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ARTICLE INFO ABSTRACT
Keywords: Global issues arising from water and electricity shortages have notoriously affected social life over the last de-
Waste heat cades. In this regard, using renewable energy sources like waste heat of wind turbines (WTs) to drive desalination

Wind turbines
Desalination
HDH-MED-MVC
Energy analysis
Exergy analysis

systems can be a promising solution. However, high specific work consumption (SWC) for desalinating seawater
from the waste heat of the wind turbine generator can hinder the application of this new emerging technology.
To address this problem, a multi-effect distillation mechanical-vapor compression (MED-MVC) desalination unit
is used to recover the brine rejected from a humidification-dehumidification (HDH) desalination unit operating
by the waste heat of the generator of a wind turbine. To reduce the rejected brine, 90% of the rejected brine is
added to the mainstream of the HDH desalination system. The devised system is evaluated in terms of the first
and second laws of thermodynamics using engineering equation solver (EES) software. The proposed cycle with a
seven-effect MED-MVC unit has a lower SWC than the same cycle with a reverse osmosis (RO) unit. It is note-
worthy the freshwater rate increases by 18% at all wind speeds. Parametric study shows the SWC decreases from
33.41 to 21.27 kWh/m® by enhancing the wind speed.

last decades in terms of the water-energy nexus concept, and valuable
solutions are presented accordingly to tackle this dilemma. Regarding
water shortage in the vicinity of open seas, seawater desalination is one
of the best remedies to overcome the water scarcity issue since more
than 97% of the earth’s water is found in the form of saline water in seas
and oceans (Kalogirou, 2005). On the other side, renewable energies are
unanimously recommended as the best solution to overcome future
energy shortages as they produce significantly lower greenhouse gasses,
reduce dependence on fossil fuels, and diversify the energy supply chain,
to exemplify a few. International Energy Agency (IEA) has prognosti-
cated widespread use of renewable energies is expected to address the
99% rise in the global electricity demand between 2020-2025 (Inter-
national Energy Agency, 2020). Hence, investing in renewable
energy-based seawater desalination technologies via either thermal or
mechanical mechanisms such as humidification-dehumidification
(HDH), multi-effect distillation (MED) (Rostamzadeh et al., 2019), and
reverse osmosis (RO (Fairuz et al., 2023), should be considered by this
time.

A thermal vapor compression (TVC) unit plays a vital role in terms of

1. Introduction

The profound effects of water and energy on the quality of the
modern lifestyle can hardly be denied. Water scarcity can be originated
from varied reasons, including but not limited to economic barriers,
management failure, climate change, geographical features, and politi-
cal disputes (Rostamzadeh and Rostami, 2020a). In Iran, large areas,
particularly in the eastern and southern parts of the country, are expe-
riencing severe dryness (Iranian Meteorological Organization (IMO),
2018). On the other hand, energy is one of the vital parameters for
sustainable community development as it is a prerequisite for contin-
uous water supply. Energy shortages stem from the increasing demand
to supply chain lack of continuous investment, low power plant effi-
ciency, contradictory upstream policies, and, more importantly, envi-
ronmental constraints. Therefore, one of the most important questions
arising between the academics and production niches is how to provide
a viable, sustainable, and economical co-supply of water and energy for
sustainable societies. Innumerable works have been conducted over the

* Corresponding author.
E-mail address: Hamed.Ghiasirad@polsl.pl (H. Ghiasirad).

https://doi.org/10.1016/j.sajce.2023.03.007

Received 4 August 2022; Received in revised form 23 February 2023; Accepted 30 March 2023

Available online 31 March 2023

1026-9185/© 2023 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


mailto:Hamed.Ghiasirad@polsl.pl
www.sciencedirect.com/science/journal/10269185
https://www.elsevier.com/locate/sajce
https://doi.org/10.1016/j.sajce.2023.03.007
https://doi.org/10.1016/j.sajce.2023.03.007
https://doi.org/10.1016/j.sajce.2023.03.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sajce.2023.03.007&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Rostami et al.

