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ABSTRACT

A theoretical study of humidification-dehumidification (HDH) processes inside a system combining
a solar still with an earth-air heat exchanger and a solar chimney was introduced. Energy and mass
balances in a transient mode for the solar still and the earth-air heat exchanger in addition to the solar
chimney were formulated and numerically simulated. The solar radiation heats water in the solar still
basin, which in turn warms and humidifies dry air entering the solar still due to the heat and mass transfer
into the airstream. When the glass/or the EAHE pipe wall temperatures are lower than or equal to the dew
point of the humid air, the vapour condenses and runs down. The results show that the water, the air, and
the glass temperatures increase with time to reach their maximum values (66.9 °C,61.8 °C, and 61.24 °C
respectively) in June from 15.00 to 16.00. The humidity ratio along with the solar still length increases to
reach a uniform value whenever the moist air is saturated. At the same time, the humidity ratio along
EAHE decreases due to the condensation of the moisture inside the EAHE pipe. The condensation rate in
the EAHE decreases gradually along a pipe length of 70 m until it completely vanishes at the pipe outlet.
The hourly condensation rate in the EAHE attaining its maximum value of 49.27 kg/hr. at 14:32 (Basra local
time) in June where the solar radiation is at maximum value. Also, the results indicated that the
productivity of freshwater in the solar still is strongly affected by the water, air, and glass temperatures.
The maximum productivity in the solar still achieved in March was 157 kg/day while it was 369 kg/day in
July for the EAHE. The increase of the air velocity increases the productivity in EAHE and decreases it in
the solar still. The daily average freshwater production for the system (solar still and the earth-air heat
exchanger) throughout the year was found to be 207.44 kg. The thermal efficiency of the system over the
interval from 6:00 to 19:00 was found to be 0.23-0.55. The economic evaluation showed that the cost of
freshwater production was 0.0282 $/kg. A comparison of the current analysis with other works showed
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a good agreement.

1.Introduction

The main objective of this study is to produce freshwater by
using a combination system of a solar still and an external
underground condenser with the benefit of a solar chimney for
natural air motion of humid air through the system. Freshwater
production is of vital importance especially in warm weather
zones, which are known for having the highest water consump-
tion for drinking, irrigation, and industrial activities. In remote
areas, the energy transpose can prove to be quite difficult and
costly; in this case, solar energy is considered the better alter-
native. Solar energy is widely used for desalination processes
around the world most notably in the sunny and high solar
intensity regions. A considerable number of researches available
in the literature deals with a simple solar desalination system like
solar still with some modifications to enhance the productivity
of freshwater like Keshtkar, Eslami, and Jafarpur (1993),
Abdullah et al. (2020), Zanganeh et al. (2020), Ali et al. (2020),
Ayman and Hassan (2020). Several investigations found in the
literature take the effect of air movement inside the solar still
into account. Among these studies is the work by Ali (1991). He
presented experimental research on-air motion effect inside
a solar still of a 3 m® area to enhance the low yearly productivity
of the still (3 L/ m? day). His results show a 29.7% increase in the

desalinated water when the air is allowed to move inside the
solar still. Also, Ali (1993) theoretically studied the effect of
forced convection inside a solar still on heat and mass transfer
coefficients bearing in mind the impact of turbulent air eddies,
vapour velocity inside the still, and accumulation of non-
condensable gas. He concluded that the productivity of the
solar still increases with the increase of Reynold’s number, but
it falls after reaching a maximum value at Re = 52,800.

The freshwater extracted from the humid air in buried pipes
is recently studied. Lindblom and Nordell (2006) studied
a combined system for desalination and irrigation by under-
ground condensation of moist air. They used solar radiation to
evaporate seawater and let the humidified air transport into an
underground pipe system. Their numerical simulations of this
system result in water production of (1.8 kg/m. day) over
a 50 m long pipe. Besides, Lindblom and Nordell (2007)
extended their previous study by presenting a theoretical simu-
lation on systems for drinking water production and for sub-
surface irrigation to examine the potential for using the
condensation Irrigation (CI) technology. Their model used
arrays of 50 m long pipes, spaced 1.0 m apart and buried at
0.5 m depth. They found that the mean water production rate
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was 3.1 kg/m.day when they used drainage pipes for subsurface
irrigation.

