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Abstract

Global water scarcity is one of the biggest human concerns in recent decades. Seawater desalination becomes the dominant
way to access the new drinkable waters. The present study developed a heat pump-assisted humidification—dehumidification
water desalination system. The designed system is equipped with a novel solar humidifier that works based on the free-flow
solar water collectors. The effect of air flow rate and mode of the air circulation system on the performance of the designed
system was experimentally investigated. The results reveal that raising the air flow rate improved water evaporation rate
and the solar humidifier efficiency, while closing the air circuit led to a reduction in the evaporation rate. The maximum
evaporation amount and water productivity were around 1.38 and 1 kg/h/m? in the average solar irradiance of 877 W/m?. The
closed-loop air circulation system resulted in a significantly higher effectiveness of dehumidification and produced higher
desalinated water compared with the open-circuit mode. The lowest specific electrical energy consumption and the highest
gained output ratio values of, respectively, 0.15 kWh/kg and 2.36 were observed at the air flow rate of 0.019 m*/s/m? of solar
humidifier when closing the air circulation system.
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P Absorber plate
PC_o Outlet of pre-condenser
r Refrigerant
SC Solar collector
SC_i Inlet of solar collector
th Thermal
v Vaporization

Seawater
Introduction

Global water scarcity has become one of the biggest human
concerns in recent decades. Less than 2.6% of the total water
on the earth is fresh, from which only 30% is usable by
human (Barlow and Clarke 2017). At least 30% of people
throughout the world suffer from water scarcity. Climate
changes, natural disasters, rapid population, economic
growth, and accelerated urbanization are some of the fac-
tors influencing accessibility to freshwater (Lawal et al.
2018; WWAP 2012). Besides the management of the exist-
ing water resources, desalination is becoming the dominant
approach to access the new drinkable water. Both thermal
and membrane desalination plants consume a large amount
of energy (Moumouh et al. 2014). The economic and envi-
ronmental consequences of fossil fuel spurred growing inter-
est in the use of renewable energies as the alternative or
supplementary to fossil fuel resources. Numerical modeling
of an advanced biological wastewater treatment plant was
carried out, and the obtained results were confirmed by the
experimental data. A 2.85 MW photovoltaic (PV) generator
was also considered to meet the energy requirement of the
plant with the daily capacity of 134.9 ML wastewater. The
study concluded that the performance of the proposed plant
could be improved by employing solar thermal energy and
geothermal heat pump to control the wastewater temperature
(Giirtekin 2019).

Among the thermal-based desalination techniques, the
humidification—dehumidification (HDH) of air, due to the
ability for operation at low temperature and use renewable
energies as the heat source, is known as a simple method
especially suited for regions in developing countries (San-
tosh et al. 2019). Solar collectors were widely employed in
the HDH systems where they heat water to humidify the
circulating air. Dehumidification of the humid air to produce
freshwater is accomplished by cooling down the air below
the dew point. The analysis results of an open-type solar-
assisted HDH system indicated that the temperature of the
water, air, and glass cover, as the condenser, significantly
influenced the productivity of freshwater. Maximum pro-
ductivity of 2.2 kg/m?/day was reported in this study (Ham-
madi 2018). Zarzoum et al. (2016) have numerically studied
an HDH-based solar desalination system to investigate the
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influence of the meteorological and operating parameters,
including the inlet temperature of air and water as well as the
air flow rate, on the system productivity. El-Said et al. (2016)
have investigated the use of nano-fluid solar water heaters to
heat the saline water in a two-stage HDH desalination sys-
tem. A maximum solar water heater efficiency of 49.4% and
a gained output ratio of 7.5 was achieved in this research. An
HDH desalination system was equipped with a concentrated
photovoltaic-thermal air collector (surface area of 9 m?) for
simultaneous production of freshwater and electricity. The
annual freshwater capacity of the system was around 12 m?,
and the cost of freshwater production was estimated to be
0.01$/L (Elsafi 2017).