South African Journal of Chemical Engineering 44 (2023) 356-369

Nomenclature Abbreviations

Symbols

(o Specific heat at constant pressure (kJ/kg.K)
BFR Brine Flow Ratio

EES Engineering Equation Solver

En Energy rate (kW)

ERT Energy recovery turbine

ex Exergy per unit mass (kJ/kg)

Ex Exergy rate (kW)

GOR Gained Output Ratio

h Specific enthalpy (kJ/kg)

H Enthalpy rate (kW)

HDH Humidification-Dehumidification
hg Enthalpy of vaporization (kJ/kg)
HPP High-pressure pump

M Molar mass (kg/kmol)

m Mass flow rate (kg/s)

MED Multi-effect desalination

Mix Mixer

MR Mass ratio of HDH desalination
MVC Mechanical Vapor Compression
N Number of effects

P Pressure (bar)

PC Performance coefficient

PR Performance Ratio

Q Heat transfer rate (kW)

R Global gas constant (kJ/kg.K)
RO Reverse osmosis

s Specific entropy (kJ/kg.k)

S Salinity (g/kg)

sal Salinity (g/kg)

SWC Specific work consumption (kWh/m3)
T Temperature (k)

TTD Terminal temperature difference (K)
u Wind velocity (m/s)

TR Cut-in speed (m/s)

u, Rated speed (m/s)

w Power (kW)

Wayg Average Power (kW)

X Salinity (g/kg)

4 Height (m)

Subscripts and superscripts

a Air

avg Average

ch Chemical

Comp Compressor

c.v. Control volume
D Destruction

Da Dry air

Eff Effect

Ex Exergy

F Furling

Fu Fuel

FW Freshwater

gear Gearbox

gen Generator

Hum Humidifier
Dhum Dehumidifier

I ith stream

in Inlet

Is Isentropic

isen Isentropic

K Kth component
L Loss

M Maximum

Net Net value

out Outlet

Ph Physical

Pr Product

pum Pump

R Rated

RHX Recovery Heat Exchanger
Sw Sea Water

tot Total

v Vapor

wWT Wind Turbine
WH Waste heat
1,2,3,... Number of streams
0 Dead State

Greek symbols

B Velocity and altitude coordinator (constant parameter)
A Difference

e Effectiveness (%)
n Efficiency (%)

® Humidity ratio

p Density (kg/m®)
r Gamma function
¢ Relative humidity

providing a continuous supply of high-temperature and pressure steam
for MED systems. However, it is normally recommended for occasions
with direct access to large-scale power plants that can partially bypass
the high turbine backpressure steam towards the primary entrance of the
TVC. In areas without the possibility of providing high-pressure and
temperature steam, mechanical vapor compression (MVC) can be
considered as a proportionate alternative (Rostamzadeh, 2021).
Compared to MED-TVC desalination systems, MED-MVC units provide
high-quality freshwater, continuous operation at decentralized regions,
compact and uncomplicated set-up, stable operation, and a simple
mechanism to be connected to renewable energies, and low economical
operating (Elsayed et al., 2019a). Moreover, the production capacity and
brine level in the MVC-TVC systems are extremely sensitive to a minor
variation in the inlet seawater temperature(Elsayed et al., 2018). A
MED-MVC unit can be found in four different configurations:
parallel-cross feed (PCF), parallel feed (PF), forward feed (FF), and
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backward feed (BF). Under the same conditions, the maximum exergetic
and energetic performances belong to PCF configuration (Elsayed et al.,
2019b; Jamil and Zubair, 2018; Rostamzadeh, 2021). These configura-
tions can be structured in terms of single-effect or multi-effect mecha-
nisms. The SWC of a single-effect MVC (SE-MVC) unit can be as high as
10-13 kWh/m? (Jamil and Zubair, 2017a). In general, the SWC of a
SE-MVC unit can be decreased once its mechanism is changed into
MED-MVC (Jamil and Zubair, 2017b). However, more specifically, the
amount of decrease in the SWC of a MED-MVC unit is highly contingent
upon its structure and key design parameters. For instance, for a
MED-MVC unit with PCF configuration and under a similar design
condition proposed in this study, Rostamzadeh et al. (Rostamzadeh
et al., 2020) recommended a MED-MVC desalination unit with seven
effects as the optimal structure. They reported SWC as low as 8.29
kWh/m?. Later, Rostamzadeh (Rostamzadeh, 2021) proposed a new
configuration instead of the previously proposed MED-MVC unit with
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the same number of effects and found that the SWC can be decreased by
25.45%. Therefore, to follow the self-consistency of the open literature,
the same number of effects (i.e., seven effects) are selected for the
MED-MVC unit.