Recently Okati, Behzadmehr, and Farsad (2016) presented
a study of a solar still including a compound system consisting
of a solar humidifier and underground condenser. The amount
of produced water per length of 0.2 diameter pipe buried in the
ground is 3.8 kg/m.hr. Also, Okati, Farsad, and Behzadmehr
(2018) extended their previous work by presented a numerical
analysis of integrated humidification-dehumidification desali-
nation unit and underground heat exchanger. Different num-
bers of buried pipes were taken, and the pipe wall temperature
was considered as 17 °C. Their results indicated that the rate of
water production could reach above 264.86 (kg/day) when they
used an underground condenser of eight pipes (50 m length).

Ghazy and Fath (2016) studied solar desalination through
a system that combined solar still and humidification-
dehumidification unit. The main components of the system
are a conventional solar still, humidifier, and dehumidifier.
The moisture is extracted from the humid air in an external
condenser(dehumidifier) that is cooled by water. Their simu-
lation showed that the thermal efficiency and water production
of the integrated system is about 1.5 times that of the conven-
tional solar still under the same conditions. Bhargva and Yadav
(2020) presented a theoretical and experimental study on
a solar still combined with evacuated tubes and a heat exchan-
ger. Experimental results showed maximum daily productivity
of 7.38 L/m”. day and daily efficiency of 30.5% achieved for
modified still at 4 cm water depth. Sivaram et al. (2021) carried
out an experimental study to produce clean water from any
brackish water. Their study focused on the improvement in
efficiency by providing a passive external condenser with
a stepped design of evaporator. They showed that the passive
external condenser increases the overall efficiency of still by
10.6% in summer and 12.2% in winter. Mohamed, Shahdy, and
Ahmed (2021) performed a theoretical and experimental study
of a solar humidification-dehumidification water desalination
system based on a closed-air cycle. The impact of air flow rate,
water to air mass ratio, and cooling water flow rate on water
productivity have been investigated. Their experiments have
been conducted at water temperatures of 40°C, 50°C, 60°C,
and 70 °C. An increase in water temperature by 10 °C leads to
an increase in freshwater production with an average of 69%.
The results show that increasing air flow rate leads to increas-
ing water productivity, while it reduces humidifier and dehu-
midifier efficiencies. They found that the maximum
productivity was 6.32 kg/h at a cooling water flow rate of
6 kg/min.

The current study is a combination of a solar still, an earth-
air heat exchanger, and a solar chimney. In this system, the
solar radiation heats the water in the solar still basin, which in
turn warms and humidifies the airstream due to heat and mass
transfer from the water. A solar chimney is used to drive air
through the solar still and the EAHE pipes. The freshwater will
be extracted from the humid air by condensation of vapour in
both the solar still and the earth-air heat exchanger. The
previous studies available in the literature usually simplifying
the mathematical model by neglecting the condensation on the
glass cover of the solar still and considered only the condensa-
tion inside the buried pipes furthermore forced air circulation

was used throughout the system. In the present work conden-
sation on the glass cover which has significant productivity in
the cold and moderate seasons as well as condensation in an
earth-air heat exchanger is considered. A solar chimney is
implemented for the natural movement of humid air in a zero-
energy desalination system.

2. Theoretical analysis
2.1 The solar still

The solar still is a pool that has two openings, one to inlet dry
air, and the second is to leave the humid air. The solar radia-
tion incident on the solar still heated and humidified the air.
The heat and mass transfer balances of the solar still depend
upon whether condensation occurs on the glass cover or does
not. If the temperature of the glass cover is equal to or below
the dew point of the humid air, vapour will begin to condense
on the glass cover (see Figure 1). The main assumptions used
in the time-dependent mathematical model are:

1. One-dimensional flow in the entire system.

2. The solar still's basin and the solar chimney wall are
perfectly insulated.

3. The soil temperature is a function of time and depth only.

4. The heat resistance of the buried pipe wall is neglected.

The energy balance of the solar still becomes:

1
Cpf(Tfo - Tfl) + Wohvo - Wihvi =

m_f (qCW + Gew — Geg — qeg)

(1)

In the case of no condensation, the term (g, ) which represents
the latent heat released is zero.
The four terms of the right side of equation (1) are given as:

Gew = hyA(T, — Tf) )
ton = - Al = ) ®
qeg = hpA(Ty — Ty) (4)
Geg = %Ahfg (Wf - Wg) ©)

The humidity ratio at the water temperature of equation (3) is
determined as: (Amer et al. 2009).

p
Wy = 0.622% (6)

ws

The saturated vapour pressure P, in equation (6) is expressed
as follows:(Sharshir et al. 2016),
Elango, Gunasekaran, and Sampathkumar 2015).
5144

Py = exp(25.317 — — > 7
exp( T, + 273 )

The humidity ratio of air is given as: (Hamed et al. 2015).
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Figure 1. The physical model.

