* water

Article

Evaporation-Assisted Humidification-Dehumidification
Cycles for Desalination Application in Tropical and
Subtropical Regions

Maged Mohammed 1-2*(), Nashi K. Alqahtani 1300, Hafiz M. Asfahan *

check for
updates

Citation: Mohammed, M.; Alqahtani,
N.K.; Asfahan, H.M.; Sultan, M.
Evaporation-Assisted
Humidification-Dehumidification
Cycles for Desalination Application
in Tropical and Subtropical Regions.
Water 2023, 15, 1125. https://
doi.org/10.3390/w15061125

Academic Editor: Vasileios Bartzis

Received: 13 February 2023
Revised: 6 March 2023
Accepted: 13 March 2023
Published: 15 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Muhammad Sultan 4*

1 Date Palm Research Center of Excellence, King Faisal University, Al-Ahsa 31982, Saudi Arabia
Agricultural and Biosystems Engineering Department, Faculty of Agriculture, Menoufia University,
Shebin El Koum 32514, Egypt

Department of Food and Nutrition Sciences, College of Agricultural and Food Sciences,

King Faisal University, Al-Ahsa 31982, Saudi Arabia

Department of Agricultural Engineering, Faculty of Agricultural Sciences & Technology,
Bahauddin Zakariya University, Multan 60800, Pakistan

*  Correspondence: memohammed@kfu.edu.sa (M.M.); muhammadsultan@bzu.edu.pk (M.S.)

Abstract: The present study aims to evaluate the performance of evaporation-assisted humidification—
dehumidification (E-HDH) desalination, specifically direct evaporative (DE-HDH), indirect evapora-
tive (IE-HDH), and Maisotsenko evaporative (ME-HDH) systems. To achieve this, a thermodynamic
modeling approach is utilized, which incorporates the wet bulb effectiveness method, psychrometric
relationships of humid air, and equations that govern heat and mass balance. The key performance
indicators of the studied E-HDH desalination systems are estimated concerning operating parameters.
The results show that the ME-HDH system is capable of producing a comparatively higher water
production rate (WPR) ranging between 0.01 and 7.92 g/s as compared to the DE-HDH and IE-HDH
systems. The sensible cooling flux was observed to be high at a dry-bulb temperature (Tqp,) of 50 °C
and relative humidity (RH) < 0.2, having a value of 5.26 kW for the DE-HDH system, followed by
the ME-HDH system (3.23 kW) and the IE-HDH system (3.11 kW) due to relatively high mass flow
rates. The latent heat flux was observed to be relatively high in the case of the ME-HDH system.
Minimum specific energy consumption was observed from the ME-HDH system, and consequently,
a maximum gain output ratio (3.32) was realized. In addition, the study realized that an increment
in air velocity and wet bulb effectiveness significantly improves the WPR. In accordance with the
climatic conditions of the studied Saudi Arabia cities, it has been realized that Al-Hofuf and Riyadh
produce relatively high WPRs with minimum energy consumption. In the case of Al-Hofuf, the
average WPR was recorded as 185.51 kg/day, followed by Riyadh (180.33 kg/day). The energy
required was estimated to be 0.042 kWh/kg and 0.034 kWh/kg for both cities, accordingly.

Keywords: direct evaporative; indirect evaporative; Maisotsenko evaporative; humidification—
dehumidification; desalination; Képpen-Geiger climatic classifications

1. Introduction

The Earth’s surface is predominantly covered by water, with approximately 71% of its
surface area comprising water bodies. According to the United States Geological Survey
(USGS), approximately 97.4% of the Earth’s water is saline, consisting of oceans and other
saltwater bodies, while only 2.5% is available as a freshwater [1]. However, two-thirds of the
freshwater on the planet is trapped in glaciers, snow, and ice, which are inaccessible [2,3].
Since the population has grown at an exponential pace, there has been a considerable
rise in freshwater demand, resulting in water scarcity, which will affect nearly five billion
people by 2050 [4,5]. Due to increasing demands for freshwater resources and ongoing
population expansion, the natural water cycle is becoming increasingly strained [6]. By 2025,
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projections suggest that half of the world’s population will reside in water-stressed regions,
which is a substantial increase from the current figure of approximately one-third [7,8].
On the other hand, per person, the daily water requirement will increase by 3-5-fold [9].
In addition, the Earth’s increasing temperature, high CO,, and greenhouse gas (GHG)
emissions have consequently produced historical impacts on rainfall patterns [10], leading
to the occurrence of short-term droughts [11,12]. According to recent statistics revealed
by the United Nations (UN), the frequency of climate- and weather-related catastrophes
has increased by five-fold [13,14]. The need to address global water scarcity requires
the development of sustainable water solutions. Desalination is a remarkable approach
and/or method to obtain freshwater from the ample seawater in order to satisfy the global
thirst [15].