Over the last decade, the use of thermal heat dissipated by renewable
energy-based technologies, especially wind turbines, has received great
attention. Like the waste heat captured from other industrial sectors for
by-products applications (Ghorbani et al., 2020; Zaitsev et al., 2020), the
waste heat dissipating from the wind turbine generator can also be used
for diverse applications due to its significant contribution to
waste-to-product purposefully. Wind thermal energy has the potential to
become an economical and reliable energy source despite its fledgling
establishment (Okazaki et al., 2015). Following recent advances in the
open literature, a great focus of attention is drawn to the emerging
concept of multi-generation applications. For instance, in terms of
waste-to-electricity applications, by accounting for the waste thermal
heat of the generator of the wind turbines, Karasu and Dincer (Karasu
and Dincer, 2018) devised a wind thermal energy storage (WTES) sys-
tem combined with molten salt storage for further electrical power
production from the dissipated thermal energy of the wind turbine’s
generator by employing an organic Rankine cycle (ORC). They applied
thermodynamic tools to evaluate the performance of the devised system
and reported exergy and energy efficiencies of around 8.6% and 7%,
respectively. In another similar study, Nematollahi et al. (Nematollahi
et al., 2019) set up a new system, including an ORC and a wind turbine,
for using the waste heat of the wind turbine generator. They used
thermoeconomic and thermodynamic approaches to evaluate the per-
formance of the proposed integrated system. They screened seven
different working fluids to investigate their effects on the performance
and cost metrics. Their results showed that R134a can lead to the highest
power of 7.1 kW, while the lowest of 6.25 kW can be generated when
SES36 is used. For trigeneration applications, Khalilzadeh and Nezhad
(Khalilzadeh and Hossein Nezhad, 2020) proposed a new system for
simultaneous power, heating, and cooling supply of a sustainable com-
munity by extracting waste heat from 12 wind turbines with a nominal
power capacity of 7500 kW. To achieve this goal, they combined ab-
sorption refrigeration and ORC. The devised system had exergy and
energy efficiencies of 38.61% and 45.32%, respectively. Rostami et al.
(Rostami et al., 2021) designed a novel integrated system to capture the
waste heat of a wind turbine for cooling and freshwater production. The
authors used an absorption chiller driven by the dissipated thermal heat
of the wind turbine and produced water from the available moisture in
the air instead of desalinating seawater. The authors have expanded the
simulation results for two windy and humid areas in Iran. The investi-
gation results showed that Cu/water and TiOp/water mixtures have the
highest and the lowest performances, respectively. For seawater desa-
lination applications via the wind turbine waste-to-freshwater concept,
Memon et al. (Memon et al., 2022a) studied four different configurations
for multi-stage contact membrane distillation units driven by the waste
heat of a wind turbine for freshwater production. Configurations pro-
posed by authors included a parallel with 15 x 1 module, a series with 1
x 15 modules, a parallel series with 5 x 3 modules, and a parallel series
with 3 x 5 modules. They found that the second configuration (i.e., a
series with 1 x 15 modules) can produce more freshwater in the capacity
range of 1927-10158 kg/h than the other ones. However, for achieving
the highest GOR, it is more appropriate to use the fourth configuration
(i.e., a parallel series with 3 x 5 modules). Rostamzadeh and Rostami
(Rostamzadeh and Rostami, 2020b) proposed a new system for driving
an HDH unit using the dissipated heat of a wind turbine to produce
freshwater. The devised system was investigated from the first and
second laws of thermodynamics and showed that the freshwater rate,
Gain-Output-Ratio (GOR), and net power increase with the rise of wind
speed while the exergy efficiency shows an opposite trend through this
alteration. Khalilzadeh and Nezhad (Khalilzadeh and Hossein Nezhad,
2018) used the waste heat from the generator of a wind turbine to drive
a MED system. They analyzed the devised system from energy, exergy,

358

South African Journal of Chemical Engineering 44 (2023) 356-369

and thermoeconomic points of view. They employed a wind turbine with
a nominal capacity of 7580 kW and produced 45.06 m>/day freshwater
with the cost of 16.676 $/m?> at the wind speed of 11 m/s. More recently,
Rostamzadeh et al. (Rostamzadeh et al., 2021) compared the perfor-
mance and cost metrics of the hybrid HDH-RO desalination unit driven
by waste thermal heat and mechanical power of the wind turbine with
the RO unit driven only by the electrical power of the wind turbine.
Their results indicated that the hybrid HDH-RO desalination unit suffers
from high operating and maintenance costs relative to the RO unit. The
authors generalized their conclusion by conducting the study for six
different wind turbines of E-101/3.5, V-115/4.1, G-128/4.5,
GW-136/4.8, Eno-114/4.8, and AD-116/5. They also reported that
GW-136/4.8 has the highest exergy efficiency at low wind speed (lower
than 9 m/s), followed by AD-116/5. To follow up this conclusion, the
same wind turbine model (i.e., GW-136/4.8) is selected for the system.
Moreover, Lawal et al. (Lawal et al., 2021) integrated a multi-stage flash
(MSF) desalination unit with an HDH bottoming cycle to achieve a GOR
of 8.73. This way, the HDH unit can provide drinking water for 134,000
people consuming 5 L/day. After that, Memon et al. (Memon et al.,
2022b) exploited the waste heat of a wind turbine for a multi-stage
direct contact membrane desalination (DCMD) for which they noticed
that the series-parallel configuration is the optimized one when
designing 3 x 5 modules to have a high value of GOR. Then, Tahir and
Al-Ghamdi (Tahir and Al-Ghamdi, 2022) analyzed an integration of
MED-HDH-ZLD desalination systems in which the topping cycle is MED.
At the end of the process, an evaporative crystallizer is installed to
separate the brine and salt. Their parametric study results show that
higher top temperatures lead to a rise in performance ratio from 9 to 12.