0Py
= 0.622 8
v p— [Z)Pf ®
Where Py is the saturated pressure at the air temperature,
which is expressed as follows:
5144

Py = exp(25.317 — ———— 9
7 = exp( Ty + 273 ®)

The humidity ratio at the glass temperaturew, in equation (5)
is given as:

Pg
wg = 0.622

e (10)

Where P, is saturated pressure at the glass temperature, which
is given as:
5144

Py = exp(25.317 — ——_
¢ = X T, + 273

(11)

The heat transfer coefficients for water - airstream h,, and
airstream-glass cover h f are considered as follows:(Okati,

Farsad, and Behzadmehr 2018; Sartori 2006).

hy=hy =28+ 3U; (12)

The latent heat of water vapour is given as: (Okati,
Behzadmehr, and Farsad 2016; Rogers and Yau 1989).

hg = 1000(2500.8 — 2.36T; + 0.0016T;* — 0.00006T;°)
(13)
The enthalpy of saturated vapour at air temperature can be

determined as: (OKkati, Farsad, and Behzadmehr 2018),
Cengel and Boles 2001).

hy = 1000(2501.3 + 1.827T5), h, = h, (14)

The humidity ratio for each element of dx length along with
the solar still can be calculated from the mass balance equation
as follows:

Py
.+ condensate

mEV—mCO

Wpi1 = Wy + (15)

my
The evaporation and condensation ratestit,,, th., are given as:
(Molineaux, Lachal, and Guisan 1994; Okati, Farsad, and
Behzadmehr 2018).

h
My = C—;;A(WW — wf) (16)
, h
Mo = C—;:A(Wf - wg) 17)
The dew point of the humid air is given by:(Lawrence 2005).
17.625T
243.04 [[In(b + 243Ao4+fTJ
Top= InQ) — 1765 (18)
17.625 —Inl) — 3507

The glass temperature that appeared in equation (4) can be
determined using the energy balance for the glass cover as
follows:

h
I(l - Tg)‘xg + hf(Tf - Tg) +C_;fhfg(wf - Wg)

= ha(Tg — Ta) (19)

The outside heat transfer coefficient h, is given as: (Hassan,
Elsherbiny, and Ghazy 2004; Hammadi 2018).

hs =5.7+3.8U, (20)

If no condensation on the glass (Tg>Tg); the term
chT{,- hg (ws — wg) is eliminated from equation (19).

2.1.1 Solar radiation and ambient temperature

The total solar radiation incident on a horizontal surface
estimated by curve fitting of data presented by Al-Enezi,
Sykulski, and Nabil (2011):

Lnax = 0.3967N* — 9.5368N> + 53.827N? + 41.119N

+ 407.29 (21)

Where N is the month number.
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The hourly solar radiation incident on the solar still is given
as: (Hammadi 2018; Chaabene and Annabi 1997; Mawire and
McPherson 2008).

mt

I = Lyaxsin—

sin <

Where S is the day length, which can be estimated from the
following relation: (Besharat, Dehghan, and Faghih 2013).

(22)

S= 12—5cos’1 [— tan(d) tan(L)] (23)
The declination angle is given as:(El Mghouchi et al. 2016).
8 = 23.45sin[0.986(j + 284)] (24)

The hourly ambient temperatureT, throughout the day which
appears in equation (19) is determined using the following
formulas:(Reicosky et al. 1989).

