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A B S T R A C T

The Earth's radiation potential and solar energy can be suitable alternatives to other nonrenewable energies. This
work presents the study of solar desalination unit compounded with ground heat exchanger. The amount of
freshwater produced by the unit is assessed by solving mass and energy balance equations for the cycle's various
sections including air and water solar collectors, solar humidifier and ground heat exchanger. Findings indicate
that under given conditions, using a solar collector increases freshwater production by 30.35%, whereas using
air solar collector increases it by 4.45% only. In addition, since the temperature of outlet air from the ground
heat exchanger has a constant value during various seasons of the year at a depth of 1m under the ground, this
air flow can be harnessed to increase productivity in solar photovoltaic and heating, ventilation, and air con-
ditioning (HVAC) cycles. The results of this paper could be considered as a step forward for producing freshwater
even during nighttime (when there is no solar radiation) in regions with humid climate.

1. Introduction

Water and energy have always played pivotal roles in urban

development; social health and economic development of countries
depend on energy and procuring safe and healthy water. On the other
side, increasing environmental pollution increases the need of using
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renewable energies such as solar energy for producing freshwater.
Although there is freshwater in most of the world, it is not available in
the form of drinking water and there is a shortage thereof. There is an
increasing demand for water, while existing freshwater resources are
not enough to meet human needs. Pollution of rivers and lakes due to
disposal of urban and industrial waste has aggravated freshwater
shortage. Global development and rapid growth of world population
have dramatically increased the need for freshwater resources to the
extent that the world will have to deal with water shortage by 2020
[1,2]. Access to freshwater has become a national and international
issue all around the world. Desalination industries can offer us alter-
native sources of available water such as seawater or brackish water. By
2020 the issue of water will be a major crisis for many countries [3].

Desalination processes require much energy; the energy required by
these processes is supplied directly or indirectly from fossil fuels. These
fuels not only levy considerable costs on desalination process, but also
directly or indirectly inflict adverse environmental damages. It is both
economically and environmentally reasonable and desirable to find
ways to use renewable energies for desalination process, especially
solar and geothermal energies. To procure freshwater in areas that are
facing freshwater shortage and only have common energy resources
(e.g. electricity and heat) available to them, adopting desalination
technologies which utilize renewable energies could be a viable option.
In recent years, using renewable energies for water desalination has
been increasingly recognized as a viable option and desalinators using
these energies are operative throughout the world. Most of these de-
salinators are designed and launched for arid areas and generally utilize
solar energy, wind or geothermal energy for freshwater production.

One of the most significant recent breakthroughs in solar desalina-
tion systems is using humidification-dehumidification of air [4], ori-
ginally developed by Bourouni et al. [5]. This technique is based on the
fact that air can mix with huge amount of vapor and air's ability to carry
vapor increases with temperature. When flowing air comes into contact
with saline water, certain amount of vapor is absorbed by air which
needs to be cooled in order to be condensed; this vapor condensation
occurs in the condenser (GHE-ground heat exchanger).

As mentioned before, the system which is the subject of the present
study consists of a humidification section with its other related func-
tions and a dehumidification section for freshwater production. Unlike
other renewable energies, the ground's latent heat is not limited to
particular season, time or conditions and may be constantly exploited.
Shallow geothermal energy, as an available clean renewable energy
source, has been increasingly considered and applied [6]. Ground heat
exchanger which takes shallow geothermal energy as heat source/heat
sink is widely used and has proven to be highly efficient [7,8].

In climates where ground temperature range is close to human
comfort temperature (15–23 °C), this low temperature can be harnessed
in shallow depths of the ground for cooling or transferring the heat
from different parts of the system's equipment to the ground. However,
the cooling effect is negligible in areas where ground heat is higher than
the ambient temperature. Using ground heat exchangers can never-
theless be a good alternative to fossil fuels for producing hot water or
heat to be used in power plants, houses or farming; it causes decreasing
the amount of greenhouse gases in environment. Many studies have
been done about decreasing the amount of greenhouse gases [9–11].

The Earth's heat exchange capacity is very high. Studies show that
when the earth is used as heat collector and dissipater, the temperature
of the soil surrounding heat exchangers increases only marginally. The
study by Shuhong Li shows that the temperature of the soil surrounding
a subsurface heat exchanger used in an air conditioning system in-
creased 2.56–3.00°C after 15 years [6]. Lindblom et al. have reported
similar results in their experiments [12]. Their research shows that the
amount of freshwater produced in the early days of the experiment
decreases drastically, but reaches a steady production rate after a 90-
day period, which indicates that the temperature of the soil surrounding
the tubes remains constant. One of the applications of ground heat

exchangers is in passive and active ventilation systems. Since there is
steady temperature in a depth of 2–4m beneath the earth, we may
employ the Earth's heat capacity for cooling or heating in summer or
winter by flowing fresh atmosphere air through buried tubes and heat
transfer [7,13–18]. Combining a conventional air conditioner and an
earth air heat exchanger (EAHE) can result in an 18.1% reduction in
energy consumption [19]. Ground heat exchanger may also be utilized
as a ground source heat pump (GSHP). In such a system, the ground
heat exchanger has an important role in transferring heat between the
fluid flowing through the tubes and the surrounding environment.
GSHP systems are divided in two open and closed systems [20]. In open
systems, GHE acquires cooling or heating energy directly through
contact with underground or surface waters [21]. However, in a closed
system which is usually referred to as ground coupled heat pump
system (GCHP), the ground is directly used as heat source while the
fluid flows through GHE [22].

GCHP system is itself divided into horizontal and vertical types
[23]. In the vertical type, tubes are buried in a depth of 80 to 500m,
whereas in a horizontal system tubes are horizontally buried in a depth
of 1.5 to 3m. Due to its simple installation, the horizontal type is more
inexpensive compared to the vertical type which requires more equip-
ment for installation and implementation [24–26]. The heat exchanger
under study is designed so that it can be used both as an earth air heat
exchanger (EAHE) and as condenser in solar desalination cycle.

After conducting preliminary studies on the heat exchanger em-
ployed in this research project, humidification cycle and its components
will now be reviewed.

