:

hba = 2.8 + 3vair (27)



Sustainability 2021, 13, 13491 9 of 23

where vair is the ambient air velocity.

3.1.5. Water

The energy balance for water is given by:

Mwcw
dTw

dt
= hpw

(
Tap − Tw

)
Ap − hpw(Tw − Tb)Ap (28)

where Mw is the mass of water in the collector, cw denotes the specific heat of water, and Ap
is the area of the absorber plate.

The above equation can be rewritten as:

dTw

dt
+ A5Tw = B5 (29)

Tw(t) =
B5

A5
[1 − exp (−A5t)] + Twi exp (−A5t) (30)

where:

A5 =
Aphpw − AphpwB3 + Aphpw − ApB4hpw

Mwcw
(31)

B5 =
Ap A3hpw + Ap A4hpw

Mwcw
(32)

and Twi is the initial water temperature at time t = 0.
The SAWSH model was developed using MATLAB R2019b software. The water outlet

temperature was derived from Equation (30), considering the 1 h time step and the initial
water temperature, Twi, at time t = 0. After finding the value of Tw (t), the temperature of
exit air, Tair(L), is calculated. Water is constantly withdrawn from the collector every hour
and stored in a storage tank. Water from the storage tank is supplied to the humidifier
according to the desired flow rate using the flow control valve. Further, air is circulated
from the SAWSH to the humidifier using a fan.

3.2. Modeling of HDH System

The mass and energy balance equations of humidification–dehumidification processes
are presented in this section. Under steady-state and no-heat-loss conditions, the energy
balance during the humidification process is described as [33]:

.
mwHw3 +

.
mair Ha6 =

.
mbHw4 +

.
mair Ha7 (33)

where Hw3 and Hw4 are the enthalpy of seawater at the inlet and outlet of the humidifier
unit, respectively. Further, Ha6 and Ha7 are the enthalpies of air at the humidifier inlet
and exit, respectively; and

.
mw,

.
mair, and

.
mb denote the mass flow rates of water, air, and

brine, respectively.
The mass balance in the humidifier unit is expressed as:

.
mb =

.
mw − .

mair(ω7 − ω6) (34)

where ω7 is the humidity ratio at the humidifier, and ω6 is the humidity ratio at the
humidifier inlet.

The effectiveness of the humidifier is determined by [33]:

εh = max
[

Ha7 − Ha6

Ha7,ideal − Ha6
,

Hw3 − Hw4

Hw3 − Hw4,ideal

]
(35)

where Ha7,ideal is the ideal enthalpy of air at the humidifier outlet when the air temperature
is equal to the inlet temperature of seawater, and Hw4,ideal is the ideal enthalpy of seawater
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at the humidifier outlet when the seawater temperature is equal to the temperature of air
across the humidifier inlet [33].

The energy balance across the dehumidifier is given by [34]:

.
mcwcwT1 +

.
mair Ha7 =

.
mcwcwT2 +

.
md Hd +

.
mair Ha8 (36)

where
.

mcw is the cooling water mass flow rate; T1 and T2 are the temperatures of cooling
water at the dehumidifier inlet and outlet, respectively;

.
md denotes the mass flow rate of

distillate; and Ha8 is the air enthalpy at the dehumidifier exit.
Similarly, the mass balance across the dehumidifier unit is expressed as:

.
md =

.
mair(ω7 − ω8) (37)

In Equation (36), Hd is the enthalpy of distillate at a temperature “Td”, which is
taken as the average of the inlet and outlet air temperatures inside the dehumidifier. The
salt concentration in pure water is assumed to be less than 500 ppm, which is safe for
consumption [35].

The effectiveness of the dehumidifier is expressed as [33]:

εd = max
[

Ha7 − Ha8

Ha7 − Ha8,ideal
,

Hw2 − Hw1

Hw2,ideal − Hw1

]
(38)

where Ha8,ideal is the ideal enthalpy of air at the dehumidifier outlet based on the cooling
water inlet temperature, and Hw2,ideal is the ideal enthalpy of cooling water at the dehumid-
ifier inlet based on the inlet air temperature [34]; Hw1 and Hw2 are the enthalpies of the
inlet and outlet cooling water across the dehumidifier unit, respectively.

