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ABSTRACT

Humidification-dehumidification desalination (HDH) is one of the suitable methods for desalination of saline and brackish water in a small
scale. In this research, an HDH desalination method with a direct contact dehumidifier has been analyzed theoretically and experimentally.
The setup consists of two similar packing towers for humidification and dehumidification, 10 inches in diameter, which are filled up to 1 m
with Rushing packing. In this new HDH configuration, seawater and freshwater recirculation has been used in humidifier and dehumidifier
sections, respectively. A steady-state mathematical model based on the mass and energy equations for each system component is pre-
sented. The effect of various input parameters on the freshwater production, gain output ratio (GOR) and specific energy consumption
has been investigated. The results revealed that the inlet seawater and air temperature to the humidification tower had the highest and
the lowest effect on the produced freshwater, respectively. Also, the maximum value of the GOR is 3.3, which is obtained in the equilibrium
condition of the dehumidifier. The experiments show that the freshwater production of the proposed HDH device is 300 L/day, which can
provide water for the domestic consumption of a small family.
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HIGHLIGHTS

® A new configuration of a humidification-dehumidification desalination process was experimentally and theoretically assessed.
® A direct contact condenser uses cooling of freshwater produced by a vapor compression cycle.

® The maximum GOR value in this system is 3.3, which is obtained in dehumidifying equilibrium conditions.

® The maximum freshwater production in the experiments is 300 L/day.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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NOMENCLATURE
Acronyms

HDH humidification-dehumidification
GOR gain output ratio

MR  mass flow rate

SEC specific energy consumption (kWh/m>)
HCR heat capacity ratio

Symbols

E energy rate (kW)

h enthalpy (kJ/kg)

H enthalpy rate (kW)

hy, latent heat of vaporization (kJ/kg)
T mass flow rate (kg/s)

p pressure (kPa)

Quir freshwater volumetric flow rate (m>/h)
Qfreshuwater freshwater volumetric flow rate (L/min)
Qscawater  Seawater volumetric flow rate (L/min)

. heat transfer rate (kW)

v volumetric flow rate (m®/h)

w power (kW)
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Greek letters

e effectiveness
o humidity ratio

Subscripts

a air

b blower

br brine

d, dehum dehumidifier
da dry air

fw freshwater

fwp freshwater pump
fwt freshwater tank
h, hum  humidifier

in inlet

max maximum

o, out outlet

pu pump

sw seawater

swp seawater pump
swt seawater tank
Superscripts

id ideal
INTRODUCTION

Drinking water consumption is widely increasing. The reason for this is population growth and increased industrial, agricul-
tural, and economic activities (Zubair ef al. 2018; Amirfakhraei et al. 2020). The United Nations estimates that by 2025,
about 1,800 million people worldwide will face severe water shortages (Amirfakhraei et al. 2021a). To relieve serious shortages
of potable water supplies, water desalination methods and relevant devices have become attractive (He ef al. 2018; Amirfakh-
raei et al. 2021b). Existing desalination plants are mostly large-scale. These plants are only cost-effective in advanced countries
(He et al. 2019). In recent years, humidification—-dehumidification (HDH) desalination, which simulates water circulation in
nature, has been widely studied. These systems are suitable for small-scale potable production and offer several advantages
over other desalination technologies (Elzayed et al. 2021; Kaunga et al. 2021). The HDH system has a simple construction,
so it is easy to maintain compared to other thermal and membrane technologies (Aref ef al. 2021). Despite the HDH systems,
technologies such as multi-stage flash distillation (MSF) and multiple effect distillation (MED) need intensive heat energy
sources, and reverse osmosis (RO) systems should be placed where there is an electricity supply (Liberman et al. 2020).