The humidification-dehumidification (HDH) desalination process is,
in fact, adopted from water's natural cycle in nature and is based on the
fact that the air can mix with certain amount of water vapor. In addi-
tion, the amount of vapor present in the air can be increased by in-
creasing its temperature. Solar still is a desalination system based on
humidification-dehumidification cycle. Numerous studies have corro-
borated that using solar collectors coupled with solar stills increases the
amount of water produced in solar stills [27–29]. In one of these stu-
dies, Badran et al. showed that using flat-plate solar collector can in-
crease water production in solar still by 36% [30]. In another study,
Okati et al. proved that increasing solar still's inlet water and air tem-
perature results in boosted freshwater production [31,32]. Currently,
however, humidification-dehumidification systems include a broad
range of water desalination systems. Studies indicate that employing
solar collectors in desalination systems results in increased production
of freshwater [33–35]. In the study by Elatter et al., increasing the
temperature and humidity of the system's inlet air increased their sys-
tem's freshwater production [36,37].

In solar stills, freshwater is produced in the chamber itself through
the condensation of water vapor on glass walls. However, new systems
have been introduced in which vapor is condensed outside the solar still
by external or internal condensers; this can increase solar still's fresh-
water output [38].

This work introduces a compound system for freshwater or irriga-
tion water production and including a solar desalinator (solar still) as
humidifier and a ground heat exchanger as condenser consisting of
underground tubes in which humid air flows inside it. Analysis focuses
on humid air condensation and the production of water in an un-
perforated tube (as main tube). The condensed water can be collected at
the end of this main tube. The collected water can be used for drinking
and also it can be guided through a perforated tube to the plant roots
(agricultural uses). In addition, since the heat exchanger's outlet air
reaches the temperature of the ground at the depth in which the con-
denser is buried, it may be used for cooling or heating houses de-
pending on the season in which the system is operating. The purpose of
this study is to investigate the impact of various design parameters on
solar desalinator and ground condenser's productivity as well as the
effect of using ground heat exchanger for cooling or heating purposes.
Therefore, a suitable thermodynamic model is proposed to investigate
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the cycle's operational conditions and equations related to solar desa-
linator and dehumidification unit are solved.

The use of a hybrid freshwater system consisting of just renewable
energy sources causes an increase the system efficiency (increasing the
amount of produced fresh water) and also reduction of the pollutants
emissions; but very limited researches have been performed around it to
the best of the authors' knowledge. Accordingly, in order to achieve
these goals, conventional desalination system is combined with solar
and geothermal energy equipment. The main components of the pro-
posed system in current study are air/water solar collectors, solar hu-
midifier and GHE. In summary, the innovations and highlights of this
study are as follows:

• Since the temperature of the outlet air from the ground heat ex-
changer has a constant value during various seasons of the year at a
depth of 1m under the ground, this air flow can be harnessed to
increase productivity in solar photovoltaic with cooling PV in warm
seasons and this used for heating, ventilation, and air conditioning
(HVAC) cycles.
• Considering the increase in the cycle's inlet air temperature by the
air solar collector as well as by forced convection of air over the
warm water in the solar humidifier and increasing of convection
coefficient, vapor production in this system will be more than con-
ventional solar stills.
• Simultaneous using of air and water solar collectors to increase
freshwater production, and using these collectors for other purposes
such as providing hot water for houses using secondary heat ex-
changer (water solar collector) and/or ventilation in cold seasons to
increase house temperature (air solar collector) will be advanta-
geous to the environment due to decreased energy consumption in
the building and reduced CO2 emissions.
• Since conventional solar stills include a closed chamber, freshwater
production occurs only when there is solar radiation. In this design,
however, since humid air can flow into the humidification chamber
even if there is no radiation (cloudy sky or nighttime), the humid air
flows through the humidifier and into the condenser and is finally
condensed and freshwater is produced.
• The GHE employed in this research is an EAHE type for conven-
tional air conditioner which also it is used as a condenser for fresh
water production simultaneously.

2. Description of the proposed system performance

The system consists of several primary components such as solar still
(as humidifier), GHE (as condenser) which includes tubes buried be-
neath the ground, air flat-plat solar collector and water flat-plat solar
collector. A schematic of the proposed system has been drawn in
Fig. 1A.

As it can be observed from Fig. 1A, the inlets of the system are air
and water (seawater, saline water, brackish water, and highly hard
water) which being preheated in two separate flat-plate solar collectors
(air and water solar collectors respectively). Afterward, the cycle's inlet
water and air enter the system's solar humidification chamber where
heat and mass exchange occurs between the two fluids (the solar hu-
midifier's inlet air and the available water inside it). The air gains heat
in the process and its temperature rises along with its humidity. The air
whose humidity has increased (state 1), i.e. has reached saturation
conditions, is pushed by a fan and directed towards tubes buried un-
derground (as condenser) where condensation occurs through heat
exchange between tubes and the surrounding soil and humid air's
contact with the cold surface of the tubes. Finally, the condensed water
inside the tubes is used for drinking (state 4) or irrigation purposes
(state 5). Furthermore, since the temperature of the condenser's outlet
air (state 3) is the same as that of tubes' surface (ground temperature at
the depth in which condensing tubes are buried) and has a relatively
constant temperature throughout the year, this air flow can be used in

combination with solar PV (state 7) and HVAC (state 6) systems to
boost their productivity and also reduce CO2 emission. A summary of
how the proposed system's components are linked together is presented
as flowchart in Fig. 1B.

3. Problem statement and formulation

The overall details of the computational model for each part of the
desalination unit are formulated based on thermodynamic laws and the
principle of mass and heat conservation. The primary hypotheses used
for developing the computational model are proposed as follow.

1. Heat and mass loss by the system's components to the surrounding
environment is ignored.

2. Air and vapor are considered as perfect gases.
3. The humidifier's outlet air is assumed to be in saturation conditions.
4. Variations in kinetic and potential energy are relatively negligible.

The proposed system's processes may have the following char-
acteristics:

• Air and water flow cycles may be open or closed.
• Energy required for heating air and water may be provided by solar
collectors, vapor flow processes and other forms of renewable en-
ergies as well as solar humidifier's surface.
• Buried condenser's outlet air may flow back into the solar humidifier
before complete drying to reduce the condenser' surface.