Different desalination methods have been envisioned, implemented, and commercial-
ized at a global scale in the desalination market. In the broader scenario, desalination tech-
nologies have been categorized into (i) thermally driven and (ii) and non-thermally driven
technologies [16,17]. The thermal technologies include multi-stage flash (MSF) desalina-
tion [18,19], multi-effect desalination (MED) [20-22], adsorption desalination (AD) [23-25],
and humidification—-dehumidification (HDH) desalination, etc. These technologies require
a primary heating source to produce a salt-free water. On the other hand, non-thermal
technologies include membrane filtration (MF), reverse osmosis (RO), electrodialysis (ED),
and vapor compression (VC), which ultimately require a significant amount of electricity
to operate the desalination module. Among thermal desalination technologies, MSF and
MED, and among non-thermal desalination technologies, RO are well-matured technologies
widely practiced in desalination markets [26,27]. These technologies produce a significantly
massive quantity of desalinated water (i.e., 45-65% of the recovery ratio); however, they
contain system discrepancies that entail environmental consequences [11]. For instance,
it was reported that approximately 10,000 tonnes of oil per year (t/y) is being utilized to
produce 1000 cubic meters of freshwater per day (m>/day) which is not expensive but
is energy-intensive [28]. Furthermore, CO, and GHG emissions degrade the climate at a
significantly higher pace. MSF contributes 6.9 kg of CO, per m? of water (kg CO,/m3),
followed by MED (5.5 kg CO,/m3) and RO (3.8 kg CO,/m3) [29]. If current emission rates
and climate policies continue, the global temperature is projected to increase by a range
of 2.5 t0 2.9 °C, as shown in Figure 1. In addition, the concentrated brine produced as a
by-product causes aquatic discrepancies [11,30]. In this context, environmentally sustain-
able, low-cost, nature-based solutions (NBSs) are principally required to confront the water
challenges and simultaneously provide environmental stability.
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Figure 1. Global greenhouse gas emissions and warming scenarios [31].
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The AD desalination technology could be a potential solution for desalination because
of its prominent capability to function with low-grade waste heat or even with renewable
energy sources that scavenge heat from the ambient environment. These technologies meet
the standards of zero-carbon emission (ZCE) with zero/minimal liquid brine discharge
(ZLD) [32]. In AD, the adsorbent material is the vital entity that can mutually have
hydrophilic and hydrophobic properties corresponding to the operating temperature and
pressure [33-36]. The freshwater production rate mainly depends upon the adsorption
capacity of the adsorbent material and the number of cycles accomplished per day [37-39].
HDH desalination is also an NBS, having significant potential to remove salt from seawater.
The classification of HDH desalination configurations is presented in Figure 2.

Figure 2. Classification of the HDH desalination configurations reproduced here from [29].

Qasim and Zubair et al. [40] reported that the integration of HDH with AD packed
with silica gel as an adsorbent to produce freshwater of 22 kg per hour (kg/h) with an
estimated cost of USD 6.34/m3. Khalil et al. [41] reported that a bubble column humidifier—
dehumidifier can produce 21 kg/day, having a gain output ratio (GOR) of 0.53. Wu et al. [42]
investigated a solar-powered single-effect closed-air open-water heated HDH cycle and
found that high temperature degrades the amount of work that could be required from
the HDH desalination system. Muthusamy and Sridhar [43] presented a modified HDH
cycle to simultaneously boost freshwater output and decrease energy requirements. It was
realized that the improved HDH desalination cycle can save up to 40% of power compared
to conventional cycles. Miiller-Holst et al. [44] used a multi-effect HDH desalination cycle
in order to increase the system productivity. Elkader et al. [45] performed experimentation
on HDH desalination driven with solar energy and reported the water production capacity
of 7.26-11 kg/m? during summer and 2-3.5 kg/m? in winter.