A key advantage of HDH desalination plants is their compatibility with renewable energy sources. The most common
renewable energy used in HDH desalination systems is solar energy (Aref et al. 2021). Zubair et al. (2017) optimized a desa-
lination system (HDH) integrated with vacuum tubes for operation in different geographical locations. Wu et al. (2017a,
2017b) investigated a multi-stage desalination system experimentally that was directly heated by a Fresnel lens solar collector.
Their results showed that the maximum performance of the unit was about 3.4 kg/h and the maximum gain output ratio
(GOR) was about 2.1 when the average intensity of solar radiation was 867 W/m>. One of the suitable applications of
HDH systems is in the seawater greenhouses (Zarei et al. 2018; Zarei & Behyad 2019). In these systems, solar energy is
used by vacuum tubes located on the roof of the greenhouse. The humid air produced in the evaporator is useful for the cul-
ture medium inside the greenhouse. Then, this humid air is dehumidified in a condenser. Therefore, this HDH system can be
well compatible with these greenhouses. In another study, performing a detailed thermodynamic analysis is to evaluate the
performance of an HDH system with an integrated parabolic trough solar collector (PTSC). Their HDH system was an open-
water open-air system that used PTSC as an air heater. Figure 1 shows the schematic of this configuration.
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Figure 1 | Open-water open-air HDH desalination system.

Several innovative ideas have been proposed to reduce the energy consumption and improve performance of HDH
systems. The conventional HDH process had limitations in terms of its dependence on the stability of the hot and cold
sources (Rahimi-Ahar et al. 2018). Due to operating at low temperatures, utilization of renewable energy and waste heat
sources lead to the modification of HDH systems (Zarei ef al. 2020). The low energy efficiency makes the conventional
HDH systems less competitive. Energy recovery can improve it. HDH systems can be coupled with different desalination
methods to enhance the system performance parameters. Coupling the HDH to solar stills, RO unit, humidification-dehumi-
dification-adsorption and water flashing evaporation have been proposed (Rahimi-Ahar et al. 2018). On the other hand,
multi-effect and multi-stage humidification—-dehumidification systems utilize the technology of several humidification/dehu-
midification effects and stages to improve components efficiency (Wu et al. 2017a, 2017b).

Nada et al. (2015) evaluated the performance of the combined HDH system with air conditioning. The obtained results
showed that the amount of desalinated water production, compressor work per kilogram of desalinated water production,
and refrigeration capacity increased with increasing mass flow and specific humidity. Relative humidity and air temperature
increased significantly with increasing freshwater production. Dehghani et al. (2018) analyzed a desalination cycle dehumidi-
fier with a direct contact condenser combined with a heat pump. The heat pump provided simultaneous cooling and heating
supply. Zhang et al. (2019) investigated numerically an HDH method operated by a heat pump. Their device consisted of a
heat pump unit, plate heat exchanger, humidifier, and first- and second-stage dehumidifier. A mathematical model based on
the conservation equations of mass and heat of each component is proposed, and the model is validated by experimental results.
The numerical investigation of the effects of several important parameters such as air and seawater on system performance has
been studied. A two-step HDH process to increase the production of desalinated water from brackish water was designed by
Zamen et al. (2014), who had observed that the two-step process can be increased by 20% compared to the single-stage unit.

HDH can be combined with other large-scale desalination technologies to increase energy efficiency and to improve perform-
ance such as HDH-RO by Jamil ef al. (2018) and a thermoelectric cooler investigated by Yildirim ef al. (2014). Kabeel et al.
(2014) proposed a two-dimensional model for a combined solar desalination system consisting of HDH and single stage
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flash evaporation unit. The results showed that the studied desalination system had significant operational compatibility
between the dehumidification method of air dehumidification and desalination of flash evaporation with daily water production
up to 11.14 kg/m?. Zarei et al. (2020) proposed a novel tray humidifier column for HDH desalination. A stainless-steel sieve tray
with a rectangular cross-section was used. The effectiveness of the proposed tray humidifier is between 0.67 and 0.87.

A dehumidifier has a significant effect on the water produced compared to a humidifier (Zarei et al. 2020). For this reason,
attention to the design and characteristics of dehumidifiers is increased. He ef al. (2018) investigated an HDH desalination
system with a dehumidifier packed column that was performed with exhaust gas from a furnace. The results revealed that the
peak values of water production and the GOR were 84.60 kg/h and 1.44 kg in dehumidifying equilibrium conditions, respect-
ively. Niroomand et al. (2015) introduced a direct contact dehumidification process used in the HDH system instead of using
conventional indirect condensers.