Thermodynamic and mass and energy conservation equations are
written for each part of the system and the proposed system's compu-
tational and mathematical models are obtained. Finally, equations are
solved by MATLAB software and results are analyzed.

3.1. Ground heat exchanger (GHE)/Earth air heat exchanger (EAHE)

GHE is one of the crucial units of a solar humidification-dehumi-
dification system. The most common type of condensation in this unit is
surface condensation in which cold walls have a lower temperature
than the humid air's local saturation temperature. Fig. 2 provides a
schematic view of the subsurface condenser's chamber. Saturation air
flows into the ground heat exchanger where its temperature falls down
due to heat transfer at the isothermal level inside the tube buried be-
neath the soil and its humidity condenses. The water produced in this
system is collected as freshwater for drinking or for direct irrigation of
tree roots. The air flowing out of the underground heat exchanger
which has almost the same temperature as ground is utilized in other
systems for cooling or heating.

Considering the control volume selected in Fig. 2, the equation for
heat exchange between air and underground tube's wall surface is
solved using Eq. (1) [39].

=q Lh T T( ( ) ( ))cond m v s a v s p, , (1)

In the above equation L, qcond, φ, ρυ, s(Ta), and ρυ, s(Ta) respectively
denote tube length, condensation heat transfer, relative humidity, sa-
turation vapor density at air temperature and saturation vapor density
at tube's permanent temperature. hm is convection heat transfer coef-
ficient which is obtained from Eq. (2) [40].

=h Sh D
Dm D
AB

(2)

where, ShD is Sherwood number for the developed laminar flow inside
the tube ShD=3.66 [46]; DAB is the binary diffusion coefficient which,
based on the developed equation by Bolz and Tuve [41] is equal to Eq.
(4).

=Sh 3.66D (3)
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= × + × +D T T2.775 (10 ) 4.479 (10 ) 1.65610AB
6 8 10 2 (4)

By calculating heat transfer between the air and buried tube's wall,
the volume of condensed water is obtained from the following equation
[39].

=m D z
q

Lc
cond

(5)

where, D and Δz are, respectively, diameter of the condenser tube and
spacing between the tubes which is 1. Taking into account condensed

Fig. 1. A schematic of the, (A) proposed system, (B) connection between system components.
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water's mass and mass balance for air control volume, specific humidity
for each control volume will be obtained from the following equation.

=+w w m
mi i

c

a
1 (6)

3.2. Flat-plate solar collector (air & water)

A schematic of the flat-palate air solar collector is drawn in Fig. 3. In
this section, the equations pertaining to the flat-plate solar collector
used for increasing the temperature of the solar humidifier's inlet water

and air are provided. The energy absorbed by the fluid from the col-
lector is given in the following equation [42].

=q m C T T( )u water water p water o i, , (7)

According to the following equation, known as Hottel-Whillier
equation [43], taking into account solar collector's heat losses to the
atmosphere, the amount of useful heat obtained from the flat-plate solar
collector will be:

=q A G U T T[ ( )]u c t L P a (8)

By taking into account Eqs. (7) and (8), the temperature of flat-plate
solar collector's outlet water is obtainable from the equation below.

= +T A G U T T
mC

T[ ( )]
o

c t L P a

p
i

(9)

In this equation, UL is the total heat loss coefficient for the flat-plate
solar collector provided by the following equation [44].

= + +U Q Q Q
A T T( )L
T B E

p a (10)

in which, the parameters QT, QB and QE are rate the rate of energy loss
due to edge effects, the rate of energy conducted through the bottom
insulation and the rate of energy lost by radiation and convection to the
glass covers above, respectively. These parameters can be determined
using Eqs. (11) to (18).

Tabor defines parameter QT in Eq. (10) as [45]:

=
+

+
++ +

+Q T T A T T A
N

( ) ( )
T

P a
N

C T T T f h

P a

N
N f

( / )[( ) / (N )]
1

4 4

1
0.05 (1 )

2 1
P P a w P p g0.33

(11)

In this equation, parameters C, f and hw are defined as [45]:

= + +f h h N(1 0.04 0.0005 )(1 0.091 )w w
2 (12)

= +C s s365.9(1 0.00883 0.0001298 )2 (13)

= +h W5.7 3.8w (14)

In Eq. (10), we have parameter QB which is proposed as Eq. (15) by
Tabor [45].

= +Q A T T k h( )/( / 1/ )B P a b (15)

As Eq. (15) defines, QB depends on width (δ) and heat conduction
coefficient (k) of the solar absorptive heat insulator and also to the
convection heat transfer coefficient between the insulator and sur-
roundings (hb). According to the report by Tabor, hb is equal to [45]:

Fig. 2. A schematic of condenser/Geo heat exchanger.

Fig. 3. A schematic of solar air collector.

Fig. 4. A schema of solar humidifier unit.
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h Wm K12.5 to 25 ( )b
2 1 (16)

Another parameter in Eq. (10) is QE which, according to the study
by Whillier [46], is defined as Eq. (17).

=Q h A T T( )E e P P a (17)

h W
m K

0.5e 2 (18)

In the present research, an unglazed solar air collector with perfo-
rated absorbent plate is employed to increase the temperature of the
system's inlet air. One of the advantages of using this type of collector is
that it is installable and applicable in different horizontal to vertical
angles. This enables us to install on it building walls, hence reduce its
weight and the installation costs. The air leaving this solar collector
(which is has the same temperature as the solar humidifier's inlet air) is
obtained from the following equations [47,48].

= =Q Q Q h T T( )the abs losses the p out (19)

=T T Q
hout p

the

the (20)

The hthe inside the solar air collector is obtained from the following
equation [47,49].

= =

= + × ×

h Nu K
D

Nu Re

K T T

, 0.0158( )

(0.0015215 0.097459 3.3322 10 ) 10

the
the air

h
the

air

0.8

5 2 3 (21)

The collector's heat absorption, Qabs, is obtained from Eq. (22) [48].

=Q I F Aabs b t c (22)

=F F Ft p sh d (23)

The collector's heat loss is denoted by Qlosses [48].

=Q U A T T( )losses T c p in (24)

The collector's overall heat transfer coefficient is denoted by UT as
calculated by Duffie and Beckman [48].