To improve the energy efficiency of the HDH systems,
some configurations were designed to recover the con-
densation heat and reutilize for air or water heating in the
humidification process. In this way, heat pump technology
has been widely employed in desalination systems. Zhang
et al. (2018) have experimentally studied an HDH system
with the heat pump unit and reported maximum water pro-
ductivity of 22.26 kg/h, and an estimated cost of 0.051 $/
kg of produced water. Dehghani et al. (2018) developed a
mathematical model to describe the performance of an HDH
system coupled with a heat pump under different working
conditions. An optimum specific electrical energy consump-
tion of 335.4 kWh/m® was achieved in this research. Numeri-
cal investigation of a heat pump-assisted HDH desalination
system was carried out by Zhang et al. (2019). The results
showed that the air temperature had no significant effect
on productivity, while the increase in the relative humidity
caused an improvement in freshwater production. The aver-
age production cost of 0.0412$/L was reported in this study.
A novel configuration for the heat pump-assisted HDH sea-
water desalination systems was proposed by He et al. (2018),
in which the evaporator was employed to recycle the accu-
mulated heat in the discharging brine and deliver to the con-
denser for heating the seawater. Rostamzadeh et al. (2018)
achieved the maximum gained output ratio of 9.02 using an
HDH system equipped with absorption-compression heat
pump cycle that recovered waste heat of brine.

Most of the HDH desalination systems utilize the water
spraying technology to achieve a suitable evaporation rate in
the humidification process (El-Agouz et al. 2014). Rahimi-
Ahar et al. (2018) proposed an HDH system with a vacuum
humidifier. The results revealed that reducing the humidi-
fier pressure significantly increased the desalinated water
production. Gao et al. (2008) developed an HDH system,
in which the humidification was accomplished by spraying
the seawater on an alveolate humidifier. Xu et al. (2019)
compared two kinds of humidifying packing materials,
including plastic polyhedron empty balls (PPEBs) and hon-
eycomb paper in a solar-assisted heat pump desalination
system. The study showed that using the PPEBs resulted in
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more improvement in the system productivity at the same
condition of the air flow rate because of the greater specific
surface area.

In a research, Zondag et al. (2003) studied different con-
figurations of hybrid solar water collectors and concluded
that although the free-flow concept provides suitable heat
gain from the absorber panel and presents a fair thermal effi-
ciency, it is not a good choice for use in the solar water heat-
ers due to the strong water evaporation rate especially at the
higher temperatures. To use the suitable water evaporation
potential of the free-flow water collectors, the present study
attempted to develop a novel heat pump-assisted solar HDH
desalination system with a combined water sprayer-free-flow
solar humidifier. Although a large number of solar-assisted
HDH desalination systems are presented in the literature,
integration of solar collector and humidifier in a single part
has not been investigated, so far. The performance of the
designed system was experimentally investigated under dif-
ferent air flow rates and two modes of the air circulation sys-
tem including closed-loop and open-circuit. The tests were
carried out during June 2018 in Kerman, Iran.

Materials and methods
Setup description

The designed water desalination system includes a water
pump, seawater tank, solar humidifier, distribution pipe,
water sprayers, pre-condenser, evaporative condenser,
blower, and heat pump unit, as indicated in Fig. 1. The water

Fig.1 Schematic sketch of
the desalination system and
location of the measurement
instruments: 1—solar humidi-
fier, 2—water sprayer, 3—pre-
condenser, 4—seawater tank,
S5—water pump, 6—evapora-
tive condenser, 7—desalinated
water, 8—blower, 9—heat
pump condenser, 10—expan-
sion valve, 11—heat pump
evaporator, 12—compressor,
13—pyranometer, 14—temper-
ature controller, 15—tempera-
ture sensor, 16—RH sensor

pump transfers the seawater from the tank to the distribution
pipe installed on the top end of the flat plate absorber of the
solar collector that works as the humidifier. A part of the
water is evaporated when moving down over the absorber
plate under the influence of direct contact with the hot plate
and the heated air. The water vapors, involved in the airflow,
pass through a heat exchanger, which is located after the
solar collector and works as the pre-condenser. In the pre-
condenser, a part of the energy of the humid air is transferred
to the seawater flow entering the humidifier. This reduces
the airflow temperature, hence, facilitates the water conden-
sation, and preheats the seawater flow before the humidi-
fier. The increase in the seawater temperature enhances
the kinetic energy of the water molecules, which leads to
improvement in the evaporation rate during the humidi-
fication process. The evaporative condenser is made of a
helical tube vertically installed in a tank filled with water,
as the heat storage material. The heat pump evaporator is
also located in the tank to provide the cooling load needed
for the dehumidification. The helical tube is ended into the
desalinated water container. A return duct, connected to the
container, leads back the airflow to the inlet of the system,
where the heat pump condenser preheats the air before the
solar collector. To supply the electrical energy needed for the
blower, pump, and heat pump compressor independently of
the grid, a stand-alone photovoltaic system including photo-
voltaic module, battery, charge controller, and inverter was
installed beside the water desalination system.
Photographs of the desalination system are shown in
Fig. 2. The blower was installed before the heat pump con-
denser to circulate the air through the system components.