The process of humidification primarily involves the utilization of evaporators. Dif-
ferent kinds of evaporators have been investigated for cooling applications [46—48]. For
instance, Asfahan et al. [49] employed artificial intelligence (Al) to anticipate the perfor-
mance of direct, indirect, and Maisotsenko evaporators for cooling applications. However,
the aforementioned evaporative cooling systems have not been explored to their full poten-
tial for desalination, despite having the ability to produce freshwater. In this regard, the
present study aims to investigate evaporation-assisted humidification-dehumidification
(E-HDH) cycles for desalination. In this context, three brackish/saline water evaporators
are studied, termed as direct evaporative humidification—-dehumidification (DE-HDH)
desalination, indirect evaporative humidification-dehumidification (IE-HDH) desalination,
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and Maisotsenko evaporative humidification—-dehumidification (ME-HDH) desalination,
which are distinguished based on their psychrometric renewable energy potentials and
operating mechanisms. The prime objective of the present study was to explore the de-
salination potentials that could be acquired from DE-HDH, IE-HDH, and ME-HDH in
accordance with different driving conditions and climatic scenarios. To achieve this, a
thermodynamic model was designed which primarily relies on the analytical energy and
mass balance equations incorporating the psychrometric properties of saturated dry air
streams. The effectiveness method was used to investigate the performance of the evap-
orators. In addition, the effect of air velocity and the effectiveness of the evaporators
were explored, corresponding to freshwater production potential. The key performance
indicators such as (i) water production rate (WPR), (ii) cooling flux, (iii) latent heat flux,
sensible heat factor (SHF), (iv) latent heat factor (LHF), (v) specific energy consumption
(SEC), and (vi) gain output ratio were derived in order to evaluate the system from the
perspectives of determining a promising evaporator type for desalination. Furthermore,
the analysis was extended to identify the promising regions defined by the Képpen-Geiger
climatic classifications. This study contributes to the current understanding of the E-HDH
desalination systems and their potential for addressing water scarcity issues.

2. Evaporation-Assisted HDH Desalination Cycles
2.1. Direct Evaporative (DE-HDH)

Figure 3 shows the schematic of the DE-HDH desalination system (top) coupled with
its psychrometric cycle (lower left). The components of DE-HDH include an air-supplying
fan, brine cassette, air channel, and condenser/dehumidifier. The process executes from
the supply of the warm air (w1) to the wet channel. The brine cassette acts as a barrier
and is placed in the way of the supplied air, as shown in Figure 3 (lower right). The
brine cassette contains a wicking media that absorbs the water molecules. The wicking
media used in direct evaporative cooling systems include aspen pads, cellulose fiber, jute,
cotton fiber, etc. [50]. In the present study, the wet bulb effectiveness of biodegradable
cooling pads, locally termed as khus, was considered for the DE-HDH system in order to
develop a thermodynamic model, as available via [51]. As the w1 (inlet air state) makes
indirect contact with the wicking media, it utilizes sensible heat and evaporates the water
molecules. The phase transition from liquid water to water vapor produces a cooling
effect, leading to a decrease in the temperature of the supplied air stream (w1) and its
approach to the wet-bulb temperature (T;,},). However, the magnitude of this temperature
reduction depends on the system’s effectiveness. The humidified cooled air state (w2) is
established in the wet channel and is then directed to the condenser/dehumidifier. The
temperature of the coolant resident in the condenser/dehumidifier should be less than
Twp of the wl. The latent heat transformation gradient is established upon direct contact
of w2 air with the condenser/dehumidifier, causing it to produce salt-free water via the
condensation process. Consequently, a cool dry air state (d1) is obtained and can be utilized
in cooling applications.
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Figure 3. Schematic illustration of DE-HDH desalination cycle (top) entail with their psychrometric
presentation (lower left).

2.2. Indirect Evaporative (IE-HDH)

The workings of IE-HDH are very similar to the DE-HDH; however, they are dis-
tinguished because IE-HDH contains two wet channels and one dry channel, as shown
in Figure 4. The system is termed as IEC because of the indirect approach of producing
a cooling effect and maintaining the constant humidity ratio (H.R). Like DE-HDH, the
cooling capacity of the IE-HDH is the function of the IE system effectiveness and the Ty},
of the supplied warm air stream (w1). Due to conductive/convective heat transfer between
the walls of the wet/dry channels, sensible cooling takes place in the dry channel, whereas
the humidification cooling will take place in the wet channel, and the cycle approaches
the d1 and w2 states, respectively. However, in the case of IE-HDH, the d1 state of the air
stream is again directed to the second wet channel, where humidification cooling happens
due to the presence of the brine cassette. As a result, additional humidification cooling
occurs, which further lowers the temperature and approaches w3 air states. The w2 and
w3 air streams dehumidify to produce freshwater. Figure 4 indicates the configuration of
the IE-HDH (top) along with the psychrometric cyclic presentation (lower right).
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Figure 4. Schematic illustration of IE-HDH cycle (top) along with the psychrometric presentation
(lower left).