Fig. 5. Schematic of water control volume in solar humidifier.
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Fig. 6. (up) Variations of solar radiation intensity, (down) Variations in the
inflow air temperature of solar air collector.

Table 1
Initial inlet parameters.

Height of water existing in
humidifier (m)

Temperature of inlet
water (°C)

Condensation
temperature (°C)
18/October/2017

0.009 27 19

Air velocity (m/s) Width of solar humidifier (m) Inflowing air cross-section (m2)

0.1 1 0.1
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Table 3
Comparison between results from the present study and that of Lindblom et al.
[39].

Parameter Reference study [39] Present study

Temperature (°C) 60 60
Relative humidity (%) 70 70
Tube diameter (m) 0.2 0.2
Production (kg/m.day) 2.30 2.43

Fig. 7. Variations in freshwater production during the day time.
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= + +U U U UT f s b (25)

The value of heat transfer coefficient on the rear side of the collector
could be determined using Eq. (26).

=U k A
Lb ins

b
(26)

Heat transfer coefficient on collector's walls is obtained from the
following equation.

=U K A
Ls ins

s
(27)

Finally, heat transfer coefficient on the frontal side of the system, Uf,
can be derived from Klien's empirical equation [45,48].

= + +

+ +

+ + +

+

( )( )

U

M
h

T T T T

M M

1

( )( )

[ 0.0425 (1 )]

f

T
T T

M h h M
w

p air p air

p p
M f

344 ( )
( (1 0.04 0.0005 )(1 0.091 ))

1

2 2

1 2 1

p
p air

w w

g

2

(28)

The parameter hw is determined using Eq. (14).

3.3. Solar humidifier

After writing flat-plate solar collector's equations, equations related
to solar humidification unit, which is responsible for increasing the

Fig. 9. Variations in condensed freshwater during the day time at different lengths of the underground condenser.

Fig. 10. Air temperature variations throughout the Solar humidifier during the day time.

V. Okati, et al. Desalination 467 (2019) 229–244

236



ratio of outlet humidity to inlet humidity as well as increasing the unit's
outlet air temperature, are written.

The air flowing over water surface is divided into elements with
lengths of dx; the air passes over this element through a duration of dt.
The amount of time it takes for the air to flow through the humidifier
until it reaches saturation is ∆t. The temperature of water in the hu-
midifier is assumed to be constant throughout the duration of air pas-
sing through the humidifier and reaching saturation conditions. Once
the air reaches the end of its path after a time interval of ∆t, water's new
temperature is obtained by solving energy balance equation for the
total water existing in the solar humidifier. Thus, in order to obtain the
temperature of the solar humidifier's outlet air as shown in Fig. 4, mass
and energy balance equations are derived as presented below. The first
law of thermodynamics is initially written for a small control volume
with a length of dx for air [50].

+ =Q m h m hc v i i o o. (29)

+ + = +m h m h m h m h q q( ) ( )a ao vo vo a ai vi vi cw ew (30)

where Qc v. , m, h, qew, and qcw are rate of cycle's heat gain, flow rate,
enthalpy, vaporization heat transfer and convection heat transfer, re-
spectively. In addition, subscripts i, o, a, and υ denote inlet flow, outlet

Fig. 11. Variations in air's specific humidity through the solar humidifier during the day time.

Fig. 12. Variations in air's specific humidity throughout the underground
condenser tube during the day time.
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flow, dry air and water vapor, respectively. Humidity ratio is defined by
ωi=mv, i/ma [50].

Dividing Eq. (30) by ma gives:

+ = +h h h h
m

q q1 ( )ao o vo ai i vi
a

cw ew (31)

+ = +c T T h h
m

q q( ) 1 ( )pa o h i h o vo i vi
a

cw ew, , (32)

In Eq. (32), the degree of the temperature entering the solar hu-
midifier, Ti, h, is equal to the temperature of the air discharged from the
flat plate solar collector obtained by Eq. (33).

=T T
I F A U A T T( )

i h p
b t c T c p in

Nu K
D

, the air
h (33)

where ω and cpa respectively are specific humidity and specific heat at
constant pressure for air. Vapor enthalpy in the thermal range of
−10 ° C < T < 50 ° C can also be derived from the following equation
with marginal error [51].

= +h T T h h( ) 2501.3 1.82 ,g v g (34)

In the above equation, hg is vapor enthalpy at saturation conditions.
Therefore, by substituting Eq. (33) in Eq. (32), Eq. (35) is obtained.

+ +

= +

c T T
I F A U A T T

h h

m
q q

( )

1 ( )

pa o h p
b t c T c p in

Nu K
D

o vo i vi

a
cw ew

, the air
h

(35)

In the equation above, temperature is in centigrade. In balance
equation of the first thermodynamics law, Eq. (35), the goal is to obtain
ωo and Tao. Furthermore, in Eq. (35), qew represents rate of vaporization
heat transfer between water and air which is defined as follows [52]:

=q h
C

L X X A( )ew
c

p air
w s n

, (36)

where hc, Lw and Xs denote forced convection heat transfer coefficient,
latent heat of water vaporization and saturation air's specific heat at the
temperature of humidifier water, respectively, which are obtained from
Eqs. (37)–(39) [52,53]. Also, Cp, air=1005 J/kgK is air's specific heat
(with a constant value), Xn is the specific humidity of the air in the

humidifier (with a given value) and A is the humidifier's cross-section.

= +h V2.8 3c (37)

= +L T T T2500.8 2.36 0.0016 0.00006w
2 3 (38)

= ×X P
P

M
Ms

ws

tot

w

a (39)

In Eq. (38), T is water temperature in centigrade. In Eq. (39), Pws is
the pressure of saturation air at humidifier's water temperature which is
can be derived from thermodynamic tables. In addition, V, Ptot, Mw, and
Ma in the above equations respectively represent velocity of inlet air
into the cycle, total pressure, and water and air's molar mass.

Convection heat transfer between water and the air flowing over it
is calculated using Eq. (40) [52]:

=q h A T( )cw c (40)

where ∆T is thermal difference between water and air.
Using mass balance, the specific heat of the air leaving each element

is calculated by the following equation.

= +
g

mo i
s

a (41)

Mass of vaporized water, gs, is calculated by Eq. (42) [52].