Seawater
Air
—_—

Refrigerant
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Fig.2 The designed heat pump-assisted solar HDH desalination system: 1—solar humidifier, 2—photovoltaic module, 3—blower and condenser
housing, 4—pre-condenser housing, 5—evaporative condenser, 6—seawater pump, 7—seawater tank

The water pump provided a steady seawater flow to the
humidification unit. The flat plate absorber in the solar
humidifier was a black painted aluminum sheet installed in
a wooden duct whose sides were thermally insulated using
a glass wool cover. The pre-condenser, as a cross-flow heat
exchanger, had an adequate total surface area to reach the
leaving humid air from the humidifier with the average
flow rate of 0.014 m?/s/m? (at the average temperature of
55 °C and RH of 65% observed in the pre-experiments)
to the dew point condition, assuming a seawater flow rate
of 2.5 L/min with the average temperature of 20 °C. It
was a finned-tube aluminum heat exchanger with the outer
dimensions of 0.170%x0.170 % 0.040 m.

The helical tube in the construction of the evaporative
condenser had a total length of 2.300 m and diameter of
0.080 m to provide a cooling load of 630 W to achieve
an average condensation rate of 1 kg/h, considering an
average temperature of 20 °C for the surrounding heat
storage material. The tube was located in the water tank
constructed from stainless steel material with a diameter
of 0.670 m. A glass wool sheet of thickness 0.025 m was
used for thermal insulation of the tank. The freshwater
container was separated from the condenser tank using a
stainless sheet.

The heat pump system was comprised of the condenser,
compressor, expansion valve, and evaporator. Tetrafluoroeth-
ane that is known as R134a, from the family of hydrofluoro-
carbons (HFC), was utilized as the refrigerant in the heat
pump system. The heat pump condenser was a finned-tube
aluminum heat exchanger with 58 fins, and a helical copper
pipe was used as the heat pump evaporator in the water tank
of the dehumidification unit.
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The photovoltaic system was employed to supply the elec-
trical energy needed for the pump, blower, and heat pump
compressor. The PV system was designed to supply the elec-
trical energy needs of the desalination system to work at
least 6 h per day of summer in Kerman city, Iran. Technical
specifications of the different components of the designed
HDH desalination system are given in Table 1.

Mathematical models of the humidification
and dehumidification

The following assumptions were considered for the math-
ematical modeling of the humidifier and dehumidifier units:

e The system is in a steady-state condition.

e Heat losses from the dehumidifier to the ambient air are
neglected.

¢ Kinetic and potential energies are not taken into calcula-
tions.

The mass and energy balance equations of the humidifier
can be given as:

Iy, — iy = 11, = ity (@, sc o — @, sc i) (D

tyHy — iy Hy, + 1, (H, sc = H, sc ;) = Asc|Gra = U(T, = Ty

@)
where ri,, 11, and riz,, stand for the mass flow rates of, respec-
tively, the air, seawater and brine (kg/s); 71, is the moisture
evaporation rate in the humidifier (kg/s); @, sc , and o, g¢ ;
are the absolute humidities of the moving air at the outlet
and inlet of the humidifier (kg moisture/kg air), respectively;



International Journal of Environmental Science and Technology (2020) 17:2401-2414 2405
Table 1 Technical specifications of the different components of the system

Component Technical specification

Blower 12 V—DC, nominal input power: 45 W

Seawater pump 12 V—DC, nominal input power: 12 W

Solar humidifier Absorber: black painted aluminum sheet, total surface area: 1.2 m?, transparent cover: glass sheet, thickness: 6 mm
Pre-condenser Type: finned-tube heat exchanger, material: aluminum, total surface area: 1.050 m?