Direct contact heat transfer in a packed tower has higher heat transfer coefficients than indirect contact heat transfer. Many
of the challenges experienced with indirect contact condensers such as hydraulic pressure drop, saline water leakage and pipe
corrosion issues can be solved with the HDH direct contact process. Improvements in dehumidification design can help
increase the efficiency of the HDH system. In the present study, a novel process for the HDH system has been proposed,
which uses a direct contact dehumidifier for condensation. The proposed configuration has some special characters such
as recirculation of seawater in the humidifier and freshwater in the dehumidifier. This recirculation can increase the heat
and mass recovery of the system. The effect of various operational parameters such as flow rate and temperature of each
stream on freshwater production, GOR and specific energy consumption (SEC) has been investigated. The performance of
the system is evaluated by a thermodynamic model based on the mass and energy conservation equations which are sup-
ported by experimental data.

METHODOLOGY
Experimental setup description

Figure 2 shows a schematic of the experimental setup in this study. This setup includes three main streams of fluid circulation
such as saline water line, freshwater, and air lines as well as containing humidification and dehumidification packed tower. In
a seawater tank, three heating electric elements with 3.7 kW have been used for the required energy. The seawater should
reach a temperature of 60-70 °C. This hot saline water is pumped to the humidifier (evaporator) tower by a seawater
pump (1). Both towers are the same and filled to a height of 1 m with Rushing packing. The towers’ diameter is 10 in. The
hot seawater is sprayed into the tower by a shower. The packed bed tower provides a very high contact surface for water
and air flow. A blower blows air into the bottom of the humidifier tower. After proper air-water contact through the
packed bed humidifier, the exit air becomes hot and humid. This hot saturated air enters the bottom of the packed bed dehu-
midifier tower through a pipe (4). In the dehumidifier tower (condenser), which is similar to the humidifier tower, the air that
is in direct contact with freshwater condenses. The produced freshwater associated with the water stream comes out of the
bottom of the tower and returns to the freshwater tank (5). The dehumidified air also leaves the tower and returns to the
blower in a closed cycle (6). The level of the freshwater in the tank is kept constant and excess water is removed from the
tank and used as a product (7). The freshwater tank is cooled by a vapor compression cycle that includes a compressor,
expansion device, and evaporator. The compressor has a 1.3 kW power. The evaporator of the vapor compression cycle
has been installed inside the freshwater tank, and by a thermostat, the water temperature has been fixed. The cooled fresh-
water has been pumped to the dehumidifier tower by the freshwater pump (8). All streams, tanks, and towers must be
insulated to prevent heat loss. 6 K-type thermocouples were fixed in the test rig to measure the temperature of the inlet
and outlet air and water to the towers and inside the tanks. A pitot tube has been used to calculate the air flow rate. The rela-
tive humidity of the three streams was measured by a humidity meter.

MATHEMATICAL MODELING
The main assumptions used to obtain the mathematical model of this system are:

* Steady-state conditions and atmospheric pressure are considered.
* Heat losses to the surrounding are neglected.

* The kinetic and potential energy changes are negligible.

* The humidifier and dehumidifier chambers are adiabatic.

Downloaded from http://iwa.silverchair.com/jwrd/article-pdf/12/1/92/1030328/jwrd0120092.pdf

bv auest



Water Reuse Vol 12 No 1, 97

(4) (6)
) Humidifier - Dehumidifier
> tower
» tower
(3) Rl
Air
3 seawater
(5) freshwater
Blower (2)
Seawater +Q_ Freshwater
aw Heater Cooler
Seawater tank Freshwater pump tank
pump
Waste salt water Fresh water production
e ——p

Figure 2 | Experimental setup configuration of the HDH system.

* The dry air and water vapor mixture are assumed as ideal gas.
* The isentropic efficiency of the pump is assumed to be 0.8.
* The dead state conditions (temperature 25 °C, atmospheric pressure, and relative humidity 0.60) are considered.