2.3. Maisotsenko Evaporative (ME-HDH)

Several configurations of M-cycle were developed in the past for cooling applica-
tions, comprising two channels, three channels, and even more [52,53]. However, in the
present study, two channels, a (i) dry channel and (ii) wet channel, were considered to
thermodynamically evaluate the system. Figure 5 shows the working schematic of the
ME-HDH conception (top) along with its psychrometric presentation. The wet channel
contains the brine cassette which allows the supplied air stream to humidify, whereas the
dry channel is mainly responsible for producing sensible cooling. As compared to DE-HDH
and IE-HDH, ME-HDH has the potential to achieve the dew-point temperature (Tgp) of the
supplied warm air; however, this depends upon the system'’s effectiveness. The ME-HDH
desalination cycle initiates by entering the warm air of state (w1) in the dry channel. Due
to convective heat transformation from the wet channel, the w1 air sensibly cools and
reaches Ty, being in state d1. The d1-state air is again directed into the wet channel. Due
to the presence of the brine cassette in the wet channel, the air becomes humidified and
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reaches the w4 state, as shown in the psychrometric cycle of Figure 5 (lower right), while
maintaining 100% relative humidity. Once the humidification process is complete, the
warm humid air (w4) is directed to the condenser/dehumidifier. The dehumidified water
vapors are then collected as salt-free water, and the air stream of the w4 state could be
utilized for cooling applications. The extended details relevant to the working of ME-HDH
desalination are available via [54].

'—> . e —
Warm air Cool dry
supply ———®— — ~— ™ Dry channel air (d1)
i) e S — -
— =5} - — g
el Warm Warm air
doo I —=——Wet channel ==—— humid —=——— —=—— supply
Ly lr air (w4) (d1)
Condenser/
de-humidifier
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water tank
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Brine
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7 3 1
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Dry bulb temperature, °C

Figure 5. Schematic illustration of ME-HDH cycle (top) along with the psychrometric presentation
(lower left).

3. Methodology

The thermodynamic modeling strategy was used to explore the potential of the E-HDH
desalination systems based on the effectiveness method, psychrometric relationships, and
governing heat and mass balance equations. The effectiveness method is well recognized
to determine the performance of evaporative cooling systems [49,55-57]. In this regard, the
wet bulb effectiveness (&, is used for the thermodynamic modeling of the studied DE-HDH,
IE-HDH, and ME-HDH systems, as given by Equation (1) to Equation (3), respectively.

_ Tin,wl - Tout,wZ
EwbDEC = & 4 (1)
! Tin,wl - wa,in
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Ewb _ Tin,wl,dl - Tout,wZ,w3 (2)
wb,IEC —
Tinw1,d1 — Twb,inwi,d1

. Tin,wl - Tout,dl
EWbMEC = m 7 3)
Tir1,w1 - wa,wl

where T is the dry-bulb temperature (K), and Ty, is the wet bulb temperature (K). The
subscript in and out refers to the inlet and outlet states, respectively, whereas letters w and
d and numeric identities such as 1, 2 and 3 indicate the channel names and points provided
on the psychrometric presentation in the previous section for each E-HDH desalination
system. The ¢, DE, IE, and ME systems range between 65% and 95%, 45% and 60%, and
65% and 98%, respectively, as shown in Figure 6 and available via [55].

Oewb IEC Hewb DEC Oewb M-Cycle

Effectiveness (-)
e 2o o 2
P N

I

o
w

|

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

o
¥}

Figure 6. Temporal variation in wet-bulb effectiveness of DE, IE, and ME obtained from [55].

Therefore, in the present study, the ¢, of 95% was taken for the DE-HDH system,
58% for the IE-HDH system, and lastly, 98% for the ME-HDH system. Table 1 provides
the physical and operational parameters taken for the E-HDH desalination systems, as
available via [51].

Furthermore, the modeling strategy incorporated the HAPropsSI function obtained
from CoolProp library [58] to enable the real-time utilization of the thermodynamic proper-
ties of the humid air. However, to explore the theoretical desalination potential from the
ME-HDH desalination cycle, the estimation of the saturation point (w2 in the psychrometric
presentation of the ME-HDH desalination cycle) is quite important. Different strategies
are being adopted to determine the w2 point. For instance, the Macline approach [59],
Stoitchkov approach [60], and Alonso approach [61] are being investigated based on ana-
lytical equations. However, the approaches are coupled with the several limitations and
require high computation [59]. Therefore, a simplified approach of the effectiveness method
was used based on the experimental results obtained, available via [62], termed as humidity
effectiveness, which measured 5.002% based on the Ty Ideally, it has been observed that,
during the humidification process in the secondary channel of the ME-HDH system, the air
stream achieves the temperature equivalent to the supplied brackish water temperature
along with an RH of 1.0 [52].

Finally, the performance of the E-HDH desalination systems was explored with respect
to the climatic scenario of Saudi Arabia. In this regard, three years of hourly Tgp as well RH
data were used to estimate the desalination potential of four cities in Saudi Arabia, namely,
(i) Al-Hofuf, (ii) Dammam, (iii) Jeddah, and (iv) Riyadh. The hourly T4, and RH data are
provided in Appendix A. However, daily average values of T4, and RH were utilized for
the analysis, accordingly.
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Table 1. Physical and operational parameters taken for the studied E-HDH, as available via [51].