The enthalpy of seawater is expressed as [36]

Hw = Hpw − s
(

a1 + a2s + a3s2 + a4 s3 + a5T + a6 T2 + a7T3 + a8 sT + a9s2T + a10sT2
)

(39)

where Hpw is the enthalpy of pure water, and s is the seawater salinity level. The coefficients
used above are listed in Table 2.

Table 2. Coefficients considered for seawater enthalpy calculation [36].

a1 −2.348 × 104 a6 −44.17
a2 3.15 × 105 a7 2.139 × 10−1

a3 2.803 × 106 a8 −1.997 × 104

a4 −1.446 × 107 a9 2.778 × 104

a5 7.826 × 103 a10 97.28

The enthalpy of pure water is given by [36]

Hpw = 141.355 + 4202.07 T − 0.535 T2 + 0.004 T3 (40)

The enthalpy of humid air is computed by [37]

Ha = (cair + cvω)T + h f gω (41)

where cv is the heat capacity of vapor. The absolute humidity, ω, which is a function of
relative humidity and dry air temperature, is expressed by the following [38]:

ω = 0.62198 ×
[

φPs

Patm − φPs

]
(42)

where φ is the relative humidity, and Patm is the atmospheric pressure. The saturation
pressure, Ps, is calculated by [12]:
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Ps =
(

2.7 × 10−9 × T5
)
+
(

2.8 × 10−7 × T4
)
+
(

2.7 × 10−5 × T3
)
+
(

0.0014 × T2
)
+ (0.044 × T) + 0.61 (43)

In Equation (41), hfg is the latent heat of water evaporation, which is expressed in a
correlation that is valid over the temperature range 5–200 ◦C; it is given by [39]:

h f g = 2501.897149 − 2.407064037 T + 1.192217 × 10−3T2 − 1.5863 × 10−5T3 (44)

The performance of the HDH system is usually expressed with respect to the GOR,
defined as [7]:

GOR =

.
mdh f g

SAcol
(45)

where S denotes radiation, and Acol is the collector area, which is fixed as 1.5 m2 [28].
The mathematical model of the HDH system, expressed by Equations (33)–(38), was

solved using the fsolve function in MATLAB R2019b software. After solving these equa-
tions, productivity and GOR were calculated. Equations (39)–(44) are supplementary
equations for determining the enthalpies of seawater and humid air.

4. Results and Discussion

The present study initially compared the individual air–water preheating and the dual-
fluid preheating processes of an HDH system equipped with the SAWSH (SAWSH-HDH
system) to identify the optimum preheating condition for achieving maximum freshwater
productivity. The schematic of the SAWSH-HDH system with individual water- and
air-preheating processes is shown in Figure 3. The SAWSH unit was utilized to preheat
water and air HTFs individually, as depicted in Figure 3a,b, respectively. For the system
that only preheats water, ambient air is directly supplied to the humidifier unit, whereas
in the system that only preheats air, seawater is fed to the humidifier unit at the mean
seawater temperature.

Figure 3. Cont.
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Figure 3. SAWSH-HDH in (a) air-heating and (b) water-heating modes.