1.1. Scientific gap

According to the above reviewed literature it can be fathomed out
that there are several scientific gaps in the existing previous studies
dealing with waste heat recovery of wind turbines for freshwater supply.
For example, it has been shown that using a RO unit as a bottoming cycle
of an HDH system driven by the waste heat of a wind turbine signifi-
cantly increases the SWC of the desalination plant (Rostamzadeh et al.,
2021). A high value for the SWC of the HDH-RO unit can result in high
operating costs for the freshwater, as underlined by Khalilzadeh and
Nezhad (Khalilzadeh and Hossein Nezhad, 2018). In fact, Khalilzadeh
and Nezhad (Khalilzadeh and Hossein Nezhad, 2018) reported a high
value of 16.16 $/kWh and 125 kWh/m® for the freshwater cost and
SWG, respectively when a MED unit was employed to capture the waste
heat of the generator of the wind turbine. It is obvious that the fresh-
water produced from a MED unit is more expensive than that of an HDH
unit due to a high purchased equipment cost of the MED desalination
systems. In addition, the HDH-RO unit proposed by Rostamzadeh et al.
(Rostamzadeh et al., 2021) cannot be transformed to brine reduction
systems by employing brine recycling scheme since the salinity of the
discarded brine streams is so high. Such high amount of highly
concentrated saline water to the environment can provoke various
irrecoverable environmental issues. Since a MED unit normally discards
brine at a relatively elevated temperature, the rate of exergy loss asso-
ciated with the discarded brine is high. Therefore, these kinds of ob-
stacles can be tackled by creating new ideas toward improving the
structure of the previously proposed desalination systems driven by the
waste heat of wind turbines.

1.2. Novelty

After noticing the above-mentioned scientific gaps, it can be figured
out that integrating a thermal desalination unit instead of RO unit (albeit
with the same capacity) into the HDH unit can significantly reduce the
SWC and raise the freshwater capacity. Such structural modification can
have more pronounced influence once minimal liquid discharge concept
is also included to the preliminary stage of the design. In conclusion,
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Fig. 1. Schematic of the reference system driven by waste heat and the electrical power of a wind turbine (Rostamzadeh et al., 2021).

taking advantage of an MED unit as a bottoming cycle of an HDH unit for
waste heat recovery from the generator of the wind turbine leads to a
high freshwater rate compared to an HDH unit. In addition, due to the
low-temperature characteristics of the waste thermal energy extracted
from a wind turbine, the use of this dissipated heat to drive an HDH unit
on the top is more consistent as the irreversibility of the components
associated with the HDH unit is lower. Because of a large amount of
liquid discharge of the MED system, it is necessary to overcome such
deficiency by proposing a minimal liquid discharge concept. Hence, the
present study seeks to not only lessen the SWC of the HDH unit driven by
the waste heat of the generator of the wind turbine via recovering its
discarded brine via a MED-MVC unit but also reduce the rejected brine
from the hybrid HDH-MED-MVC unit for sustainable development. To
decrease the amount of SWC of the HDH system driven by the waste heat
of the generator of a wind turbine, hybridization with a MED-MVC unit
in a new structure is proposed. It is obvious that freshwater costs can be
lessened by decreasing the SWC because the size of compressor is
minimized. As mentioned in Ref. (Ghiasirad et al., 2021a), increasing
the seawater temperature makes the system inefficient in water-heated
HDH units, whereas most of the previous works such as (Ghofrani and
Moosavi, 2020) added the warm brine to inlet seawater. In the present
study, however, it is recirculated to seawater entering the heater, which
can be considered as another novelty. Finally, there is no need for two
conventional heat exchangers (water and brine coolers) in MED system
contributing to decreasing the component’s costs as well. In the pro-
posed cycle, to achieve the lowest SWC, the best number of effects is
found. To modify the structure of the proposed hybrid HDH-MED-MVC
unit, a mechanism with brine reduction is designed. To discuss the ad-
vantages of the developed configuration, present study is compared to
the HDH unit, RO unit, and hybrid HDH-RO unit. To prove the feasibility
of the suggested co-generation system, the thermodynamic analysis is
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done. To analyze the effect of sensitive variables, an all-inclusive para-
metric study is done.