Parameters (Units) DE-HDH IE-HDH ME-HDH
Width (m) 0.25 0.127 0.127
Height (m) 0.2032 0.2032

Velocity (m/s) 2.0 4.0
Ta, (°C) 10 to 50
RH (-) 0.1to 1.0
Wet bulb effectiveness (%) 95% 58% 98%
Fan (Qty) 1.0 2.0 2.0
Pump (Qty) 1.0
Fan power (W) 15.0
Pump power (W) 10

4. Results and Discussion

In this section, the performance of the three studied E-HDH desalination concepts
is discussed and compared based on the key performance indicators described in
subsequent subsections.

4.1. Water Production Rate

The water production rate (WPR) of the studied E-HDH desalination systems were es-
timated using Equations (4)-(6) for DE-HDH, IE-HDH, and ME-HDH systems, respectively,
as shown:

WPRpg_HDH = M (X2 — X41) 4)
WPRg_nHpH = M[(Xw2 — Xd2) + (Xw3 + Xd4)] ®)
WPRME-HDH = M (Xw2 — X43) (6)

where m is the mass flow rate of supplied air (kg/s) and x is the humidity ratio (kg/kg)
corresponding to the air channel acronym in the subscripts. The estimated WPR corre-
sponds to changes in Tg, and RH varying from 10 to 50 °C and 0.1 to 1.0, respectively.
In addition, the inlet air velocity was taken as 2.0 m/s for the DE-HDH system, whereas
for the IE-HDH and ME-HDH systems, 4.0 m/s was selected, as available via [51]. The
results are presented in Figure 7. It was realized that the WPR increased with respect to
an increase in Tqp, and a decrease in RH. For instance, in the case of the DE-HDH system,
the WPR was observed to be ~0.98 g/s at a T4}, of 10 °C and RH of 0.1. However, as the
Tgp increased to 50 °C, the WPR was estimated to be 2.45 g/s at an RH = 0.1. On the other
hand, a WPR approaching the minimum corresponded to an increase in RH values. It was
observed that beyond the RH of 0.8, the DE-HDH system had a WPR of 0.01 to 0.12 g/s and
was found to be relatively less influential to Tgp,. The IE-HDH system had a relatively low
WPR compared to the DE-HDH system. Despite having two wet channels in the IE-HDH
system, the WPR ranged between 0.01 and 1.41 g/s. This was mainly due to the e, 5c
and m subjected into the wet channels, which were taken less as compared to DE-HDH,
as available via [51]. In addition, compared to DE-HDH, the cross-sectional area of the
IE-HDH wet channels was 0.25 times lower [51]. Consequently, this influenced the overall
productivity of the IE-HDH system. On the other hand, the WPR of the ME-HDH system
ranged between 0.02 and 7.92 g/s depending upon the Tg4, and RH values, accordingly.
Similar results are also available in the literature via [52], thereby disclosing the validity
of the modeling strategy followed in the present study. However, it is worth mentioning
that ME-HDH was not functional and/or produced a relatively small WPR when the RH
values were between 0.75 and 1.0.
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4.2. Sensible and Latent Cooling Fluxes

The sensible cooling flux (Q.,, kW) and latent cooling flux (Qy,;, kW) of the studied
E-HDH desalination systems were estimated using Equations (7) and (8), as shown:

Q. = me@T (Tin — Tout) @)

Qlat = WPRg-npH (hfg) ot (8)

In Equation (7), cp, is the specific heat capacity of air (J/kg.K) changes corresponding
to the inlet temperature (Tj,, K) and outlet temperature (Tout, K) of the air streams. In
Equation (8), Q; is estimated based on the WPR obtained from each E-HDH system into
the latent heat of vaporization (hg, J/g). The corresponding cp and hyg values are obtained
from the CoolProp using the HAPropsSI function. The results of Q. and Qy,; are presented in
Figure 8 corresponding to changes in Tg, and RH, accordingly. The Q. of all the studied
E-HDH increased with respect to increases in Tgp, as well as decreases in RH. This is because
when the Tgp, increased, the water holding capacity of the supplied dry air stream increased,
which allowed more saline water to evaporate [63]. On the other hand, an increase in
the RH reflected the accomplishment of the water-holding capacity of the supplied air
stream, consequently minimizing the mass transport between the saline water cassette and
the inlet air stream. For all the studied E-HDH systems, the Q. values approached the
minimum value as the RH values increased from 0.8. In the case of the DE-HDH system,
the Q. values ranged between 0.02 and 5.26 kW. According to psychrometric concepts of
evaporative cooling systems, the ME-HDH system produced the maximum Q. because the
dew-point temperature was achieved at a constant humidity ratio. However, in the present
scenario, the ME-HDH system produced a relatively lower Q. value ranging between 0.01
and 3.23 kW, followed by the IE-HDH system, as compared to the DE-HDH system. The
reason for this is that the e, Mec (98%) of the ME-HDH was nearly close to the ey, prc
(95%), and there were also different mass flow rates and cross-sectional areas, as available
via [51].
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Figure 8. Sensible cooling flux (left side) and latent cooling flux (right side) of the studied E-HDH
desalination systems.