For day

. 7t
Ta = TaA,min + (Taﬁmax - Ta,min) sim <S T 3.6) (25)

i) (26)

2.1.2 Evaluation of air temperature and humidity ratio

Equations (1, 15, and 19) can be solved numerically to evaluate
the air temperature and humidity ratio along with the solar still
length. If the glass temperature is higher than the dew point of
the air, no condensation will occur, and the termsq,, and

For night

t—
24 —

Ta = Tu,min + (Tsunset - Ta,min)exp <_22

%hfg(wf—wg) are eliminated from equations 1 and 19

respectively. The water temperature in the solar still basin
T, varies with the variation of solar intensity throughout
the day. It can be calculated from the following time-
dependent energy balance of the water layer:

dT,

w - hw _
M, Cy—= = lay A — hyA(T, — Ty) — C—pfAhfg (wy — )
(27)

The average air temperature and humidity ratio for any time
interval along with the solar still can be determined numeri-
cally using the following relations:

(28)
(29)

2.2 Earth -Air heat exchanger model

After the humid air leaves the solar still, it enters the EAHE
pipes. If the pipe wall temperature is equal to or less than the
dew point of the air, condensation will occur and release the
latent heat as well as to the sensible heat due to the temperature
difference between the air and the pipe wall. The energy

balance of the earth-air heat exchanger considered is writ-
ten as:

Coy (T To) + o — el = 2 (G +9) (30
The convective heat transfer from the air to the pipe is:
dop = hyAp(Ty — Tp) €2y
The heat released by condensation can be expressed as:
Qep = ppAphmhg (wy — wp) (32)

For constant wall temperature, the dimensionless mass trans-
fer coefficient(Sh) depends on the flow type. In the case of
laminar flow, it can be given as: (Cengel and Ghajar 2015).

Sh = 3.66 (33)
For turbulent flow, (Sh) number is: (Estrada et al. 2018).

Sh = 0.023Re%85c%3 (34)

The mass transfer coefficient (h,,)is expressed by: (Incropera
2006).

ShD,
By =
DP

(35)
Where h,,can be expressed in term of hy as follows: (Cengel
and Ghajar 2015).

hf:pfcpfhm (36)

Where; D,;, is the mass diffusivity, which is given by: (Cengel
and Ghajar 2015).

D =18 x 107> (37)

The humidity ratio for each element along with the length of
the earth-air heat exchanger, is expressed as:

Hiep
n = n) T . 38
W) = Wi (38)
The condensation rate in the EAHE is:
it = 12 (39)
fe

If no condensation, the air temperature in the EAHE can be
determined by integrating equation (30) to give:

7hfﬂDpZ

Ty = Tp + (T — Tp) Exp( (40)

1y Gy
The soil temperature for any depth at any time can be evalu-

ated using the following formula: (Ozgener, Ozgener, and
Tester 2013).

T = T = A [_y ( (87200() O'S}

y (8760\"° (41)
25

t—t,

21
COS{ ——
8760



The values of T, A, o, and t, are taken as 27 °C, 13.3 °C,
0.0038 m°/hr, and 552 hr respectively, therefore, the last equa-
tion becomes [33]: (Al-Ajmi, Loveday, and Hanby 2006).

Ti(y,t) =27
13.3Exp(—0.31y)cosd —
— oLexpl—U. COS
P IO 8760

(t — 552 — 428.31)/)}
(42)

In the current work, the pipe wall temperature T}, is taken
equal to the soil temperature. This assumption has been
addressed by (De Paepe and Janssens 2003) and (Fuxin et al.
2015).

2.3 Solar chimney

A simple energy balance equation for the solar chimney is
written as follows;

aglAco-haAco(Teo — Ta) = iyCpp (Teo — Tp)  (43)
The updraught air velocity in the chimney is given by:
(Bassiouny and Koura 2008).

chh(Tco - Tf)
=cdy|—F7 44
up = cdy | T (44)
Where the mass flow rate can be expressed as:
ﬁ’lf = Pquch (45)

Using equations (43, 44, and 45), the air velocity in the chim-
ney becomes:

aled’gHy,  Prcyaaw

2
—u“h, =0
Tfa A

(46)

The value of discharge coeflicient (cd) is taken as 0.57
(Bassiouny and Koura 2008; Jianliu and Weihua 2013).
Equation (46) can be easily solved numerically to evaluate
the air velocity in the solar chimney at any time.