2. Set-up description

Figs. 1 and 2 show the schematic of the reference system initially
proposed in our previous study (Rostamzadeh et al., 2021) as well as the
proposed hybrid HDH-MED-MVC unit, respectively. Detailed analysis
and description of the reference system can be found in the related
study; hence, any explanation about its operating mechanism is
excluded here.

Fig. 2 displays the new proposed HDH-MED-MVC unit. The proposed
system consists of three subsystems: a waste heat recovery sub-unit of
the wind turbine (WT), an HDH desalination system, and a MED-MVC
system. The waste heat recovery sub-unit of the wind turbine transfers
thermal energy to the bottoming cycle (namely the HDH unit) while
directly producing electricity from its wind turbine module. The waste
heat recovery sub-unit of the WT includes three main components: a WT
module, a recovery heat exchanger (RHX), and a pump. While being
pressurized in the pump, the water stream at state 4 goes to RHX, where
it has already been heated by the generator of the wind turbine and is
quite ready to provide the required thermal energy. After passing
through the RHX, the water stream enters the heater and provides an
appropriate level of thermal energy required by the HDH desalination
subsystem. The HDH desalination sub-system includes a humidifier, a
dehumidifier, and a heater. As shown in Fig. 2, the water stream flows
through an open loop, whereas the air flows in a closed loop, and this is
exactly why this type of HDH desalination system is known as a closed-
air open-water HDH cycle. After passing through the dehumidifier,
seawater mixes with 90% of the brine rejected from the MED-MVC sub-
system to build a stream with higher salinity than the reference
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turbine (Rostamzadeh et al., 2021).
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Fig. 2. The devised hybrid WI/HDH-MED-MVC system driven by waste heat and the electrical power of a wind turbine.

seawater. The MED-MVC sub-system, used to extract more freshwater
from the brine rejected from the HDH sub-system, contains seven effects,
a pump, a mixer, and a vapor compressor. The saturated vapor flows into
a mechanical vapor compressor (MVC) while compressing and super-
heating the steam. To provide a better heat transfer mechanism, the
brine is sprayed into the effect chamber while the superheated stream
enters the chamber. At the exit of each effect, three different streams are
outlined. The saturated vapor exits the upper side of each effect and
carries the needed thermal energy for the next stage of distillation,
where its thermal energy level decreases successively through the stages
and finally is uplifted to the primary energy level via an external power
supply. The other two streams directing out from each effect are the
freshwater stream (extracting out directly towards a water tank) and the
brine stream, which is successively reinjected to the subsequent effect.

3. Materials and methods
Three sub-sections of wind turbine modeling, thermodynamic eval-

uation, and the expanded performance factors for the devised set-up are
organized in this section.

3.1. Wind turbine modeling

Relations of the wind turbine modeling comprehensively are
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presented in (Rostami et al., 2021) and excluded here to avoid unnec-
essary repetition.

The amount of thermal heat wasted in the gear box and generator of
the wind turbine (Quy) can be expressed as(Khalilzadeh and Hossein
Nezhad, 2018):

QWH = (1 - ﬂgeur) (1 - ’/gen) WWT,avg @

where, 71,,, and 7, are the thermal waste efficiency of the generator

and gearbox, respectively. As the selected wind turbine has no gearbox
(direct driven), 7., is assumed to be zero. The net wind turbine power

can be written as follows:

Wner,WT = Wavg.WT - QWH (2)

In this study the Goldwind GW136,/4800 model is assumed for the
wind turbine. The main specifications of the GW-136 are listed in
Table 1.

The wind speed at different heights varies remarkably. Therefore, the
wind speed velocity at the desired altitude should be determined
(Ehyaei et al., 2019):

u(z2) = u(z) (z—f)

In which,

3
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Table 1

Input design parameters for thermodynamic simulation of the devised WT/HDH-

MED-MVC system.

Table 2
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Mass, salinity, and energy balance equations for each component of the pro-
posed minimal liquid discharge hybrid desalination system.