GOVERNING EQUATIONS

The balance equations of mass and energy for the main components of this desalination system are as follows:

Humidifier:
msw,H,i - mbr + mdawa,H,i - mdawa,H,o =0 (1)
M H,ilsw 1, — Mprher = Mga (Moo — Ban,i) 2
Dehumidifier:
mpr = mda (wa,D,i - wa,D,o) (3)
M 42, 0,i fu,0,i — Mfw,D,0Pfw,0,0 = Maa(Bapo — Nap,i) 4

Saline water pump:

msw,p,i = msw,p,o (5)

msw,p,ihsw,p,i = msw,p,ohsw,p,o + Wswp (6)
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Desalination water pump:

mfw,p,i = mfw,p.o 7)

mfw,p,ihfw,p,i = mfw,p,ohsw,P,O + W/pr ®)
Blower:

ma,b,i = ma,b,o (9)

mduha,b,i + Wb = mdahu,b,o + VVkinetic (10)

Saline water tank:
mma + msw,swt,i = msw,swt,o + mwaste (11)
mmahma + msw,swt,ihsw,swt,i + Qin = msw,swt,ohsw,swt,o + mwastehwaste (12)
Freshwater tank:
Mp,swti = Mpwp + M frot,0 (13)
mfw,swt,ihfw,swt,i + Qout = mprhpr + mfw,fwt,ohfw,fwt,o (14)

Since the number of unknowns is greater than the number of equations, auxiliary equations are needed to solve the
equations. These auxiliary equations can be obtained from the effectiveness of the components.

The efficiency of mass and heat exchangers is defined as the ratio of changing the enthalpy of the flow to its maximum
enthalpy change (Rostamzadeh et al. 2018):

AH

£=— (15)
AH s
The effectiveness of humidifier and dehumidifier is as follows (Lawal et al. 2018; Zarei et al. 2020):
£y — max ”%’ldah;z‘;out - rﬁduha,in , r}tlsw,inhsw,in - thsw,out]izw,out (16)
mdaha,out - mdaha,in msw,inhw,in - msw,outhswyout
€4 = max Tﬁdaha,in - rﬁdah;z‘%out’ n:/lfw,outhifg),out - @fw,inhfw,in (17)
Maghain — mdaha,gut mfw,outhfw’out — W oy inP fo,in

In both the humidifier and dehumidifier, the ideal enthalpy of outlet air (4

a,out

) occurs when the outlet air is completely
saturated at the inlet water temperature and the ideal enthalpy of seawater (4, ) is when its temperature is equal to the
temperature of the inlet air. The solution of the governing equations was carried out using the Engineering Equation

Solver (EES).

PERFORMANCE PARAMETERS

In order to understand the performance of the HDH cycle in terms of thermal efficiency, water production potential, and
effectiveness of each component, performance parameters are defined. Basically, these indirect parameters are used as
cycle operating criteria to evaluate system behavior. These parameters also provide a useful tool for comparing an HDH
cycle with other desalination technologies.
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GAIN OUTPUT RATIO

This ratio is a dimensionless parameter from the ratio of latent heat of evaporation of the produced water to total input energy
to the cycle, which is defined as follows (Rostamzadeh ef al. 2018):

GOR — ™twp X hig (18)

in
Ty, is the mass flow rate of the produced water, Ay, is the latent heat of evaporation calculated at the temperature of the
produced water obtained from Equation (19) and Ej, is the energy input to the system (Hamed et al. 2015).

Ry = 2500.79 — 2.36418T + 0.00158927T% — 0.0000614342T> (19)
For the present system E;, can be expressed as:

Ein = WPump + WBlower + WCooler + Qin (20)

HEAT CAPACITY RATIO

This parameter is the ratio of the maximum enthalpy change of the cold stream to the maximum enthalpy change of the hot
stream in the system. This parameter is used to evaluate the performance of cycle components such as humidifier and dehu-
midifier according to the second law of thermodynamics (Lienhard 2019)

AH,
HCRcomponent = M (2 1)
H max,hot

In this system, the ratio of heat capacity for the humidifier and dehumidifier is defined as follows (Lienhard 2019):

id

Hy, — Hy;
HCR, = —%>——* (22)
HSZ(),i - stﬁ
. id .
Hyyo— Hpw,
HCR, = — e —rel (23)
Ha,i - Ha‘o

HCR equals 1, meaning that the temperature change of the hot stream is equal to the temperature change of the cold
stream. In other words, the heat transfer factor (temperature difference) is equal in the two streams and in this case the
system is called balanced. It has also been shown that balancing the dehumidifier chamber on the system efficiency is
much more effective than balancing the humidifier chamber.