=g h
C

X X A( )s
c

p air
s n

, (42)

By solving Eqs. (35)–(42), temperature of the air leaving each ele-
ment through the humidifier is calculated and as a result, temperature
in the system's transient problem will be obtained.

After writing the equations pertaining to energy balance for glass,
glass temperature will be calculate using the following equation derived
from references [54, 55].

= + + +
+ + +

T T T T A h T A T T
T T A h A T

(0.02612 15.76 2392) (0.048 9)
(0.02612 15.76 2392) (0.048 9)g

w w w r w a r a s

w w r w r a

2

2

(43)

In the above equation, Tg, Tw, Ar and hw respectively denote glass
temperature, temperature of water in the humidifier's chamber, ratio of
glass surface to solar humidifier's bottom surface and forced air con-
vection coefficient.

Ts is sky temperature and is obtained by the following equation

Fig. 15. Effect of tube numbers on freshwater production rate.
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using the ambient temperature [55].

=T T0.0552s a
1.5 (44)

After calculating glass temperature as well as humid air's char-
acteristics through the entire length of the solar humidifier, energy
balance is written for the humidifier's entire chamber and by solving it,
the temperature of water in the solar humidifier after ∆T time is cal-
culated. Energy balance equation for water control volume is for-
mulated by Eq. (45) [56].

=c
A

dT
dt

G q q q qw w
w g cw rw ew kw (45)

In other words,

=
+c

A
T T

t
G q q q qw w

K
w
K

w g cw rw ew kw

1

(46)

= = +T T A G U T T
mC

T[ ( )]
w
k

o
c t L P a

p
i

(47)

In Eq. (46), cw, TwK+1, TwK, ∆t, αw, τg and G represent heat capacity
of water, temperature of water at new time, initial temperature of
water, time interval, water absorption coefficient, glass emissivity
coefficient and degree of irradiance, respectively. And qrw and qkw are
respectively, emittance heat transfer between water and glass and heat
transfer between water and the surrounding area of the humidifier
which are calculated by Eqs. (48) and (49) [56].

=q T T0.9 ( )rw w g
4 4 (48)

=q k T T( )kw bs w a (49)

In the above equation, σ is Stefan–Boltzmann constant and kbs is
coefficient for solar humidifier's total heat transfer to the surroundings.
The unknown variable of Eq. (46) is water temperature which is ob-
tained for dt time by solving the equation. At this time, the air has
reached the length of dx. After another dt interval and air's progress
through the chamber until 2dx, water temperature at 2dt is calculated.
Therefore, the first law is written once for control volume for the dis-
tance between zero and dx and once more for the distance between dx
and 2dx. Fig. 5 shows the air's two consecutive control volumes of equal
lengths.

The parameter of m3 in the above figure is equal to m2 in the pre-
vious element. By solving the first law for the two given control vo-
lumes, temperatures T2 and T4 are obtained. As a result, temperature of
water at time 2dt is calculated using energy balance for water. This
process continues for the remaining length of the chamber and water
temperature and specific humidity of air as well as air temperature are
obtained for different intervals and spacing in the solar humidifier. This
will result in transient problem solution.

3.4. Inlet parameters of the cycle

Solar irradiance measured using a solarmeter. Using these data and
after making sure about that validity of the equations and the proposed
computational model, equations are solved in MATLAB software and
results are obtained. The cycle's given inlet parameters are provided in
Fig. 6 and in Table 1. The data are registered by the Meteorological
Organization of the City of Chabahar for 18 October of 2017.

4. Validation of numerical results

The aim of this section is to validate the results of numerical si-
mulation. To achieve this goal, the temperature of the water in the solar
humidifier and the amount of vaporized water throughout the day in
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Fig. 16. Variations of solar radiation intensity and inflow air temperature of
solar air collector for 9th July and 4th December 2017.
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the present research are compared with the experimental results of
Sartori [56] in Table 2. The increase in water temperature and mass of
vaporized water as well as the changes in these two quantities
throughout the day are similar in both and the negligible variation in
the comparison of the results indicates the validity of the results from
the present numerical analysis.

In order to find the thermodynamic conditions for each part of the
cycle as well as to predict freshwater production rate, the governing
equations solved simultaneously. In order to validate the numerical
results, Table 3 compares results from the present research and those of
Lindblom et al. [39].

5. Results and discussion

5.1. Analyzing specifications of the proposed system

The aim of writing the computational code was to obtain the sys-
tem's freshwater output based on given inlet parameters including flat-
plate solar collector's inlet air's temperature at different times of the
day, inlet air's humidity and debit, degree of solar irradiance at dif-
ferent hours of the day, solar humidifier and flat-plate solar collector's
inlet water temperature, and temperature of the earth in the depth at

which condenser tubes are buried. At first, the system itself was as-
sessed which only consisted of a solar still as solar humidifier and a
subsurface condenser (as dehumidifier). By solving equations and
evaluating the parameters affecting the system by Design-Expert soft-
ware (DOE), the impact of the cycle's inlet water temperature was
evaluated. The evaluation revealed that an increase in temperature of
the water flowing into the humidifier from 25 to 42° centigrade in-
creases freshwater production in the system by 25% [38].

Considering the DOE analysis of the system we may conclude that
increased inlet water and air temperature has a relatively significant
effect on the system's freshwater output. Therefore, the effect of using
solar water collector as well as solar air collector is evaluated for this
cycle. In addition, it worth noting again that using solar collectors re-
duces energy consumption in other cycles under study in this system.

After solving the system's thermodynamic equations, variations in
the system's freshwater production throughout a 24-hour period are
derived and presented in Fig. 7. As Fig. 7 shows, freshwater production
reaches its maximum at the peak hours of solar radiation and inlet air
temperature and then decreases with them. As a result, similar to the
trend of variations in the diagrams related to solar irradiance and
ambient air temperature, freshwater production reaches its highest
level throughout the day at the peak hours of solar radiation.

Table 4
Initial inlet parameters for 9th July and 4th December 2017.