Parameter value Ref.
Reference temperature, T (K) 298.15  (Rostamzadeh and
Rostami, 2020b)
Reference pressure, P (bar) 1.01 (Rostamzadeh and
Rostami, 2020b)
Reference salinity of seawater, S (gkg™!) 35 (Rostamzadeh and
Rostami, 2020b)
Standard molar chemical exergy of water, 45 (Ghiasirad et al., 2020)
exY, (kJ/kmol)
Reference relative humidity, ¢,(%) 65 (Rostami et al., 2021)
HDH unit
Terminal temperature difference of 10 (Rostamzadeh et al., 2018a)
heater, TTD;, (K)
Desalination top temperature, T;3(K) 333.15  (Abdollahi Haghghi et al.,
2019)
Pump isentropic efficiency, n,s_Pum(%) 85 (Javanfam et al., 2022)
Humidifier effectiveness, &x,m (%) 85 (Ghiasirad et al., 2021a)
Dehumidifier effectiveness, &ppym(%) 85 (Ghiasirad et al., 2021a)
Desalination mass flowrate ratio, MR 1.8 (Elbassoussi et al., 2021)
WT set-up
Terminal temperature difference of RHX, 2 (Rostami et al., 2021)
TTDrux (K)
Reynolds number on tube side of RHX 2300 (Rostami et al., 2021)
Reynolds number on shell side of RHX 3500 (Rostami et al., 2021)
Average wind speed, Uqy, (m.s!) 9 Assumed
Cut-in wind speed, u. (m.s~1) 2.5 (Rostamzadeh et al., 2021)
Rated wind speed, u, (m.s~!) 11.2 (Rostamzadeh et al., 2021)
Furling wind speed, uy (m.s™) 26 (Rostamzadeh et al., 2021)
Swept area, A; (m?) 14526 (Rostamzadeh et al., 2021)
Maximum wind turbine output power, W,, 4800 (Rostamzadeh et al., 2021)
(kW)
Generator efficiency, 75,(%) 93 (Rostamzadeh et al., 2021)
Reference height, z; (m) 10 (Rostamzadeh et al., 2021)
Tower height, 2, (m) 86 (Rostamzadeh et al., 2021)
MED+MVC
Compressor isentropic efficiency, 90 (Rostamzadeh et al., 2020)
Nis comp (%0)
Temperature difference between each 1.35 Assumed
effect, ATy
Distilled water temperature of first effect, 334.15  (Razmi et al., 2019)
Ty7 (K)
Pump isentropic efficiency, 1p,, 0.9 (Rostamzadeh et al., 2018a)
BFR 0.9 Assumed

e =a— plogiou(z)

4

Where 2, and z; are the wind turbine and standard altitude (m),
respectively. Also, u(z;) and u(z;) are the wind speed at these heights. a
and f are constant coefficients and are assumed to be 0.11 and 0.061
during the day and 0.38 and 0.209 during the night(Ehyaei et al., 2019).

3.2. Thermodynamic evaluation

Some necessary assumptions and input data are needed to model a
system properly, and the modeling would only be validated with them.
In this subsection, researchers have all the required values collected in

the following points and Table 1.

e All thermodynamic processes described by the governing equations
are developed under steady-state conditions.

The temperature of the purified water is set as the average temper-

ature of air streams in the closed loop of the HDH unit(Ghiasirad

et al., 2021a).

saline water are calculated.

The relative humidity of air in closed loop of the HDH unit is pre-
sumed to be 90%(Ghiasirad et al., 2021a).
Physical and chemical exergies of streams associated with pure and