The solar radiation and the ambient temperature are taken
according to Basra climate conditions (latitude 30.5, longitude
47.8) throughout the year. Equation (27) was solved numeri-
cally using the Euler method with a time interval of (300 sec-
onds) to evaluate the water temperature as a function of the
local time. The equations (1, 15, and 19) are resolved to
evaluate air temperature and humidity ratio at any time for
any location along with the solar still length.
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2.4. Experimental validation

To validate the present theoretical model with other experi-
mental and numerical works, the water temperature and the
evaporation rate in the solar still throughout a time interval of
4:00-24.00 are compared with the results of Sartori (1996) and
Okati, Farsad, and Behzadmehr (2018) in Table 1. The changes
in the water temperature and the evaporation rate are similar
in the three works. This indicates the validity of the present
work results.

3. Results and discussion

A combination of a solar still, earth-air heat exchanger system
and the solar chimney was analysed under Basra climate con-
ditions (south of Iraq). Table 2 tabulated all the inlet para-
meters utilised in the calculations. The solution procedure
includes simultaneous solving of the governing equations of
the solar still, the earth-air heat exchanger, and the solar
chimney. The solar still channel was divided into small ele-
ments of 0.1 m in length. The solution covered the entire
length of the solar still for a time interval of 300s to determine
the temperature, the humidity ratio, and the other heat and
mass transfer characteristics. The air that leaves the solar still
enters the earth-air heat exchanger where heat and mass
transfer from the humid and warm air to the wall of the
pipes. The EAHE pipes were divided into small elements of
0.1 m in length. The solution included checking whether con-
densation occurs on the EAHE pipes or not, depends on the
dew point of the air and the temperature of the pipe’s wall. The
air temperature, humidity ratio, and condensation rate along
the EAHE are calculated by solving equations (30) and (38)
simultaneously.

The air is then drawn up through the solar chimney where
the air velocity is calculated by solving equation (46) numeri-
cally. The water temperature in the solar still now can be
estimated by solving the time-dependent equation (27) using
the Euler method. The procedure is repeated for the next time
interval and continues to cover a period from sunrise to mid-
night for each month around the year. All calculations are
performed by building a program using the Matlab platform.

3.1 Variation of temperature

Figure 2 shows the water, the average air, and the average glass
temperature profiles of the solar still during June. It is clear
that the temperatures increase with time to reach maximum
values at an interval between 15.00 and 16.00 then they start to
go down. Such behaviours are due to the variation of the solar
radiation incident on the solar still during the day. The air
temperature along EAHE at the four seasons of the year is

Table 1. Experimentally and numerically validation of the present work with Sartori (1996) and Okati, Farsad, and Behzadmehr (2018) works.

Time(hr.) 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24
Water temperature (°C) Sartori(Exp.) 24 24 35 58 63 66 53 39 34 29
Okati(Num.) 26 25 25 34 55 62 66 56 49 43
Present work 27 30 39 51 61 66 65 60 54 49
Evaporation rate kg/m? hr. Sartori(Exp.) 0.05 0.04 0.1 0.42 0.64 0.6 0.42 0.22 0.18 0.16
Okati 0.07 0.06 0.05 0.16 0.5 0.68 0.62 0.54 0.42 0.34
Present work 0.012 0.011 0.036 0.22 0.53 0.81 0.8 0.59 0.41 0.29
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Table 2. Inlet parameters.

Parameter value
Width of the solar still Tm
height of the solar still 0.5m
Wind velocity 3m/s
Inlet relative humidity 10%
Water absorptivity 0.9
glass absorptivity 0.1

Air specific heat 1005 J/kg K
Water density 1000 kg/m?
Water specific heat 4200 J/kg K
Water layer height 0.08 m
Latitude 30.5°
Longitude 47.8°
EAHE length 70m
EAHE diameter 0.25m
Soil depth 5m
Number of pipes 4
Chimney height 8m
Collector area 50 m?
Discharge coefficient 0.57

shown in Figure 3. The temperature gradually decreases with
the EAHE length due to the sensible and latent heat removal
from the air to the wall of the pipe. In all cases, the air

70

(=2
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(2]
o
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Temperature(°C)
»H [42)
[5,] o

40
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30 . . . . . . . L .
6 8 10 12 14 16 18 20 22 24

Local time (hr)

Figure 2. Air, water, and glass temperatures variation with time for the solar
distiller.
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Figure 3. Air temperature profile for different months along the earth-air heat
exchanger.

temperature ultimately converges to the pipes wall tempera-
ture, or in other words, to the soil temperature, which are 24
°C, 26 °C, 30 °C, and 28 °C, in March, June, September, and
December, respectively.