Wind speed (m/s)
09/July/2017

Wind speed (m/s)
04/December/2017

Temperature of inlet water (°C) Height of water existing in humidifier (m)

9 12 27 0.09

Width of solar humidifier (m) Air velocity (m/s) Inflowing air cross-section (m2)

1 0.1 0.1

Fig. 17. Variations in freshwater throughout the tube by altering the under-
ground condenser depth (14:00 PM (09/July/2017)).

Table 5
Variations in freshwater by altering the underground condenser depth (14:00 PM (09/July/2017)).

Mass of distilled water (kg/hr) Ground temperature (°C) Underground condenser depth (cm) Relative humidity (%) Solar radiation (W/m2)

10.02 34 5 64 1280
11.98 28 40 64 1280
19.24 21 100 64 1280

Fig. 18. Variations in freshwater throughout the tube by altering the under-
ground condenser depth (04:00 AM (04/December/2017)).
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Fig. 8A shows the hourly rate of freshwater production through the
condenser tube; as it can be seen, with the decreasing of air humidity
through the tube, the amount of freshwater collected reduces.

Fig. 8B shows the amount of freshwater collected at different
lengths of the condenser tube throughout a 24-hour period. The total
amount of freshwater production through the condenser should natu-
rally increase by moving away from the condenser tube opening, but
because the humidity of the air decreases as it flows through the length
of the tube, freshwater production has a falling rate. By increasing the
condenser's length from 10 to 25m, production increases from
13.6113 kg/day to 23.0443 kg/day which is an increase of 69.30%.
However, increasing the length from 25 to 40m results in a mere
14.89% production boost which indicates that as the air current flows
further in the condenser, it loses its humidity increasingly and as a
result, freshwater production decreases and the increasing has a falling
rate.

Fig. 9 shows the effect of tube length on freshwater production rate
at different hours during a 24-hour period. By increasing tube length,
the amount of freshwater collected also increases, but this increase has
a descending rate so that for higher lengths, the effect of changing tube
length on freshwater production is marginal.

Fig. 10 shows changes in humid air temperature through the solar
humidifier at different hours of the 24-hour period. Air temperature is
increasing incrementally. Also, similar to changes in the temperature of
water in the humidifier, air temperature initially increases and then
declines throughout the period. As the figure shows, the humidification
chamber length required for the air flowing over water surface to have
the same temperature as water is between 10 and 15m.

In Fig. 11 variations in the specific humidity of the air inside the
solar humidifier at different hours of the day are presented. As the air
permeates further into the solar humidifier it gains more humidity. The
length of the humidifier is chosen so that the outlet air is saturated, as
seen in the schema below. As it can be observed, the air is saturated at
all times of the period with a 20-m long humidifier. In the next part, the
impact of different parameters on the length required to attain satura-
tion outlet air is explored. Needless to say, a shorter humidifier length

will reduce the costs and the space required for installation of the solar
desalinator.

Fig. 12 displays changes in specific humidity of the air throughout
the length of the condenser tube for different hours of a 24-hour period;
specific humidity of the air is reduced due the condensation process and
humidity loss throughout the condenser tube. Similar to the trend of
variations as suggested by the diagrams related to irradiance intake and
ambient temperature, specific humidity also reaches its highest level at
peak solar radiation hours.

The effect of installing air and water solar collector on freshwater
production rate in the system will now be explored. At first, the effect of
air solar collector on freshwater production rate in the system will be
investigates (Fig. 13). As the diagram suggests, when the temperature of
the solar collector's outlet air increases from 15 to 40°C, the amount of
freshwater production increases by 4.45%; this increase may indicate
that under the conditions of inlet air's relative humidity, the cycle's
operational temperature increases with inlet air temperature. Hence,
vaporization of water increases in the solar humidifier, and as a result,
freshwater production increases in the condenser. This shows that the
humidity intake of the air passing through the solar humidifier in-
creases with inlet air temperature and as a result, further approaches
saturation conditions and more water can be condensed in the con-
denser, hence more freshwater production.

Fig. 14 shows the effect of inlet water temperature on freshwater
production throughout a day. The temperature of the water in the solar
humidifier is the same as the temperature of the flat-plate solar col-
lector's outlet air which is added to the system to boost productivity.
Increasing the temperature of the existing water in the solar humidifier
increases its outlet air temperature. As a result, vaporized water's mass
rises through the humidifier due to the cycle's increased operational
temperature which finally leads to more freshwater production. This
can be accounted for by the fact that when air temperature rises
throughout the solar humidifier, the humidity intake of the air passing
through the solar humidifier increases and water vapor approaches
saturation conditions at constant humidifier length and as a result,
more vapor is condensed in the condenser and increases production.

Table 6
Variations in freshwater by altering the underground condenser depth (04:00 AM (04/December/2017)).

Mass of distilled water (kg/hr) Ground temperature (°C) Underground condenser depth (cm) Relative humidity (%) Solar radiation (W/m2)

22.79 17 10 91 0
19.78 19 40 91 0
18.24 20 100 91 0

Table 7
Fixed costs related to the proposed system.

Units Amount Cost of equipment for one unit (US $) Total Cost of equipment (US $)

Solar humidifier Iron sheet (1.5 mm thick) 20m2 20 400
Glass cover 15m2 6 90
Paints and silicon 20m2 12 240
Insulation 20m2 5 100

Flat plat collectors and heat exchanger 15m2 250 3750
Fan & circulate pump 2. No 25 50
Five aluminum's tube 5×50 3 US $ per meter 750
Production – 100 100
Total fixed costs (FC) 5480

Table 8
Cost of production per average daily productivity and Comparison of different desalination system.

Low cost solar stills Present work Active still
with vacuum fan,
[57]

Single basin still coupled to evacuated tube
collector, [59]

Stepped solar still with external and internal
reflector, [58]

Cost of fresh water production (kg or lit) 0.0276 US $/lit 0.048 US $/lit 0.0186 US $/lit 0.0197 US $/litter
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Results indicate that increasing humidifier's inlet water temperature
from 20 to 40°C increases freshwater production from 19.9546 kg/day
to 34.8205 kg/day which translates to a 74.46% increase. In addition,
by increasing the humidifier's inlet water temperature from 40 to
50degrees centigrade, freshwater production increases from
34.8205 kg/day to 45.3888 kg/day which means a 30.35% increase in
production.