The freshwater productivity of the SAWSH-HDH system for a single day (21 June
2020) with an average solar radiation (from 7 a.m. to 5 p.m.) is depicted in Figure 4. At air
and water mass flow rates of 0.020 and 0.029 kg/s, respectively, the maximum instanta-
neous freshwater productivity levels achieved when only water, only air, and both fluids
are preheated are found to be approximately 3.43, 1.52, and 4.61 kg/h, respectively, as
shown in Figure 5. The maximum instantaneous freshwater productivity was achieved
at approximately 1 p.m. when the solar radiation was at its peak (935 W/m2). Compared
with the individual HTF preheating process, the dual-fluid preheating process is found to
contribute to higher freshwater productivity in the proposed SAWSH-HDH system. This
can be attributed to the individual efficiency improvement of water and air HTFs with
increasing temperature. The moisture-holding capacity of air HTF increases with tempera-
ture, thus achieving higher water-holding capacity in the preheated air medium [40]. With
the increase in temperature of water HTF, water viscosity and surface tension decrease,
resulting in the rapid movement and evaporation of water vapor into the air HTF during
humidification [41]. These effects simultaneously improve the humidification during the
dual-fluid preheating process. The effectiveness of the single-fluid preheating process is
less than the effectiveness of the above process because of the single-fluid preheating effect,
which reduces the effectiveness of the humidification process. Subsequently, the freshwater
productivity during dehumidification is also reduced. Air improves its ability to carry
more amounts of water vapor when heated; however, if only air is preheated, and the
seawater entering the humidifier is colder than air, a low evaporation rate is achieved. In
contrast, when only water is preheated, although the evaporation rate may be high, the
capacity of unheated air to carry water is low. Thus, a higher distillate production rate is
achieved in the HDH system with dual-fluid preheating, as shown in Figure 5.

Based on the instantaneous freshwater productivity, the calculated instantaneous GOR
is shown in Figure 6. Because the GOR predominantly depends on freshwater productivity,
a maximum instantaneous GOR of approximately 1.3 is achieved at 1 p.m. for the SAWSH-
HDH system with dual-fluid preheating. The maximum instantaneous GOR values in
systems where only water is preheated, and only air is preheated are approximately 1.18
and 0.88, respectively. A higher GOR is achieved by the system that only preheats water
than the system that only preheats air. This is because the GOR is a function of productivity
and inputted heat across the solar collector, as indicated by Equation (45). Consequently,
with the same heat input, the productivity of the system that only preheats water is higher
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compared with that of the system that only preheats air. Hence, a higher GOR value is
contributed by the former system.

Because HDH systems could efficiently operate in hot and humid climate conditions,
the performance of SAWSH-HDH system was evaluated for the climate conditions of
Jeddah City, Saudi Arabia. Dual-fluid preheating using the SAWSH unit was considered
for further analysis because it has been identified as the most efficient method compared
with individual water-preheating and air-preheating HDH processes, as discussed.

The average seawater surface temperature and ambient temperature measured at
Jeddah City were considered seawater temperature and air HTF temperature at the SAWSH
inlet, respectively [42]. The ambient temperature and average solar radiation are considered
for a single day (21 June 2020) in Jeddah City, as depicted in Figure 4 [43]. The maximum
and minimum solar radiation values, approximately 935 and 271 W/m2, occurred at 1 p.m.
and 7 a.m., respectively. The maximum and minimum ambient temperature values, i.e.,
36.56 and 28.21 ◦C, were observed at 1 p.m. and 7 a.m., respectively. The corresponding
average seawater surface temperature was approximately 29 ◦C [42].

Figure 4. Trend of solar radiation and ambient temperature (21 June 2020, Jeddah, Saudi Arabia).

Figure 5. Distillate production rate comparison between water-heating, air-heating, and air–water-
heating systems at air and water mass flow rates of 0.020 and 0.029 kg/s.
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Figure 6. GOR comparison between water-heating, air-heating, and air-water-heating HDH systems.

The average hourly performance of the SAWSH-HDH system with dual-fluid preheat-
ing from 7 a.m. to 5 p.m. was computed. The seawater and air temperature values at the
SAWSH outlet are shown in Figures 7 and 8, respectively. The highest instantaneous water
medium temperature values at the SAWSH unit outlet were approximately 83, 78, and
73 ◦C at air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively, at 1 p.m. Similarly,
the highest air HTF temperature values at the SAWSH unit outlet were approximately 66,
62, and 57 ◦C at air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively, at 1 p.m.