3.2 Humidity ratio

Figure 4 explains the change of humidity ratio along with
the solar still length at different times. The humidity ratio
increases along with the solar still length due to the mass
transfer from the water to the airstream. It is noted that the
humidity ratio decreases with time over the major part of
the solar still and reaching a uniform value faster at
t = 18.00, because of reducing the solar radiation, which
leads to lower water temperature and less evaporation
potential. Figure 5 shows a decrease in the humidity ratio
along the EAHE due to the continuous condensation pro-
cess. Besides, the humidity ratio decreases with time due to
the reduction in the evaporation rate as the solar radiation
and water temperature decrease.
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Figure 4. Humidity ratio profile for different times along the solar distiller.
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Figure 5. Humidity ratio profile for different times along the earth-air heat
exchanger.



3.3 Condensation rate in EAHE

Figure 6 shows a decrease in condensation rate along the
EAHE as the moisture content decreases due to the continuous
condensation along the pipes. The condensation rate in June is
the highest due to the increase of evaporation rate in the solar
still where the maximum solar radiation exceeds 1000 W/m?,
which is the highest over the year. Figure 7 illustrates the
hourly condensation rate in the EAHE in different months.
The condensation rate increases to reach a peak value of about
14.00 before it falls sharply. The condensation rate is strongly
affected by the solar radiation profile shown in Figure 8. When
the solar radiation increases, the water temperature, and the
rate of evaporation also increase, which in turn increases the
condensation rate. It is noted that the condensation rate in
September is higher than that of March despite the soil tem-
perature in March is the lowest, and the solar radiation is much
closed to each other. This is due to the impact of ambient
temperature where the maximum values are 28 °C and 46 °C in
March and September, respectively.

0.3
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=—June
- = Sept |

o
N
o

o
N}

0.15

EAHE condensation rate (kg/hr)
o

g
o
a

0 10 20 30 40 50 60 70
EAHE length (m)

Figure 6. Condensation rate for different months along the earth-air heat
exchanger.
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Figure 7. Hourly condensation rate for different months.
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Figure 8. Solar radiation incident on the distiller and the solar chimney for
different months.

3.4 Accumulative productivity of freshwater

The daily accumulative condensate along with the length of the
solar still and EAHE during March are shown in Figure 9. The
solar still has a maximum value of productivity (157 kg) due to
the lower ambient and glass temperatures in addition to some-
what high solar intensity (about 800 W/m?). The accumulative
condensate in the EAHE is 76 kg since a part of vapour in the
humid air is pre-condensed on the solar still cover before
entering the EAHE pipes. In June, the condensation rate in
the solar still is approximately zero as it appears in Figure 10;
this is due to the high glass temperature, which exceeds the
dew point of the humid air. On the other hand, EAHE pro-
ductivity is higher in comparison with that in March due to the
higher evaporation rate and low soil temperature (26 ° C) as
well as to the higher moisture content entering the buried
pipes, which has not been condensed in the solar still.
Figure 11 explains a summary of accumulated productivity
throughout the year for both the solar still and the EAHE. In
general, the productivity of the EAHE is higher during the
summer months due to the high solar intensity, which means
a higher evaporation rate, and lower soil temperature, which is
lower than the dew point of the humidified air.
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]
140 [{——EAHE P

120 ’ J

100 | , _
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20 H H H ] i | i H
6 8 10 12 14 16 18 20 22 24
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Figure 9. Accumulated productivity of the solar still (distiller) and EAHE with time
in March.
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Figure 10. Accumulated productivity of the solar still (distiller) and EAHE with
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Figure 11. Variation of accumulated productivity of the solar still (distiller) and
earth-air heat exchanger around year.

Furthermore, it is noted that the productivity of the solar
still is higher in the cold and moderate weather due to the
lower glass temperature in comparison with the dew point of
the humid air, which enhances the condensation potential. The
effect of the soil depth on the monthly accumulative produc-
tivity is shown in Figure 12. After a certain depth, it looks no
significant impact on productivity. The increase of the depth
from 3 m to 5 m increases the average annual productivity by
only 2.58%.