The Q¢ in the case of the ME-HDH system was estimated to be 19.73 kW, followed by
the DE-HDH system (5.93 kW) and IE-HDH system (3.46 kW) at an inlet T4, and RH of 50
°C and 0.1, respectively. This is because the air leaving the ME-HDH humidified with the
RH value of 1.0 [52,64]. Consequently, high water vapor mass transport was estimated as
compared to the DE-HDH and IE-HDH, which followed the isenthalpic process to humidify
the air stream.

4.3. Specific Energy Consumption

The specific energy consumption (SEC, kW) is the summation of the instantaneous
heat supplied (Qy, kW) to the E-HDH desalination system for evaporating the vapor
mass, energy consumed by the fan (Qy, kW), as well as the pump (Qp, kW), as given by
Equation (9).

SEC = Qp + Qs+ Qp )

where Qy, is determined using Equation (10).

Qn = mcper(Tin) (10)

The Qf and Qp used in the study were 0.015 kW and 0.010 kW, respectively, as available
via [52]. The results presented in Figure 9 correspond to Ty, and RH, accordingly. Figure 9a
shows the SEC of the DE-HDH system; however, Figure 9b shows the SEC of both the
IE-HDH system and ME-HDH system. The equivalent SEC was estimated for the IE-
HDH and/or ME-HDH systems because they had the same number of fans and a pump.
Moreover, in the present scenario, the Qy, supplied to both systems computed corresponded
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to Tqp and RH values, accordingly. Consequently, similar results of SEC were identified.
From the results, it was realized that the SEC for the DE-HDH system ranged between
2.25 and 45.35 kW, whereas for the IE-HDH and/or ME-HDH system, it ranged between
1.36 and 26.29 kW, corresponding to the Tq, and RH. Similar SEC results are available
via [52,65,66]. Generally, the IE-HDH and/or ME-HDH system consumes relatively more
SEC because two fans are installed to regulate the air velocities in their channels. However,
in the present scenario, the SEC obtained from the DE-HDH system was 1.65 to 1.75-fold
higher as compared to the IE-HDH and /or ME-HDH systems because it had relatively high
system effectiveness. In addition, the m also enhanced the overall SEC of the DE-HDH. The
trends depict that the RH plays a crucial role in enhancing the overall SEC of the E-HDH
desalination system. Thereby, desert regions and subtropical regions are comparatively
more favorable for the E-HDH desalination system.
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Figure 9. SEC of the studied E-HDH desalination system, (a) DE-HDH system, and (b) IE-HDH and
ME-HDH systems.
4.4. Sensible and Latent Heat Factors

The sensible heat factor (SHF) and latent heat factor (LHF) are estimated for the studied
E-HDH desalination systems using Equations (11) and (12), as shown:

Qn
SHF = ———— 11
Qh + Qlat ( )
LHF = _ Qe (12)

Qlat =+ Qh
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where SHF and LHF explain the proportion of the sensible and latent load available,
respectively, in the total energy. It is noteworthy that the sum of SHF and LHF should
equal 1.0. Figure 10 shows the SHF (left column) and LHF (right column) of the studied
E-HDH desalination systems. It was observed that the SHF for the DE-HDH and IE-
HDH system was estimated in the range between 0.17 and 0.49 with respect to T4, and
RH values, accordingly. However, in the case of the ME-HDH system, the SHF was
identified in the range between 0.03 and 0.36. On the other hand, the LHF was found to
be relatively high (ranging between 0.64 and 0.98) from the ME-HDH system in contrast
with the DE-HDH and IE-HDH systems. This implies that the ME-HDH utilized more
psychrometric renewable energy to increase the humidity ratio while maintaining the RH
of 1.0. Consequently, more latent load was observed as compared to the other studied
E-HDH desalination systems. Furthermore, it was observed that an increase in T4, and
RH from their respective data was in response to the decrease in the SHF, and vice versa
for LHFE.
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Figure 10. Sensible heat factor (left side) and latent heat factor (right side) of the studied E-HDH
desalination systems.
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4.5. Gain Output Ratio

The gain output ratio (GOR) refers to the ratio of the latent load required to the total
energy utilized for evaporating saline water. The GOR is formulated in Equation (13).