Evaporative condenser Type: helical tube, length: 2.300 m, diameter: 0.080 m

Heat pump Compressor: scroll type, input power: 90 W, cooling capacity: 330 W; evaporator: helical pipe, material: copper,

length: 2.000 m, diameter: 0.008 m; condenser: finned-tube heat exchanger, material: aluminum, number of fins:
58, outer dimensions: 0.240 x 0.220 X 0.050 m; expansion valve length: 3.3 m, inner diameter: 0.78 X 107> m

PV system Maximum power of PV module: 180 W; charge controller: 12/24 V with the maximum current of 30 A; battery

capacity: 86 Ah; rating power of DC to Ac

inverter: 350 W

Hy, H, H, gc_,and H,_gc ;show the specific enthalpies of,
respectively, the brine, seawater, inlet and outlet air of the
solar collector (J/kg); Agc is the surface area of the solar col-
lector (m?); G stands for the solar radiation on the collector
(W/m2); 7 and a are the transmission coefficient of the glass
cover and the absorption coefficient of the absorber plate,
respectively; U is the overall heat loss coefficient of the solar
collector (W/m?/°C); T, and T, are the temperatures of the
absorber plate and the ambient air (°C), respectively.

The corresponding mass and energy equations for the
dehumidifier can be written as:

mc = ma (wa_EC_o - wa_EC_o) 3)

it (H, pe i = Hy neo) = M (Hy—pe i — Hacpco) “
where i1, is the vapor condensation rate in the dehumidifier
(kg/s); w, gc o, and o, gc , show the absolute humidities of
the air at the inlet and outlet of the evaporative condenser,
respectively (kg moisture/kg air); 7z, stands for the mass flow
rate of the refrigerant (kg/s); H; yg ; and H, yg , show the
specific enthalpies of the refrigerant at the inlet and outlet
of the heat pump evaporator, respectively (J/kg); H, gc ,and
H, gc ; are the specific enthalpies of the air at the outlet and
inlet of the evaporative condenser, respectively (J/kg).

Experimental procedure

The experimental tests were carried out during June 2018 in
Kerman, Iran. Each trial started at 10:30 a.m. and continued
until 12:30 p.m. The tests were conducted at the different
air flow rates of 0.009, 0.014, and 0.019 m?/s/m? of solar
humidifier that were selected by trials and two modes of
the air circulation system including open-circuit and closed-
loop. At the mode of open circuit, the humid air, after pass-
ing through the dehumidification unit, was discharged to the
ambient, and instead of it, fresh air entered into the system.
The seawater flow rate kept constant (around 2.5 L/min)
for all tests, and the average temperature of the seawater
tank was around 23.2 +3 °C during the experiments. Inlet

and outlet temperatures and relative humidity of the solar
humidifier, pre-condenser, evaporative condenser, as well as
the heat pump condenser, were measured by time intervals
of 15 min. Furthermore, the required power of the heat pump
compressor, blower, and water pump was recorded every
0.5 s during the tests. Ambient condition data, including
temperature, relative humidity, and solar irradiance on the
solar collector surface were also recorded by time intervals
of 15 min.

Performance parameters

Performance evaluation of the designed desalination system
was conducted based on the parameters of thermal efficiency
of solar humidifier, effectiveness of dehumidification, pre-
condenser fraction, specific electrical energy consumption,
and gained output ratio. Thermal efficiency and evaporation
rate were the key parameters to investigate the performance
of the solar collector as the humidifier. Thermal efficiency
of the collector was defined as follow:

(o = GQA—SSCC x 100 Q)

where ¢, is thermal efficiency (%), and Qqc is the rate of
useful energy gain by the solar collector (W). The following
expression gives the rate of useful energy gain by the solar
collector.

Osc = 1ty (Hy_sc_ o = Hy sc.i) (6)

Moisture evaporation rate (72,) was determined based on
Eq. 1 using the air mass flow rate and the absolute humidi-
ties of the air at the inlet and outlet of the solar collector.
Condensation rate (ri1,) in the dehumidification unit was
obtained from Eq. (3) by measuring the absolute humidities
of the inlet and outlet air of the dehumidifier.