3.5 Soil temperature

Figure 13 shows the soil temperature as a function of time and
depth (see equation 41). The fluctuation of the soil temperature
decreases and the profile tend to be more uniform as the soil
depth increases furthermore, the maximum and minimum tem-
peratures are shifted towards the right of the warmest and coldest
months (July and January) due to the effect of the heat capacity of
the soil.
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Figure 12. Effect of soil depth on the accumulated productivity throughout
the year.
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Figure 13. Soil temperature variation for different depths along the year.

3.6 Solar chimney

The updraught air velocity in the solar chimney for different
values of the chimney height is explained in Figure 14. The
velocity trend is similar to that of the solar radiation incident
on the collector also it’s seen an increase in the velocity with
chimney height due to the rise in the updraught pressure with
increasing the chimney height.
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Figure 14. Hourly air velocity profile for different chimney heights.
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Figure 16. Comparison of the present work and that of Fuxin et al. (2015), (RHqjet
= 90%).

3.7 Comparison with the other work

Figures 15 and Figure 16 indicate a comparison of air
temperature and humidity ratio in the EAHE between the
present work and the work by Fuxin et al. (2015). The inlet
parameters (air velocity, soil temperature, and pipe dia-
meter are 1.5 m/s, 12 °C, and 0.5 m, respectively,). The

Table 3. Estimation of the system cost.
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Figure17. Efficiency of the present work and that of Okati et al. (2018)

average percentage differences for air temperature and
humidity ratio between the two works are 3.98%, and
11.0%, respectively.

4, System efficiency and cost estimation

Hourly efficiency of the system is the ratio of latent heat
released due to condensation of water vapour from the moist
air in the solar still and EAHE to the solar radiation incident
on the solar still. Mathematically it’s given by (Rabhi et al.
2017):

_ Productivityof (solarstill + EAHE)  (the, + they) X hgg
3600 x I

~ Solarenergyincidentonthesolarstill

The hourly efficiency of the system shown in Fig.17 was
carried out for July and compared with the work by Okati,
Farsad, and Behzadmehr (2018). The efficiency increasing
from 0.226 at 6:00 to reach 0.46 at 18:26 before sharp increases
to 0.87 just after 20:00. The sharp increase of efficiency is due
to the fast-falling of the solar radiation while evaporation and
condensation continue due to the thermal inertia of the water
in the solar still basin. The difference between the two works is
due to the different weather conditions and the soil tempera-
tures. In the present work, the soil temperature is 27.32 °C
while it was 17 °C for Okati work.

An economic evaluation was done by using Kabeel, Omara,
and Essa (2014) method. The costs of the items used in the
system are listed in Table 3. The total fixed cost of the system is

Item material Quantity Cost per unit/USD Overall cost /USD
Solar still Galvanised Iron 2 mm 100 m? 10 1000
Glass cover 70,100 m? 7 700,500,300
Black paint and material glue 100 m? 5
Insulation 3
Earth -air heat exchanger Four galvanised pipes 220 m? 5 1100
Small Water pump 20 20
Solar chimney Sand for solar collector base 5m’ 3 15
Glass cover 60 m? 7 420
PVC pipe (0.25 m diameter) 7 5 35
Installation cost 750
Total fixed cost 4840
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estimated to be F = 4840 USD. Assuming that V = 0.3 x F
represents variable annual costs and C the total variable and
constant costs i.e. C = F + V, if the average life of the equip-
ment used is taken as 10 years, then the total cost is
C = 4840 + 0.3 x 10 x 4840 = 19,360 USD. The total daily
freshwater yield for the solar still and the EAHE is 207.44 kg.
The annual average percentage of sunny days in Basra city
through four years 2016-2019 is 90.8%, and therefore the total
amount of freshwater produced in the 10 years is:

Amount of fresh water
production = 207.44 x 10 x 365 x 0.908 = 687,497.65 kg
Cost of fresh water production (kg) =

687,497.65 = 0.0282 $

19,360/

5. Conclusions

A theoretical model of humidification-dehumidification
processes in a combination of a solar still and an earth-
air heat exchanger with natural air circulation by using
a solar chimney is presented. Humidification-
dehumidification processes in a transient mode in the
whole system are formulated and numerically simulated.
It was found that the use of an earth-air heat exchanger is
notable for freshwater production from a humidified air
and the coupling of a solar still with an earth-air heat
exchanger is reliable for continuous freshwater production
throughout the year. The maximum productivity of the
EAHE occurred within the warm weather, while the solar
still has maximum productivity in the cold weather.