Fig. 15 shows the effect of the number condenser tubes on fresh-
water production rate. As it can be seen, freshwater production in-
creases with the number of tubes. On the other hand, adding further to
the number of condenser tubes leads to a falling freshwater production
rate.

Since temperature of the earth varies at different depths, changing
the depth at which condenser tubes are buried and changing the tube's
surrounding temperature (i.e. condensation temperature) will also in-
fluence the amount of freshwater collected. This section explores the
effect of changing underground depth on freshwater mass in months of
December and July of 2017.

The cycle's given inlet parameters for these two specific days are
provided in Fig. 16 and in Table 4. The data are registered by the
Meteorological Organization of the City of Chabahar for 9th July and
4th December of 2017. Solar irradiance for these two days has also been
measured using a solarmeter.

Fig. 17 and Table 5 show the effect of altering the depth at which
the condenser is buried at 14:00 PM on 09/July/2017. At this time of
the day, due to reduced affectability of various factors in the sur-
roundings such as air temperature and solar radiation, increasing the
depth at which the condenser is buried decreases its surficial tem-
perature and remains constant from the depth of 1–1.5m; thus, the
amount of collected freshwater increases because of reduced tempera-
ture in the condenser tube surface. According to the results shown in
Table 5, the amount of freshwater produced in the condenser at depths
of 100 cm and 40 cm from the surface of the ground is 19.24 kg/h and
11.98 kg/h, respectively. This suggests that a reduction in the con-
denser's surface temperature from 28 °C to 21 °C causes a 60.6% percent
increase in production.

Fig. 18 and Table 6 show the effect of ground depth at 04:00 AM on
04/December/2017. At this time, increasing the depth at which the
condenser is buried increases ground temperature, and this means that
condenser's surface temperature also increases, which in return reduces
the amount of freshwater collected.

In fact, when the condenser is buried at a shallower depth, ground
temperature and thus, condenser's surficial temperature throughout the
day changes with variations in ambient temperature, solar radiation
and other factors in the surroundings and eventually changes the
amount of freshwater production. From the depth of 100 cm onward,
however, ground temperature remains steady throughout the period
and is less likely to be affected by circumstantial factors and as a result,
freshwater's mass remains constant from this depth onward. Therefore,
in regions where there is high air humidity 24 h a day, the cycle is able
to produce freshwater even at night when there is zero solar radiation
by condensing the humidity in the air. Furthermore, since the con-
denser's outlet air's temperature is the same as the tube's surface (earth
temperature at the depth at which condensing tubes are buried), this air
current may be utilized for other applications such as solar PVs, col-
lectors, and HVACs.

5.2. Economic analysis of the proposed system

In this section, the effort has been focused on the economic analysis
of the proposed system. The economic analysis is based on the method
presented by Kabeel et al. [57]. As expressed in Eq. (50), the total costs
(TC) consist of fixed costs (FC) and variable costs (VC). The construction
cost for each of the system components is listed in Table 7 and based on
this table, the total fixed costs is calculated to be FC=5480 US $. Also,
the annual VCs is considered to be 30% of FC (Eq. (51)) [57].

= +TC FC VC (50)

= ×VC FC0.3 (51)

If the useful life of the proposed system has been considered to be
10 years, then TC=5480+ (0.3×10×5480)= 21,920 US $.
Considering Fig. 15, the amount of daily fresh water production for a
condenser with 5 buried pipes is 230.1 lit. In Chabahar city, it could be
considered that there are 345 sunny days on average in a year [31];
consequently, the total amount of fresh water produced in the 10-year
useful lifespan of the system could be calculated as following:

➢ Amount of fresh water production=230.1×10×345=793845
(lit)

➢ Cost of fresh water production (lit) =21920/793845=0.027 $

Since the type of condenser and humidifier employed in this design
and the method of their integration are innovations of this design and
no similar design has so far been introduced, we cannot provide an
accurate economic comparison with other solar desalinator.
Nevertheless, with regards to Table 8, the cost of building this system
compared to other systems is acceptable.

6. Conclusions

In current investigation, the effort has been paid to propose a novel
hybrid system for producing fresh water. By coupling a solar desali-
nation system with a subsurface condenser it may produce freshwater
even at night when there is no solar radiation by employing convection
heat transfer and superficial vaporization as well as by exploiting high
air humidity in some regions of the world. In addition, it may increase
freshwater production throughout the day using solar air and water
collectors. Because the temperature of the condenser's outflowing air is
the same as that of the tube's surface (ground temperature at the depth
in which condenser tubes are buried), this air flow may be employed for
other applications such as solar PVs, collectors, solar chimneys, PCMs,
and HVACs. As the results suggest, the depth at which the condenser
tubes are buried can significantly influence production rate at different
hours of the day. Findings show that if the condenser is installed at a
depth of 100 cm below the ground, the amount of freshwater produced,
and ground heat exchanger's outlet air temperature will be the least
affected by seasonal and circumstantial factors of the surroundings.

• Reducing the condenser's surficial temperature from 28 °C to 21 °C
boosts freshwater production by 60.6%.
• The results reveal that on 04/December/2017, the proposed cycle
can be used during the night time (on nights with high humidity in
the air entering the cycle) through condensation of humidity in fresh
air. The amount of freshwater production at 04:00 AM on this date is
equal to 18.24 kg/h for a condenser buried at a depth of 1m from
the ground. This amount is remarkable with a freshwater production
of 19.24 kg/h on 09/July/2017 in the summer at 14:00 PM when
there is a very good sunlight condition.
• Since the condenser's outlet air temperature is the same as the tube's
surface temperature (temperature of the earth at the depth in which
condenser tubes are buried which is relatively constant throughout
the year at the depth 1m), this air current may be used in combi-
nation with other systems such as solar PVs, collectors, solar
chimneys, PCMs, and HVACs among others, to boost their pro-
ductivity and also reduce CO2 emission.
• Using a solar collector and increasing the inlet water's temperature
from 40 °C to 50°C will increase freshwater production rate from
34.8205 kg/day to 45.3888 kg/day which is a 30.35% increase in
production.
• An increase in the temperature of the solar collector's outlet air from
15 °C to 40 °C increases freshwater production by 4.45%. This shows
that the more the humidifier's inlet air temperature increases, the
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humidity intake of the air passing through the solar humidifier will
increase further. Therefore, more water vapor may be condensed
hence increased freshwater production.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.desal.2019.06.011.
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Nomenclature