MASS FLOW RATE RATIO

One of the key parameters in HDH desalination, which mainly appears in relation to other cycle performance parameters, is
the mass flow rate (MR) ratio, which is expressed as the ratio of the liquid to the gas flow rate (Zhang ef al. 2019):

MR = 7L 24
mg

According to the system under study, this parameter is defined for saline and freshwater as follows:

_ My

MRy = (25)
da
M
MR, = 1% 26
Rt = e (26)
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Also, in a specific operating condition of the HDH cycle where the saline water temperature is specified, as well as the
constant size of the humidifier and dehumidifier, there is a certain amount of mass flow ratio in which the overall efficiency
of the HDH system is optimal.

SPECIFIC ENERGY CONSUMPTION

SEC is the total electrical energy used to produce 1 kg of freshwater and can be presented as follows (Lawal et al. 2018,

Zhang et al. 2019):

SEC = Lin 27)
V fup

where Vpr is the flow of the produced freshwater (m3/h). The efficiency of the system was increased when the SEC was
decreased.

RESULTS AND DISCUSSION

Model validation

The performance of the dehumidifier tower is evaluated by calculating the effectiveness of the dehumidifier. Figure 3 shows
the changes in the dehumidifier effectiveness with respect to the MR ratio of freshwater to air. As this figure shows, the theor-
etical model result is in good agreement with the experimental results. Figure 2 also shows that the dehumidifier (condenser)
increases with an increasing water-to-air mass flow ratio. Condenser effectiveness varies from 0.55 to 0.75 according to the
experimental results. A comparison between the experimental and mathematical models has been carried out in Figure 4. The
air flow rate is 263.5 m>/h, and the seawater circulation flow rate in the humidifier is 12 L/min. The result shows an accep-
table average error between a mathematical model and the experimental data. The experiments show that the freshwater
production of the proposed HDH device is 300 L/day, which can provide water for the domestic consumption of a small
family.
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Figure 3 | Experimental and theoretical comparisons of the dehumidifier effectiveness vs. the MR ratio of freshwater.
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Figure 4 | Theoretical and experimental results of the effect of freshwater flow rate on the produced freshwater.

Effect of an operating parameter on the produced freshwater

Figure 5 shows the effect of the air flow rate on the produced freshwater for different temperatures of inlet air to the humi-
difier. It is observed that when the air flow rate increased, the produced freshwater also increased. As the air flow rate
increases, the mass and heat transfer coefficients increase, and also the air humidification capacity increases. Therefore,
the produced freshwater also increases. In fact, as the inlet air flow rate increases, it can carry more water vapor to the con-
denser than before. On the other hand, Figure 5 indicates the effect of inlet air temperature on freshwater production. The
amount of freshwater produced has been studied for the incoming air temperatures to 26-40 °C. As can be seen, by increasing

Freshwater production (Kg/h)
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the air temperature to the humidifier, the amount of water produced increases. The ability to carry water in the air increases
with an increasing temperature according to the psychrometric chart, making more water available for condensation in the
dehumidifier, thus increasing the produced freshwater. This trend is similar to the one obtained by Xiao ef al. (2021). Increas-
ing the temperature from 26 to 40 °C increases the produced freshwater by 6%.