Qlat

GOR = SEC (13)
Figure 11 shows the GOR of the studied E-HDH desalination systems. It was realized
that the ME-HDH system showed the maximum GOR ranging between 0.012 and 3.324,
followed by the IE-HDH system and DE-HDH system, respectively. Furthermore, it was
realized that, corresponding to an increase in Ty}, as well as RH, the GOR for DE-HDH
and IE-HDH systems decreased because of relatively small Qy,; values were produced.
Therefore, the maximum GOR values of 0.95 (DE-HDH system) and 1.0 (IE-HDH system)
were observed at Tq, < 15 °C and RH < 0.20. On the other hand, the ME-HDH system
achieved the maximum GOR at Ty, of >40 °C and RH < 0.15. This was due to the em-
ployment of psychrometric renewable energy to accomplish the saturation limit [54]. This
implies that the ME-HDH system has the potential to generate a significantly high quantity
of desalinated water, followed by the IE-HDH system and DE-HDH. Similar SEC results

are available via [52].
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Figure 11. GOR of the studied E-HDH desalination system, (a) DE-HDH system, (b) IE-HDH and
(c) ME-HDH systems.

4.6. Effect of Velocity and E-HDH System Effectiveness

The performance of the E-HDH desalination system was explored in this section, cor-
responding to four climatic scenarios based on the Képpen—Geiger climatic classification.
The effect of air velocity was estimated to vary from 0.01 m/s to 5.0 m/s for all the stud-
ied E-HDH desalination systems when considering the selected Képpen—Geiger climatic
conditions. In addition, the effect of ¢}, for the E-HDH desalination system was analyzed
based on their effectiveness ranges stated in the methodology section. Furthermore, in
the case of the ME-HDH system, the humidity effectiveness was also correlated, varying
from 1.0 to 10.0%. The results of WPR are presented in Figure 12. First, it was realized that
the WPR increased with the increase in air velocity due to more mass flow rate entering
the air channels. Secondly, the increase in ¢, improved the WPR. Lastly, the increase in
humidity effectiveness also enhanced the WPR. In tropical monsoon climatic conditions, the
ME-HDH system produced a comparatively high WPR compared to the DE-HDH system,
followed by the IE-HDH system. For all the studied climatic scenarios, the ME-HDH
system was found to outperform in terms of WPR. The maximum WPR of 5.14 g/s was
computed from the humid subtropical climate, followed by the humid continental climate
(3.49 g/s), desert climate (3.75 g/s), and tropical monsoon climate (1.94 g/s). The DE-HDH
system produced a nearly equivalent amount of WPR as compared to ME-HDH because of
exposure to a high mass flow rate. The IE-HDH system produced the least WPR because it
had less ey}, compared to both the DE-HDH and ME-HDH systems.
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Figure 12. Performance of the E-HDH desalination cycle corresponding to Koéppen-Geiger
climatic classification.

4.7. Performance Comparison against Climatic Conditions of Saudi Arabia

In this section, the performance of the E-HDH desalination system was explored with
respect to the climatic scenario of Saudi Arabia. Figure 13 shows the temporal variation in
the outlet Ty, (left column) and RH (right) of the studied E-HDH desalination system. On
an average basis, the DE-HDH system reduced the outlet air temperature by 8 °C, while the
ME-HDH system reduced it to 12 °C. On the other hand, the IE-HDH system reduced the
Tgp by 5 °C, which reflects poor heat conduction and relatively low system effectiveness.
Similarly, the RH of the studied E-HDH desalination system approached the saturation
limit (1.0).
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Figure 13. Temporal variation in Tqp, and RH of the studied E-HDH desalination cycles in accordance
with climatic conditions of Saudi Arabia.