The increase in air mass flow rate was observed to reduce the air and seawater
temperatures across the SAWSH collector outlet. This can be explained as follows. With
increasing air mass flow rate, the contact time between the absorber plate and air tends to
decrease. This causes air molecules to travel faster across the upper channel of the SAWSH
without attaining higher temperatures. A higher air mass flow rate results in a higher
Reynolds number. This increases the heat transfer from the absorber plate to the air stream,
eventually reducing the heat transfer to the seawater stored inside the lower section of
the SAWSH. As a result, a drop in seawater temperature at higher air mass flow rates
is experienced.

Figure 7. Variation in seawater temperature at SAWSH outlet with respect to air mass flow rate.
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Figure 8. Variation in air temperature at SAWSH outlet with respect to air mass flow rate.

The variation in instantaneous freshwater productivity over a single day with vari-
ations in the air mass flow rates is shown in Figure 9. The distillate rate is observed to
be high at a low air mass flow rate, i.e., 0.005 kg/s. When the air mass flow rates further
increased to approximately 0.010 and 0.020 kg/s, the freshwater productivity decreased.
The maximum distillate rates at air mass flow rates of 0.005, 0.010, and 0.020 kg/s were
found to be approximately 6.20, 5.78, and 4.61 kg/h, respectively, at a constant water
mass flow rate of 0.029 kg/s. The optimal seawater mass flow rate at the humidifier was
estimated to be 0.029 kg/s by the hit-and-trial method. The air mass flow rate exceeding
0.005 kg/s resulted in a decrease in the distillate rate. This was because the higher air
mass flow rates reduced the time of contact between air and water in the humidifier. At air
mass flow rates exceeding 0.005 kg/s, a decrease in distillate yield was observed owing to
the reduction in the contact time between air and water HTFs across the humidifier unit,
resulting in a lower humidification rate. Subsequently, during dehumidification, lower
freshwater yield was achieved.

Figure 9. Distilled water mass flow rates on 21 June 2020 at different air mass flow rates.

Based on the results obtained from the daily monitoring of the SAWSH-HDH system
with the dual-fluid preheating process, the monthly performance was also evaluated using
the monthly average solar radiation, seawater, and ambient temperature data for Jeddah
City [42,43]. A year-round monthly average solar radiation and ambient temperature data
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for Jeddah City is shown in Figure 10. Compared with other months, the average solar
radiation intensity was identified to be higher during the months of May, June, and July;
these were 717, 712, and 704 W/m2, respectively. Similarly, the highest average ambient
temperature was approximately 32 ◦C in August. The SAWSH unit performance was
computed considering air mass flow rates of 0.005, 0.010, and 0.020 kg/s [28].

Figure 10. Monthly average solar radiation and ambient temperature.

Figure 11 presents the monthly variation in air temperature in the SAWSH outlet
with the variation in air mass flow rates. The average air temperature at the exit of the
SAWSH unit was higher at lower air mass flow rates and lower for higher air mass flow
rates. In June, the maximum air temperature values at the outlet, approximately 60, 57, and
53 ◦C, were obtained at air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively. In
December, the maximum air temperature values were approximately 37, 34, and 32 ◦C at
air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively. The higher temperature
is attributed to the higher solar radiation intensity (approximately 712 W/m2) in June. In
December, the outlet temperature was lower because of the lower solar radiation intensity
(approximately 415 W/m2). Although the solar radiation in May was higher than that in
June, the ambient temperature in May was less than that in June. Therefore, the maximum
outlet temperature in June was higher than that in May.

Figure 11. Variation in monthly outlet air temperature with different air mass flow rates.
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The variation in seawater outlet temperature from the SAWSH unit at various air
mass flow rates is depicted in Figure 12. Similar to daily variation, the monthly trend also
indicated that at lower air mass flow rates, the seawater exit temperature values from the
SAWSH unit were higher. The maximum seawater outlet temperature values were approxi-
mately 69, 67, and 63 ◦C at air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively, in
June. In December, the maximum seawater outlet temperature values were approximately
47, 44, and 40 ◦C at air mass flow rates of 0.005, 0.010, and 0.020 kg/s, respectively.