Since the dehumidification unit was designed to sepa-
rate all of the moisture added to the moving air along the
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humidification unit, its effectiveness was defined based on the

expression developed by Xu et al. (2019):

Epy = @, sC 0 ~ Wy EC o (7)
wa,SCfn — Wymp

where e shows effectiveness of dehumidification (deci-

mal) and w,,,, is the absolute humidity of the ambient air

(kg moisture/kg air).

A useful parameter that was used to determine the role of
the pre-condenser in the vapor condensation during the dehu-
midification process is pre-condenser fraction (PCF). In other
words, PCF describes the contribution of absorbed energy
from the moving air by the pre-condenser, in both terms of
sensible and latent heat, to total energy reduction in the dehu-
midification unit. The following expression was used to cal-
culate PCF.

H a_SC.o H a_PC_o (8)
H aSCo H,  EC o

a

PCF =

where H, pc , and H, gc , are the outlet specific enthalp-
ies (J/kg) of the pre-condenser and evaporative condenser,
respectively.

Specific electrical energy consumption (SEEC), in kWh/
kg, was obtained using the following expression (Dehghani
et al. 2018).

SEEC = el ©)
M

where E, is the electrical energy used by the water pump,
blower, and heat pump compressor (kWh) and M stands for
the amount of produced desalinated water (kg).

Another useful parameter that describes the quality of ther-
mal energy use of the system is gained output ratio (GOR),

Instrumentation and uncertainty analysis

Technical specification of the instruments used during the
experiments is shown in Table 1. To determine the uncer-
tainty of the instruments (u(x)), the following expression
was used (Rahbar and Esfahani 2012; Zhang et al. 2018);

u(x) = £

V3

where a is the accuracy of the instrument. The uncertainty of
the calculated parameters was estimated by (Sardouei et al.
2018; Sozen et al. 2018):

Y

12)

oy 2 1/2
u(y) = Z(gbd&-))

where y is the calculated parameter and x stands for the
measured parameter. Tables 2 and 3 provide the estimated
uncertainties of the instrument and the calculated param-
eters, respectively.

Results and discussions
Variation of ambient conditions
Variations of solar radiation intensity and the ambient tem-

perature between 10:30 a.m. and 12:30 p.m. in a typical day
of experiments on May 2018 are depicted in Fig. 3. Ambient

Table 3 Results of uncertainty analysis of the calculated parameters

which was calculated as follow (Dehghani et al. 2018; Raja-  No. Parameter Uncertainty
seenivasan et al. 2016): 1 Thermal efficiency of solar collector +1.72%
m.L, 2 Moisture evaporation rate +0.0006 kg/s
GOR = — (10) . s .
Osc 3 Effectiveness of dehumidification unit +2.1%
4 Specific electrical energy consumption +0.025 kWh/kg
where L, is latent heat of vaporization of water (J/kg). 5 Gained output ratio +2.3%
Table 2 Technical specification and results of uncertainty analysis of the instruments
No. Instrument (model) Measured parameter Accuracy Range Uncertainty
1 Temperature sensor (SMT 160) Air temperature +0.7°C —30to 130 °C 0.4 °C
2 RH sensor (SUN25-H) RH of air +3% 0-100% 1.73%
3 Pyranometer (TES1333) Solar irradiance +1 W/m? 0-2000 W/m? 0.58 W/m?
4 Switched temperature controller (STC-100) Water temperature +1°C —40-99 °C 0.58 °C
5 Anemometer (TES1340) Air velocity +0.3 m/s 0-30 m/s 0.17 m/s
6 Wattmeter (TM1510) Electrical power consumption +0.1 W 40 mA-5 A 0.058 W
50-500 V

]
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temperature varied between 29.8 and 33.0 °C. The maxi-
mum solar irradiance on the collector surface was around
963 W/m?, measured at 12:15 afternoon. The average values
of ambient temperature and solar radiation during the tests
were 31.8+ 1 °C and 877 + 111 W/m?, respectively.