e Seawater enters the desalination unit at dead state temperature and

pressure (Ghiasirad et al., 2021a)
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Component Mass and salinity Energy Balance
balances
Wind m = i Qwr = ma(hy — h2)
Turbine
RHX my = ms Qriax = m3(hs — hs)
Pump 1 my = ms Wyum = ma(hs — hs)
Npum = (hsisen — ha)/(hs — ha)
Heater fyg = nin eteater = (T3 — T4)/(T3 — T1o)
T4 = Tro + TTDgeater
Qteater = Etteaterz(hs — hg)
HDH System  mg = rig Qheater = M1o(ha1 — hio)
Xs =Xo =Xo ephy = max(yy, 2z)
My = Mo — M3 Yy = (h7 — he)/(h7 — hg ideat)
mioX10 = Mi2Xi2 2z = (ho — hg)/(ho ideat — hs)
my = My erum = max(pp, qq)
X1 = Xuo { pp = (h7 — he)/ (7 ideat — o)
MR = g /mg, qq = (h1 — hi2)/(h11 — M2 jdeat)
Me = Mgq * (1 + Mgq(hy — he) = mg(hg — hg) + Mizhis
we) mda(h7 - he) =myrhi — mughyz
my; = mge * (1 +
wy)
ng = Mgq * (W7 —
w6)
Effect 1 Ty Tys = Ti7 — ATy
My = Mys Tie = Tis
Myg = Mys + My Qu1 = muhie + Mishis — nishig
MiaXiy = MieXis Q1 = ritas (has — huy)
Effect 2 g = Ifllz/Neff Ti9 = T15 — ATey
My = Mys Tig = Th2o
Mg+ e =mo+  Qupa = Miohio + Maohao — Mughis — Mighis
20 . Qupz = 115 (h1s — 1)
mgXig + MieX16 =
M0 X20
Effect 3 Moy = mlz/Neff To3 = Thg — ATy
Mg = Ms T3 = Tos
Mo + My = Moz + Qeffs = Mashas + Maghag — Mazhaz — Maohao
a4 . Qs = Mg (h1g — has)
MooX20 + MaoXoy =
M24X24
Effect 4 Mye = Mz /Ny Tz = Toz — ATy
M3 = Mg Ty = Tog
Mg + Tige = Tz7 + Qeff4 = mg7hay + Maghag — Mashas — Maghag
a8 . Qufa = Titz3 (a3 — hao)
M4 X4 + MaeXos =
M2gXog
Effect 5 M3o = Mz /Ny T3 = Toy — ATy
My = Ms3 Ty =Tz
Mg + M30 = M3 + Qeﬁs = mg1hsy + Maahsy — mgohsg — Maghog
32 . Qus = a7 (hay — has)
MogXog + M30X30 =
Mm32X32
Effect 6 thgs = iy /Negs Tas = Ta1 — ATy
M3 = M7 T35 = T3
M3y + M3q = M35 + QeffG = Mashss + M3ashss — Maahsg — Mazhsy
36 . Qups = ma1(hs1 — hs7)
M32X32 + M34Xaq =
M36X36
Effect 7 thag = iy /Negy Tao = Tas — ATy
M35 = M4 T39 = Tao
Mye +Tisg =M3o +  Qupy = fitaohse + Maohao — Msghss — Mitashse
Mao . Qu7 = s (h3s — hay)
M36X36 + MagXag =
M40X40
MVC Tiys = Titzg Mve = (has isen —h39)/(has —h3g)
Wive = nitgs (has — hso)
Mix 3 Mz =Mz +Mo1 + Mg hay = Mz « iy + mor + hay + mos *
Mas +Mog +Miaz + s + Mag * hag + Mgz * h3z + Ma7 + ha7 +
M3z + Mgy Mgy * hyy
Pump 2 M43 = M4z Npumz = (Razisen — haz)/(has — ha2)
Wpuma = gz (has — haz)
Mix 1 Mg = Mg + Mye miohio = Mohg + Mushas

MmioX10 = MoXo +
MaeXa6

(continued on next page)
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Table 2 (continued)

Component Mass and salinity Energy Balance

balances
Mix 2 Myq = M3 + Mgz Myghaq = mMyshis + Myshas
Rejection mae = BFR x Myg hy7 = hge = hgo

brine Split M4y = Mgy — Mag
sal47 = sal46

salyo

Table 3
Equations derived for exergy of fuel, product, and loss for each component.

Components Exergy Equations
EXFu,k E.xPrk Evak

Wind turbine Exwindin — EXuind.out Wiwr — Quaste + )
Ex — Exa

RHX Ex, — Fx, Exs — Exs )

Pump 1 Wpuml Exs - EX4 °

Heater Exs — Exs Exiy — Bxig i

Dehumidifier g, Exg — Exg + Exi3 i

Humidifier Fxi1 — Exip Ex; — Exe )

MvC Wigve Exss — Exso ’

Effect I Fxss — Exiy Exis + Exis — Ex14

Effect II Exis — Exa Exio+ Exzo — i
Exm - EXIB

Effect IIT Forro — Fxys Exg3 + EXoq — -
Exzz - Exzo

Effect IV Exos — Exao Exzy + Exog — )
EXzs - EX24

Effect V Exsy — Exss Exs + Exsp — )
Exso — Exsg

Effect VI Fxay — Exsy Exas + Exzg — ;
EX34 - EX32

Effect VII Exss — Exar Exo + Exag — Exiy
Ex3g - EXae

Pump 2 Whuma EX43 - EX42 °

Mix 1 Exo + Exag Ex1 i

Mix 2 Ex43 + Ex13 Ex"" ’