A(m2): Cross-section of solar humidifier, area of the collector plate surface
Ar(m2/m2): The ratio of humidifier's coverage area to the area of solar still's bottom
Asec(m2): Cross-section of inlet air of humidifier
Ab(m2): backside surface area of air collector
Ac(m2): frontal surface area of the air collector
As(m2): wall sides surface area of air collector
Ap: Perimeter area of the collector
C: Empirical factor defined in Eq. (5)
Cp, air = 1005(J/kg. K): Specific heat of air
Cw(J/K): Heat capacity of water
D(m): Condenser tube diameter
DAB(m2/s): Binary diffusion coefficient
Dh(m): hydraulic diameter
f: Empirical factor defined in Eq. (6)
Ft: climate losses factor
Fsh: shadow factor
Fd: dust factor
G(W/m2): Solar heat gain
Gt(W/m2): Total (direct plus diffuse) solar energy incident on the collector aperture
gs(kg/s): Rate of the evaporated water
h(kJ/kg): Enthalpy
hg(kJ/kg): Saturation vapor enthalpy
hc(W/m2. K): Displacement heat transfer coefficient
hw(W/m2. K): Surroundings displacement heat transfer coefficient, convection coefficient

between the top glass and the environment Eq. (8)
hwater(m): Height of water in solar still/humidifier
hm(m/s): Convection heat transfer
hthe(W/m2. K): theoretical forced convection heat transfer coefficient from the perforated

absorber plate into airflow
Ib(W): direct incident solar radiation
kins(W/m. K): the thermal conductivity of insulation
kair(W/m. K): the thermal conductivity of airflow
L(m): Condenser tube length, thickness of insulation (m2)
Lw(J/kg): Latent heat of water evaporation
Kbs= 1.11(W/m2. K): Coefficient for solar humidifier's total heat transfer to the sur-

roundings
Ma(kg/kmol): Molar mass of air
Md(kg/hr): Rate of distilled water
Mw(kg/kmol): Molar mass of water
m kg s( / ): Flow rate
N,M: Number of glass cover

Nuthe: theoretical Nusselt number
Ptot(Pa): Total pressure
Pws(Pa): Minor air pressure in water-evaporating temperature
qcond(W/m2): Condensation heat transfer
qcw(W): Convection heat transfer
qew(W): Vaporization heat transfer
qkw(W/m2): Conduction heat transfer
qrw(W/m2): Radiation heat transfer
qu(W): Rate of useful energy delivered by the collector
QB(W): Rate of energy conducted through the bottom insulation
QE(W): Rate of energy loss due to edge effects
QT(W): Rate of energy lost by radiation and convection to the glass covers above
Qlosses(W/m2): thermal losses
Qabs(W/m2): thermal energy absorbed
s: Tilt of collector as measured from horizontal
Sh: Sherwood number
T(°C): Heat temperature
Ta(°C): Ambient temperature
Tair(°C): Temperature of cycle's inflowing air
Tp(°C,K): Temperature of condenser tube's walls, average temperature of the absorbing

surface, perforated absorber plate temperature
Ti(°C): Temperatures of the fluid entering the collector
To(°C): Temperature of the fluid leaving the collector
Tout(K): outlet air temperature from UTC
Ti, h(°C): Temperature of water inlet the humidifier from flat plat solar collector
To, h(°C): Temperature of water out let of the humidifier
Twater(°C): Temperature of water at the bottom of solar humidifier
Twk+1(°C): Temperature of water in the humidifier in the new time
Twk(°C): Initial temperature of water in humidifier
V, uair(m/s): Airflow velocity
X(m): Solar humidifier's length
Xn(kg/kg): Specific humidity of saturation air in the temperature of humidifier's water
Xs(kg/kg): Specific humidity of air in room temperature
W(m/s): Wind speed
UL(W/m2. K): Collector overall energy loss coefficient
Ub(W/m2. K): thermal losses from the backside of the system
Uf(W/m2. K): thermal losses of the frontal side of the system
Us(W/m2. K): thermal losses of the edges of the system
UT(W/m2. K): total thermal losses of the system
ϵp: Absorber plate emittance
ϵg: Emissivity of glass covers
αw= 0.9: Water absorption coefficient
αp= 0.96: perforated plate absorptivity(0.96)
ρv, s(kg/m3): Saturation vapor density
σ= 5.67 ∗ 10−8(W/m2K4): Stefan–Boltzmann constant
τα: Transmittance–absorptance product
ηh: hourly efficiency
τg = 0.9: Glass transition coefficient
φ(%): Relative humidity
ω: Absolute humidity
∆z(m): Spacing between tubes buried beneath the soil

Subscripts

a: Dry air
g: Glass coverage
i: Inlet
o: Outlet
S: Sky
υ: Water vapor

V. Okati, et al. Desalination 467 (2019) 229–244

244

http://refhub.elsevier.com/S0011-9164(19)30296-6/rf0265
http://refhub.elsevier.com/S0011-9164(19)30296-6/rf0265
http://refhub.elsevier.com/S0011-9164(19)30296-6/rf0270
http://refhub.elsevier.com/S0011-9164(19)30296-6/rf0270
https://doi.org/10.1002/er.4440160609
https://doi.org/10.1016/0038-092X(95)00094-8
https://doi.org/10.1016/0038-092X(95)00094-8
https://doi.org/10.1016/j.enconman.2014.05.050
https://doi.org/10.1016/S0196-8904(01)00120-0
https://doi.org/10.1016/j.rser.2016.08.058

	Proposal and assessment of a novel hybrid system for water desalination using solar and geothermal energy sources
	Introduction
	Description of the proposed system performance
	Problem statement and formulation
	Ground heat exchanger (GHE)/Earth air heat exchanger (EAHE)
	Flat-plate solar collector (air &#x200B;&&#x200B; water)
	Solar humidifier
	Inlet parameters of the cycle

	Validation of numerical results
	Results and discussion
	Analyzing specifications of the proposed system
	Economic analysis of the proposed system

	Conclusions
	Supplementary data
	References
	Nomenclature
	mk:H2_16