Performance of humidification unit

Variations of temperature and RH of the moving air at the
humidifier outlet are illustrated in Figs. 4 and 5, respectively.
The outlet temperature increased with the time that is attrib-
uted to the growth of the ambient temperature and solar irra-
diance. Furthermore, raising the air flow rate from 0.009
to 0.019 m>/s/m? slightly increased the outlet temperature.
This was because of the enhancement in the convection coef-
ficient of the moving air that increases the heat gain from
the solar collector (Bergman and Incropera 2011). Figure 4
also demonstrates that the outlet temperature raised when
the air circulation system was closed. This was owing to the
higher temperature of the air at the humidifier inlet with the
closed-loop system. In contrast with temperature, relative
humidity of the air slightly decreased with increasing the air
flow rate. This reveals the fact that the absolute humidity of
the air leaving the humidification unit may be reduced due
to faster moving through the solar collector. Furthermore, it
can be understood that the leaving air from the dehumidifica-
tion unit, which moves back to the humidifier when the air
system is closed, has a significantly higher temperature and
RH compared with the fresh ambient air that enters to the
humidifier at the open-circuit air system. This large initial
deviation makes that the outlet temperature and RH of the
humidifier remain slightly higher at the mode of the closed-
loop system.

Cumulative water evaporation in the solar humidifier dur-
ing the tests is indicated in Fig. 6. Raising the air flow rate

caused an increment in the evaporation rate mainly because
of the increase in the heat and mass transfer coefficients of
the air at the higher velocities. It can be indicated based on
the calculations that the average evaporation rate increased
by 23% when the air flow rate increased from 0.009 to
0.019 m%s/m?. Similar results were obtained by Zarzoum
et al. (2016). The calculations also show a reduction of 25%
in the evaporation amount with closing the air circulation
system. The reason is the higher vapor pressure of the air-
flow at the vicinity of the water layer, due to its higher RH,
that reduces the water diffusion rate to the air. A similar
result was reported by Akhatov et al. (2016).

Thermal efficiency of the solar humidifier at the different
operating conditions of the desalination system is illustrated
in Fig. 7. Clearly, the efficiency improved with opening the
air circulation system and raising the air flow rate due to
the enhancement of the evaporation rate. Similarly, Raja-
seenivasan et al. (2016) reported an increment in the humidi-
fier efficiency of an HDH desalination system coupled with
the solar collectors when increasing the air flow rate. This
is also in agreement with the results of El-Agouz (2010).
It can be noticed from Fig. 7 that thermal efficiency of the
solar humidifier ranged from 40 to 92%, and the highest
efficiency was measured at the air flow rate of 0.019 m%/s/
m? when the air circulation system was open. Zondag et al.
(2003) achieved a thermal efficiency of 62% for the free-flow
photovoltaic-thermal collector.

Performance of dehumidification unit

Cumulative desalinated water during the tests is shown in
Fig. 8. The condensation rate in the dehumidification unit
depends on the rate of heat transfer, the residence time
of the air in the condenser and dew point temperature of
the air. The closed-loop air circulation system achieved a

]
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Fig.4 Variations of the outlet
temperature of the collector
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significantly higher condensation rate compared with the
open-circuit mode because of the higher humidity and con-
sequently, the higher dew point of the moving air. Raising
the air flow rate, on the one hand, slightly increases the air
temperature and the heat transfer coefficient, but on the other
hand, shortens the residence time in the condenser that leads
to a decrease in the condensation rate (Eid et al. 2018). For
these reasons, raising the air flow rate, at the closed-loop air
system, led to a slight increment in freshwater production,
while at the open-circuit mode, it resulted in declination
in the productivity. Gao et al. (2008) and Ghazy and Fath
(2016) indicated productivity improvement with the increase
of the air flow rate. However, a maximum amount of desali-
nated water of around 2.41 kg (productivity of 1.00 kg/m*/h)
was achieved at the maximum air flow rate when the air
circulation system was closed. Hammadi (2018) and Rahimi-
Ahar et al. (2018) reported the water productivities of 4.92
L/m?/day, 2.2 kg/m*/day, and 1.07 L/m*/h, respectively.
Effectiveness of the dehumidification unit and the pre-
condenser fraction at the different operating conditions
are shown in Figs. 9 and 10, respectively. The closed-loop
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had higher effectiveness compared with the open-circuit
air system as the calculation reveals that the effectiveness
increased by ten times, on average, when closing the air
circulation system. A slight increment in the effective-
ness was also observed when raising the air flow rate from
0.009 to 0.019 m¥/s/m? at the closed-loop mode of the
air circulation system, while it decreased the effective-
ness at the open-circuit mode. The maximum dehumidi-
fication effectiveness was around 0.94 at the air flow rate
of 0.019 m?¥/s/m? with the closed-loop air system. Liu
and Sharqawy (2016) observed the effectiveness of below
0.94 with a bubble column humidifier and dehumidifier,
in which the dehumidification carried out under elevated
pressures. Kabeel et al. (2014) achieved the effectiveness
value of 0.71 using a liquid—gas heat exchanger as the
dehumidifier.