Figure 6 shows the produced freshwater in different air flow rates and freshwater circulation flow rates into the dehumidi-
fier of 2.3, 5.6, and 8.5 L/min. The seawater circulation flow rate into the humidification tower is 12 L/min. As shown in
Figure 6, when the freshwater circulation rate into the dehumidifier was increased, the freshwater production was also
increased. Increasing the heat capacity of the circulating freshwater due to increasing its flow rate causes a reduction in
outlet air temperature. In other words, the air leaving the dehumidifier is always at saturation. Reducing the outlet air temp-
erature causes more dehumidification from the exhaust air flow from the condenser which means more freshwater
production. The lower the outlet air temperature with less absolute humidity (according to the psychrometric diagram) the
better the process of dehumidification (Aref ef al. 2021)

Figure 7 shows the produced freshwater in the different air flow rates and various seawater flow rates of 3.3, 6, and 12 L/
min entering the humidification tower at a constant freshwater flow rate of 8.5 L/min entering the dehumidification tower. As
can be seen, increasing the seawater entering the humidifier, like freshwater, increases the produced freshwater. On the other
hand, by increasing the flow rate of the seawater circulation rate into the humidifier, the outlet air temperature from the humi-
difier increases. As the content of energy entering the humidification tower increases and Q increases, the amount of heat
transfer to the air flow inside the tower also increases. As a result, according to the relation (Qg; = mCpAT), the temperature
difference between the inlet and outlet air flow also increases, which means that the outlet air temperature increases. Another
reason can be increased better contact between air and seawater inside the packed tower (Aref ef al. 2021).

Experimental results show that the relative humidity of the outlet air from the humidifier is 100%. Therefore, the absolute
humidity of the outlet air from the humidifier has been increased by increasing the outlet air temperature.

Figures 6 and 7 also show that the air flow rate has a direct relation with the produced freshwater. The higher air flow rate
increases the produced freshwater. Aref ef al. (2021) also reported the same results for a bubble column humidifier by increas-
ing the air flow rate. The air flow rate increases the liquid-gas contact and improves the heat and mass transfer rate.
Substantially, increasing the flow rate of the air means that the air as a carrier is capable of transferring more water
(Nada et al. 2021).

T T L e e L A S m B S e e B e
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Figure 6 | The effect of freshwater flow rate on the produced freshwater in the constant saline water flow.
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Figure 7 | Seawater and air flow rate effect on the produced freshwater at 8.5 L/min freshwater flow rate.

Figure 8 shows the effect of inlet seawater temperatures on the humidification tower. It is observed that increasing the inlet

seawater temperature increases the freshwater production by 185%.

As the inlet seawater temperature of the humidifier increases, the temperature of the air in the humidifier also increases.
Therefore, the humidity of the air stream is also increased and finally, the produced water also increases. The dependence of
the produced water on this parameter is more than the other parameters. As the temperature of the inlet seawater increases,

24 Queawater=12 littmin ~ —=—Tj, i, = 15°C
e~ Thwin =20°C

I Qfl'l‘shwatcr:s's lit/min _E_T[:j: =25°C
20 T Qai=157 m’/h 2 Tyin =30°C

Freshwater production (Kg/h)
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48 52 56

Inlet seawater temperature (°C)

Figure 8 | The effect of inlet seawater and freshwater on the produced freshwater.
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this dependency increases. The figure also shows the effect of the inlet freshwater temperature on the produced freshwater.
The inlet freshwater temperatures of 15, 20, 25 and 30 °C have been studied. As can be seen, in the inlet seawater temperature
of 60 °C into the humidifier, with increasing inlet freshwater temperature from 15 to 30 °C, the freshwater production
decreases from 16.39 to 13.8 kg/h (about 15% decrease). This is because of the difference between the inlet air temperature
as a hot stream and the inlet freshwater as a cold stream decrease in a dehumidifier. So, the heat transfer between two phases
has been decreased and the outlet air from the dehumidifier has higher temperature with more humidity. This means that less
freshwater in the dehumidifier has been produced.

In summary, the freshwater productivity increases with increasing air and water flow rates and temperature because of humidi-
fication capacity in a humidifier, the increase of the water vapor carried with air by an increasing air flow rate, the increase of air to
water contact time and contact area, and the increase of air to water contact time and contact area (Nada ef al. 2021).