Figure 14 shows the WPR and energy required (ER, kWh/kg) from the studied E-HDH
desalination systems, accordingly. The ER was estimated based on the SEC divided by
the WPR. The results of the WPR and ER are discussed here on an average basis in order
to make a comparison among the studied E-HDH desalination systems as well as among
the cities. The results show that the WPR obtained from the DE-HDH system, which was
91.43 kg/day, corresponded to the climatic conditions of the Riyadh followed by Al-Hofuf
(86.59 kg/day), Jeddah (63.60 kg/day), and Dammam (60.76 kg/day). Accordingly, the
ER was determined to be minimum from Riyadh (0.0972 kWh/kg), and it increased in the
case of Al-Hofuf (0.12 kWh/kg), Dammam (0.218 kWh/kg), and Jeddah (0.219 kWh/kg).
Similarly, the WPR realized from the IE-HDH system was estimated as 54.31 kg/day
from Riyadh, 51.12 kg/day from Al-Hofuf, 38.51 kg/day from Jeddah, and 36.68 kg /day
from Dammam. Correspondingly, the ER was estimated to be minimum in the case of
Riyadh (0.096 kWh/kg), Al-Hofuf (0.125 kWh/kg), Dammam, and Jeddah (0.21 kWh/kg).
The WPR observed to be maximum in the case of ME-HDH system, having values of
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180.33 kg/day and 183.51 kg/day from Al-Hofuf and Riyadh, respectively. The WPR
obtained from Jeddah and Dammam was observed to be 133.0 kg/day and 126.58 kg/day,
respectively. On the other hand, the ER was observed to be in the range between 0.03 and
0.07 kWh/kg. The ME-HDH desalination system demonstrated a significant reduction in
energy consumption compared to the MED and MSF systems, with reductions of 5-20% and
10-35%, respectively. Furthermore, this energy-efficient performance was achieved through
the utilization of scavenged thermal energy from the environment for the desalination
process, which is essentially free. It can be concluded that the ME-HDH system can produce
high WPR and minimum ER as compared to the DE-HDH system and IE-HDH system,
respectively. For all the studied E-HDH desalination systems, Al-Hofuf and Riyadh climatic
conditions are comparatively more suitable to produce desalinated water.
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Figure 14. Temporal variation in WPR and ER of the studied E-HDH desalination cycles in accordance
with climatic conditions of Saudi Arabia.
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5. Conclusions

Water scarcity is a pressing issue that requires effective solutions, and desalination
presents a promising avenue to address this challenge. However, conventional desalination
technologies are associated with drawbacks such as high greenhouse gas emissions, system
inefficiencies, and significant energy consumption. Low-cost and sustainable desalination
systems are principally required in order to accomplish the UN-SDGs. In this regard, the
present study aimed to investigate evaporation-assisted humidification-dehumidification
(E-HDH) desalination systems based on the effectiveness method. Three E-HDH system:s,
namely, direct evaporative (DE-HDH), indirect evaporative (IE-HDH), and Maisotsenko
evaporative (ME-HDH) configurations, were investigated via utilizing a thermodynamic
modeling approach. Performance indicators such as water production rate (WPR), specific
energy consumption, (SEC), gain output ratio (GOR), sensible heat factor (SHF), and latent
heat factor (LHF) were studied with respect to dry-bulb temperature (T4,) and relative
humidity (RH). The performance of the studied E-HDH desalination systems was explored,
corresponding to the climatic scenarios of four cities of Saudi Arabia. According to the
results, the ME-HDH can produce the WPR of 0.01 to 7.92 g/s, followed by the DE-HDH
system and IE-HDH system, respectively, corresponding to a Tqp, of 10 °C to 50 °C and RH
of 0.1 to 1.0. The SEC in the case of the ME-HDH system ranged between 1.36 kW and
26.92 kW. The GOR was observed as ~0.95 for both the DE-HDH and IE-HDH system:s,
while in the case of ME-HDH, it was observed as 3.32. Among the studied cities of Saudi
Arabia, Al-Hofuf and Riyadh showed the maximum WPR, having average values of 183.51
and 180.33 kg/day, respectively, in conjunction with employing the ME-HDH system. The
energy required was also found to be minimum (0.034 to 0.0421 kWh/kg) in the case of the
ME-HDH system. Thereby, it is concluded that the ME-HDH system is comparatively more
productive and energy efficient as compared to the studied DE-HDH and IE-HDH systems.
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Nomenclature
m mass flow rate, (kg/s)
cp specific heat capacity, (J/kg.K)

DE-HDH  direct evaporative HDH
E-HDH evaporation-assisted HDH

GOR gain output ratio, (-)
GOR gain output ratio, (-)
HDH humidification-dehumidification

IE-HDH indirect evaporative HDH
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LHF latent heat factor, (-)

ME-HDH  Maisotsenko evaporative HDH
Qc sensible cooling flux, (kW)

Qf energy consumed by fan, (kW)
Qn sensible heat supplied, (kJ/s)
Qlat latent cooling flux, (kW)

Qp energy consumed by pump, (kW)
RH relative humidity, (-)

SEC specific energy consumption, (kW)
SHF sensible heat factor, (-)

T temperature, (K)

WPR water production rate, (g/s)

X humidity ratio, (kg/kg)

€ system effectiveness, (-)
Subscript

di1,d2 cool dry air

db dry-bulb

dp dew-point

in inlet

out outlet

wl warm air supply

w2, w3 cool humid air

w4 warm humid air

wb cool dry air

wb wet-bulb

Appendix A

The hourly based T4, and RH are provided in Figures Al and A2, respectively.
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Figure A1. Three years hourly based Ty, of four cities of Saudi Arabia.
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Figure A2. Three years hourly based RH of four cities of Saudi Arabia.
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