The pre-condenser fraction values were ranged from
3.5 t0 9.6%, and the maximum value was observed at the
flow rate of 0.009 m?/s/m* with opening the air circulation
system. Since effectiveness of the dehumidification unit
and especially the evaporative condenser was higher with
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Fig.5 Variations of RH of the
air at the collector outlet
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the closed-loop air system, the PCF values significantly
declined when the air system was closed.

Variation in specific electrical energy consumption
of the system is illustrated in Fig. 11. The observation
shows that SEEC decreased by 70% by using the closed-
loop air circulation system. This occurred mainly because
of the higher effectiveness of the dehumidification unit
at the closed-loop mode. With the same reason, at the
open-circuit air system, decreasing the mass flow rate to
0.009 m?/s/m? reduced the electrical energy consump-
tion by 43%. Unlike with the open system, SEEC slightly
reduced with raising the flow rate when using the closed-
loop system. The minimum value of SEEC was found
to be around 0.15 kWh/kg, observed at the flow rate of
0.019 m?s/m? with employing the closed-loop mode of

11:15 11:30 11:45 12:00 12:15 12:30
Time (h)

11:00

the air system. Dehghani et al. (2018) achieved a SEEC
of 260-370 kWh/m? using a heat pump-driven HDH
desalination system. Investigation of a mechanical vapor
compression desalination system showed a minimum spe-
cific energy consumption value of 9.8 kWh/m? (Jamil and
Zubair 2017).

Variation of the average GOR values at the different oper-
ating conditions of the HDH system is shown in Fig. 12. It
can be noticed that the GOR values had a significant incre-
ment when using the closed-loop compared with the open-
circuit air system. The maximum GOR was about 2.36 at
the air flow rate of 0.019 m?/s/m? and the closed-loop mode
of the air circulation system. Elminshawy et al. (2016) and
Xu et al. (2018) reported the GOR values of 3.15 and 1.93,
respectively.
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Fig.6 Cumulative water evapo-
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Conclusion

The present study developed a heat pump-assisted humidi-

100 % Open-circuit fication—dehumidification solar water desalination system
90 A = Closed-loop \& with a free-flow solar humidifier. The effect of air flow rate
%0 | \ and mode of the air circulation system on the performance

of the designed system was experimentally investigated.
70 1 The results can be summarized as follow:

e Increasing the air flow rate improved water evaporation
rate and the solar humidifier efficiency, while closing
the air circuit led to a reduction in the evaporation rate.

e The average effectiveness of dehumidification was
significantly improved when applying the closed-loop

0.014 instead of the open-circuit air circulation system and

Air flow rate (m¥/s.m?) maximum effectiveness of 94% was achieved during

the experiments.

Solar humidifier efficiency (%)

i

Fig.7 Variation of thermal efficiency of the solar humidifier

* @ Springer
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Fig.9 Effectiveness of dehumidification of the system Fig. 10 The pre-condenser fraction at the different operating condi-
tions

e Specific electrical energy consumption ranged between
0.15 and 2.05 kWh/kg.

e Gained output ratio had a significant increment when @ The maximum evaporation amount and water productiv-
using the closed-loop compared with the open-circuit ity were around 1.38 kg and 1 kg/h/m? of solar humidifier
air system, and its maximum value was about 2.36. in the average solar irradiance of 877 W/m?.
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Fig. 11 Specific electrical energy consumption of the system
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Fig. 12 The effect of the air flow rate and the circulation mode

¢ Based on the lowest specific electrical energy consump-
tion and the highest water productivity, the air flow rate
of 0.019 m*/s/m? and the closed-loop air circulation
mode is recommended for water desalination by the
designed system.
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