The average daily freshwater produced by the entire
system throughout the year was 207.44 kg (151.64 kg for
the earth-air heat exchanger and 55.8 kg for the solar still).
The largest amount of fresh water produced by the entire
system (EAHE and solar still) was obtained during the
hottest months (June and July) while the minimum pro-
ductivity was obtained within the coldest months
(December and January). The annual productivity of the
EAHE was found to be about three times that of the solar
still and the condensation rate is greatly dependent on the
solar radiation intensity. The humidification and dehumi-
dification processes in the system strongly depend on the
solar radiation intensity also the natural air circulation in
the system is significantly affected by the solar irradiance as
well as the chimney height. No significant effect was found
for the soil depth on EAHE productivity after 5 m depth
where the soil temperature is reached a uniform value of 27
°C. The average thermal efficiency of the system for the
daytime (6:00 to 19:00) was 33.07%.

Nomenclature

A area (m?)

A, collector area (m?)

A, surface area of pipe (m?)

A, annual surface temperature
amplitude (°C)

A, chimney cross-section area (m?)
Cq4 discharge coeflicient (-)

Cpe specific heat of air (J/kg°C)

C, specific heat of water (J/kg°C)

D,}, Binary diffusion coefficient (m? /s)
D, EAHE pipes diameter (m)

g gravity acceleration (m/s®

Hg, chimney height (m)

h, heat transfer coefficient between
glass and surrounding (W/m ? °C)

h,, heat transfer coefficient between
water and air (W/m 2 °C)

h¢ heat transfer coefficient between

air and glass (W/m 2°C)

h,,, convective mass transfer coefficient (m/s)
hg latent heat of evaporation (J/kg)

hg enthalpy of saturated vapour (J/kg)
h, enthalpy of vapour (J/kg)

I total solar radiation (W/m ?)

j day of year counted from January 1%

L latitude angle (degree)

11y air mass flow rate (kg/s)

ti1, solar still condensation rate (kg/s)
tite, evaporation rate (kg/s)

1, EAHE condensation rate (kg/s)

P atmospheric pressure (N/m?)

P, saturated pressure at the glass
temperature (N/m?)

P saturated pressure at the air
temperature (N/m?)

P, saturated pressure at the water
temperature (N/m?)

q., convection heat transfer between

air and glass (W)

q., convection heat transfer between
water and air (W)

Q. evaporative heat transfer between water
and air (W)

q., condensation heat transfer between air
and glass (W)

q,, convection heat transfer between air
and glass (W)

air and EAHE pipe wall (W)

q., condensation heat transfer between
air and EAHE pipe wall (W)

S day length (m)

Sc Schmidt number

Sh Sherwood number

T max monthly maximum ambient
temperature (°C)

T min monthly minimum ambient
temperature (°C)

T, ambient temperature (°C)

T4, dew point temperature (°C)

Ty airstream temperature (°C)

T¢ average air temperature (°C)

T, glass temperature (°C)

T, average annual soil temperature (°C)
T, water temperature (°C)

t time (s)

T, EAHE pipe wall temperature (°C)
T, air temperature in the collector

T, soil temperature (°C)

t, time of minimum surface temperature
from the start of the year, (hr)

U, wind velocity (m/s)

Uy airstream velocity (m/s)

w humidity ratio (kg of vapour/kg of dry air)
wy average humidity ratio of air

(kg of vapour/kg of dry air)

wp, humidity ratio in EAHE (kg of vapour/kg
of dry air)

x solar still horizontal coordinate (m)



y soil depth (m)
z EAHE horizontal coordinate (m)

Greek letters

g glass absorptivity (-)

a,, water absorptivity (-)

a, soil diffusivity (m? /s)

B altitude angle (degree)

() relative humidity (-)

§ declination angle (degree)
¢ latitude angle (degree)

X hour angle (degree)

7y glass transmissivity (-)

Subscript

f air inside the solar still
g glass

i inlet

o outlet

s saturation

w water
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