Figure 9 shows the effect of humidifier and dehumidifier effectiveness on the production of freshwater. As can be seen,
increasing the humidifier effectiveness increases freshwater production. The high efficiency of the humidifier makes the
evaporation process better and as a result, the air carries more water vapor. Also, according to the relation
gy = (ha,out — hain /hifom — ha,m), increasing the humidifier effectiveness increases %,4,; and as a result will increase the
exhaust air temperature from the humidifier. As the air temperature increases, the ability of air to absorb water vapor
increases. It is also observed that in constant humidifier effectiveness, water production will increase with increasing dehu-
midifying effectiveness. Increasing the dehumidifying efficiency improves its condensing action. Also, according to the
relation g; = (ha,in — haout/hain — h%m)y haout (enthalpy of the exhaust air from the dehumidifier) will be reduced. As men-
tioned earlier, lowering exhaust air temperature from the dehumidifier means that more water is taken out of the air (more
dehumidification), resulting in more water being produced (Kaunga et al. 2022).

The effect of inlet seawater temperature on the humidifier on the GOR of the system is presented in Figure 10. As can be
seen, with an increasing seawater temperature from 50 to 70 °C, the GOR also increases. It is important to emphasize that the
GOR is one of the main performance indicators of the HDH system. According to the definition of GOR, which represents
the ratio of latent heat of evaporation of water produced to the input total energy into the system, with an increasing inlet
seawater temperature, the input energy does not change much.
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Figure 9 | The effect of the humidifier and dehumidifier on the water production.
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Figure 10 | The effect of inlet seawater temperature into the humidification tower on the GOR at various humidifier effectiveness.

Figure 10 also shows that the GOR increases with increasing the humidifier effectiveness. Increasing the efficiency of the
humidifier improves the performance of the system due to better evaporation in the humidifier, which leads to an increase in
water production and consequently a higher GOR.

Figure 11 shows the effect of the inlet seawater temperature into the humidifier on the SEC at various humidifier effective-
ness. As the inlet seawater temperature increases, the SEC decreases. The reason for this is that as the temperature rises, the
produced freshwater grows more than the energy consumed, resulting in a decrease in the SEC. In other words, the quality of
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Figure 11 | SEC of the HDH system vs. inlet seawater temperature and humidifier effectiveness.
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energies increases with increasing inlet seawater temperature. But the main point is, with an increasing temperature, the
intensity of SEC changes decreases. That is, at higher temperatures, temperature changes have less of an effect on SEC
changes, and the slope of the changes tends to zero.

Figure 11 also shows the effect of humidifiers on the SEC, and as can be seen, the improvement of humidifier efficiency
reduces energy consumption. At a temperature of 50 °C, by increasing the humidifier effectiveness from 0.65 to 0.95, the
SEC decreases 50% (from 1,200 to about 800 kWh/m?>)

The effect of the freshwater temperature on the gain output ratio at various dehumidifier effectiveness has been presented
in Figure 12. As the inlet freshwater temperature decreases, the GOR increases. This is because the heat transfer rate between
the hot air and cold freshwater will increase, which will increase the mass transfer rate between the two streams and cause
more dehumidification. Therefore, having a lower temperature of freshwater leads to more water production and, as a result,
by definition, will increase the GOR. As the dehumidification effectiveness increases, the GOR increases as shown in
Figure 12. The increase in dehumidifier performance, which leads to better system performance, is primarily due to the
better vapor condensation process in the dehumidification tower. The better the dehumidification process, the more water
will be produced, resulting in an increase in the GOR.

Figure 13 shows the SEC changes with respect to the two parameters of freshwater temperature and dehumidifier effective-
ness. As can be seen, the SEC decreases with increasing dehumidifier effectiveness and decreasing freshwater temperature.
Also, according to Equation (28) for SEC, the produced freshwater and the SEC are inversely related. So, with decreasing
freshwater temperature, freshwater production increases, and as a result, energy consumption decreases. In other words,
as the temperature decreases, the SEC decreases significantly, which is very important in terms of the overall energy con-
sumption of the system. As shown in the figure, the slope of the curve decreases at the lower inlet freshwater temperature.
This means that the dependence of the energy consumption on the freshwater temperature decreases at the lower tempera-
tures. Also, increasing the dehumidifier effectiveness causes better performance of the system and reduces the SEC.