Figure 12. Variation in monthly outlet seawater temperature at various air mass flow rates.

The month-wise distillate rates at different air mass flow rates are shown in Figure 13.
Similar to the hourly distillate rate, at lower air mass flow rates, the monthly distillate rates
were higher. At air mass flow rates of 0.005, 0.010, and 0.020 kg/s, the maximum distillate
rates in June were found to be approximately 4.602.50, 3.952.50, and 2.50 kg/h, respectively,
at a seawater mass flow rate of 0.029 kg/s.

Figure 13. Distillate rate for different months at various air mass flow rates.
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The HDH system performance is expressed in terms of GOR, which is a function of
distillate rate and heat input. Because the distillate rate is high at lower air mass flow rates,
an improved GOR is achieved at lower air mass flow rates, as shown in Figure 14. The
highest GOR, approximately 3.35, occurred in June at a low air mass flow rate of 0.005 kg/s.
At higher air mass flow rates, approximately 0.010 and 0.020 kg/s, the average GORs were
2.88 and 1.80, respectively.

Figure 14. Monthly averaged GOR versus various air mass flow rates at seawater mass flow rate of
0.029 kg/s and component effectiveness of 85%.

To verify the accuracy and reliability of the thermodynamic models formulated for
the SAWSH and HDH units, the main process parameters, including air outlet temper-
ature, water outlet temperature, and GOR, were validated with previously reported ex-
perimental results. The SAWSH unit characteristics were validated with the results of
Somwanshi et al. [28]. Figure 15a,b compares the current study and previously reported
experimental results on water-heating and air-heating processes within the SAWSH, re-
spectively. Previously reported solar radiation and ambient conditions were considered in
modeling the SAWSH unit behavior [28]. Figure 15a,b indicates that the results derived by
the present study well agree with the reported experimental results. The mean errors are
approximately 2.4% and 1.8% in terms of water and air temperature values, respectively,
indicating the reliability of the current model.

Similarly, the performance of the HDH unit modeled in the present work was validated
with the HDH system behavior earlier reported by Sharqawy et al. [33], considering both
air-preheating and water-preheating mechanisms. The considered operating conditions
include seawater temperature values at the dehumidifier (Tmin) and humidifier (Ttop) inlets
(30 and 60 ◦C, respectively). Furthermore, relative humidity of approximately 90% was
maintained at the exits of the humidifier and dehumidifier units; the adopted effectiveness
of the humidifier and dehumidifier (εh and εd, respectively) was 85%. Figure 16 shows
that the present model functions can effectively predict the behavior of the reported
HDH system.
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Figure 15. Validation of current study with experimental work [28] considering (a) water temperature
and (b) air temperature.

Figure 16. Performance comparison between results of modeled HDH system and Sharqawy et al. [33].
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5. Conclusions

The thermodynamic analysis of an HDH desalination system operated by the pro-
posed SAWSH was conducted. The SAWSH system is a single collector with a dual purpose:
simultaneously preheating air and water before the fluids enter the humidifier. The math-
ematical model for SAWSH with the HDH was formulated based on mass and energy
conservation principles. The daily and monthly performance of the SAWSH-HDH system
was evaluated for the solar and ambient data of Jeddah City, Saudi Arabia. The following
results were derived.

1. The average daily maximum air and seawater temperature values obtained by the
SAWSH were 66 and 83 ◦C, respectively, on 21 June at 1 p.m.

2. The SAWSH-HDH system performed well at lower air mass flow rates. At mass flow
rates of 0.005, 0.010, and 0.020 kg/s, the maximum air temperature values were 66, 62,
and 57 ◦C, respectively, whereas the maximum seawater temperature values were 83,
78, and 73 ◦C, respectively.

3. The observed hourly maximum productivity (i.e., distillate water production rate)
from the HDH system was 6.20 kg/h at 1 p.m. on 21 June at an air mass flow rate of
0.005 kg/s.