Figure 14 shows the effect of air flow rate on the GOR and the SEC. As the air flow rate increases, the GOR increases and
the SEC decreases. With an increasing air flow rate, the work of the blower increases, and this is due to the increase in energy
consumption, but the growth rate of the water production is higher, and according to Equation (28), the SEC decreases. This
also affects the GOR and increases it with an increasing air flow rate.

Figure 15 shows the GOR and SEC changes with the dehumidifier heat capacity ratio (HCRy). It was found that the entropy
production in a mass-heat exchanger (for efficiency and input conditions) is minimized when HCR; =1 (equilibrium
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Figure 12 | GOR of the HDH system vs. inlet freshwater temperature and dehumidifier effectiveness.
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Figure 14 | The effect of the air flow on the GOR and SEC.

condition). As can be seen in HCR; = 1, the GOR reaches a maximum value. The maximum value occurs under equilibrium
conditions for dehumidification. Therefore, in the present system, the maximum GOR can reach 3.3 in ideal conditions. In the
actual condition of the device, the GOR value is from 0.5 to 2.9, from which it can be concluded that with the improvement of
the process and operational changes, engineering measures can still be taken to improve the device. Also, in Figure 15, the
SEC parameter was examined, which also reaches its minimum value in the conditions of dehumidification equilibrium.
Recently, various configurations of the HDH desalination system have been presented. One of the important features is
hybrid technologies integrated with HDH desalination. Hybrid technologies such as heat pump, vacuum, heat recovery,
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Figure 15 | The GOR and SEC changes with the dehumidifier heat capacity ratio (HCRy).

solar chimney, solar still, turbulators and others are used to improve HDH system performance. Table 1 shows the GOR and
water production of some hybrid HDH devices. The present contact direct dehumidifier HDH system has 300 L/day
(12.5 kg/h) and the GOR = 3.3, which is considerable with these hybrid technologies. Certainly, if this device is hybridized
with such technologies, it will have a higher performance.

Figure 16 compares the present device with the Niroomand ef al. (2015) device. Both devices use a direct contact dehumi-
dification system. This figure shows the effect of freshwater temperature on water production. As can be seen in the constant
inlet seawater temperature of 60 °C, to change the freshwater temperature from 10 to 25 °C, the water production in the pre-
sent study is always higher than that in the Niroomand ef al. (2015) study.

CONCLUSION
In the present study, a dehumidifier-dehumidifier desalination system with a direct contact dehumidifier was analyzed. The
main results of the present study are:

* The inlet seawater temperature to the humidification tower has the most and the ambient air temperature has the least effect
on the amount of water produced.

Table 1 | Comparison between GOR and freshwater production of hybrid technologies with the present HDH device

System GOR Freshwater production
HDH + heat pump (Xu ef al. 2018) 1.24 12.75 kg/h

HDH + vacuum (Rahimi-Ahar et al. 2018) 3.43 1.07 L/h-m?

HDH + heat recovery (three-stage recovery cycle) (Wu et al. 2017a, 2017b) 2.65 -

HDH + solar chimney (Abdullah et al. 2020) 7.3 62 L/day

HDH + turbulators (Fouda et al. 2018) 1.63 350 kg/day

Present device 3.3 12.5kg/h
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Figure 16 | Comparison between freshwater production of the present HDH device with Niromand et al.’s work (Niroomand et al. 2015).

* Increasing parameters such as seawater temperature, humidifier and dehumidifier effectiveness, and air flow rate increases
the GOR and decreases the SEC, while increasing freshwater temperature and heat input to the system decreases the GOR
and increases the SEC.

* The GOR range is from 0.5 to 2.9 depending on different operating conditions.

* The maximum GOR value in this system is 3.3, which is obtained in dehumidifying equilibrium conditions.

* The maximum freshwater production in the experiments is 300 L/day.
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