4. The comparison between air-heating and water-heating systems and the dual-fluid
heating system demonstrated that the air-preheating system had lower performance in
terms of productivity and GOR, the water-preheating system had higher productivity
and GOR than the air-preheating system, and the dual-fluid heating system was more
efficient than both systems in terms of productivity and GOR.

5. The observed highest monthly average air temperature and seawater temperature
were 60 and 69 ◦C, respectively.

6. The highest monthly productivity and GOR of the SAWSH-HDH system for June
were found to be 4.60 kg/h and 3.35 kg/h, respectively.

Thus, the use of SAWSH is highly recommended for simultaneously preheating air and
seawater in the HDH desalination system to improve productivity. The use of the proposed
SAWSH-HDH system in arid regions where solar energy is abundant is considerably
feasible and cost effective for desalting seawater or brackish water throughout the year.
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Nomenclature

ac Cross-sectional area of upper compartment (air-heating channel) (m2)
ap Perimeter of the upper compartment (m2)
Ap Area of the absorber plate (m2)
Acol Collector area (m2)
cair Specific heat capacity of air (1.009 kJ/kg ◦C)
cw Specific heat capacity of seawater (4.193 kJ/kg ◦C)
cv Specific heat capacity of water vapor (1.88 kJ/kg ◦C)
De Equivalent diameter (m)
Ha Enthalpy of air (kJ/kg)
Hw Enthalpy of seawater (kJ/kg)
haap Convective heat transfer coefficient between air and plate (W/m2 ◦C)
hagc Convective heat transfer coefficient between air and glass cover (W/m2 ◦C)
hba Convective heat transfer coefficient between bottom and air (W/m2 ◦C)
hgca Convective heat transfer coefficient between glass cover and ambient air

(W/m2 ◦C)
hpw Convective heat transfer coefficient between plate and water (W/m2 ◦C)
hfg Latent heat of evaporation and condensation (kJ/kg)
hram Radiation heat transfer coefficient between glass cover and ambient air

(W/m2 ◦C)
hrpgc Radiation heat transfer coefficient between plate and glass cover

(W/m2 ◦C)
kair Thermal conductivity of air (W/m ◦C)
Ki Thermal conductivity of insulation (W/m ◦C)
L Length of collector (m)
W Width of collector (m)
.

ma Mass flow rate of air (kg/s)
.

mb Mass flow rate of brine (kg/s)
.

mcw Mass flow rate of cooling water (kg/s)
ṁd Mass flow rate of distilled water (kg/s)
.

mw Mass flow rate of seawater (kg/s)
Mw Mass of seawater in collector (kg)
MR Mass ratio
Nu Nusselt number
Patm Atmospheric pressure (kPa)
Ps Saturation pressure (kPa)
Re Reynolds number
S Solar radiation intensity (W/m2)
s Salinity of seawater (kgsalt/kgseawater)
ti Thickness of insulation (m)
T1 Temperature of cooling water at inlet of dehumidifier (◦C)
T2 Temperature of cooling water at outlet of dehumidifier (◦C)
T3 Temperature of seawater at inlet of humidifier (◦C)
T4 Temperature of seawater at outlet of humidifier (◦C)
T5 Temperature of air at inlet of collector (◦C)
T6 Temperature of air at outlet of collector and inlet of humidifier (◦C)
T7 Temperature of air at outlet of humidifier and inlet of dehumidifier (◦C)
T8 Temperature of air leaving dehumidifier (◦C)
Tair Temperature of air flowing through upper compartment (◦C)
Tam Ambient temperature (◦C)
Tap Temperature of absorber plate (◦C)
Tb Temperature of base (◦C)
Tgc Temperature of glass cover (◦C)
Tw Temperature of seawater in lower compartment (◦C)
Uo Overall heat transfer coefficient between glass cover and ambient air

(W/m2 ◦C)
Uba Overall heat transfer coefficient between base and ambient air (W/m2 ◦C)
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vair Velocity of ambient air (m/s)
Greek letters
αγγχ Absorptance of glass cover
ατ Effective transmittance–absorptance product
εγχ Emittance of glass
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