Mix 2 Ex17 + Exg1 + Exos + Exag + + Exss  Exas )

+ Ex37 + Exsn

e All processes inside the devised hybrid desalination unit operate
under atmospheric pressure (Rostamzadeh et al., 2020).

e Pumps and MVC are modelled using isentropic efficiencies.

e Distilled water and steam streams flowing inside the MED-MVC unit
are saturated (Rostamzadeh et al., 2020)

e Outlet brine and steam of each effect have the same temperatures
(Rostamzadeh et al., 2020).

e Since the boiling point elevation (BPE) for a stream with sal-
inity<100 g/kg and T<52 °C is lower than 1°C (Elsayed et al., 2021).
Thus, the BPE is negligible.

3.2.1. Energy analysis

Conservation equations consisting of mass, energy, and salinity
quantities can be expressed respectively as (Bejan and Tsatsaronis,
1996):

Mass balance Eq.:

Zmin 72”‘1014! =0

Energy balance Eq.:

()
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Table 4
Model comparison between the reference system and devised WT/HDH-MED-
MVC system.

Systems kW, 3 A %
y sWe () mFW(mT ) WaatlkW)  exior(%0)
Wind speed = 8 ?
WT/HDH-RO 26.96 2.402 2376 30.98
WT/HDH-MED-MVC (4 effects) 42.07 1.527 2375 30.99
WT/HDH-MED-MVC (5 effects) 30.81 2.15 2373 30.98
WT/HDH-MED-MVC (6 effects) 26.38 2.564 2372 30.97
WT/HDH-MED-MVC (7 effects) 23.94 2.871 2371 30.97
Wind speed = 9 ?
WT/HDH-RO 24.5 3.604 3221 31.51
WT/HDH-MED-MVC (4 effects) 38.7 2.265 3220 31.52
WT/HDH-MED-MVC (5 effects) 28.4 3.192 3217 31.51
WT/HDH-MED-MVC (6 effects) 24.33 3.811 3215 31.5
WT/HDH-MED-MVC (7 effects) 22.09 4.271 3213 31.5
Wind speed = 10 ?
WT/HDH-RO 22.72 5.273 4343 32.68
WT/HDH-MED-MVC (4 effects) 36.23 3.281 4343 32.7
WT/HDH-MED-MVC (5 effects) 26.62 4.629 4339 32.69
WT/HDH-MED-MVC (6 effects) 22.83 5.532 4336 32.68
WT/HDH-MED-MVC (7 effects) 20.74 6.205 4333 32.67
Wind speed =11 ?
WT/HDH-RO 22.59 5.439 4453 26.31
WT/HDH-MED-MVC (4 effects) 36.06 3.382 4453 26.33
WT/HDH-MED-MVC (5 effects) 26.49 4.772 4448 26.32
WT/HDH-MED-MVC (6 effects) 22.72 5.702 4445 26.32
WT/HDH-MED-MVC (7 effects) 20.64 6.397 4443 26.31
Wind speed = 12 ?
WT/HDH-RO 22.59 5.439 4453 21.04
WT/HDH-MED-MVC (4 effects) 36.06 3.382 4453 21.05
WT/HDH-MED-MVC (5 effects) 26.49 4.772 4448 21.05
WT/HDH-MED-MVC (6 effects) 22.72 5.702 4445 21.04
WT/HDH-MED-MVC (7 effects) 20.64 6.397 4443 21.04

Input data for RO unit:
Element area =35.4 m?; Fouling factor = 0.85; Number of elements =7; Number
of pressure vessels = 42; Recovery ratio = 0.3; Salt rejection percentage = 1.

Q.('.\a - WL’.V. = Z (m}l)vut - Z (Mh)in 6
Salinity balance Eq.:
> (hS), = (1mS),, =0 @

Desalination flow ratio (MR) of the HDH unit is expressed as follow:

Mg,

MR = ®

Mgq
Effectiveness of humidifier/dehumidifier (¢) is expressed as follows:
AH
-~ 9
‘T ad,., ©

The component-based mass, energy, and salinity relations for each
element of the proposed hybrid desalination system are listed in Table 2.

3.2.2. Exergy analysis

Concerning the second law of thermodynamics, the exergy balance
equation for each component is articulated in terms of the exergy rates
of all streams exiting and entering the kth component as below(Bejan
and Tsatsaronis, 1996):

. k. ko
Expy = E Exin; — E Exoui
i=1 i=1

(10

or, in terms of exergy rate of product (Exp,), exergy rate of fuel (Expu),

exergy rate of loss (ExL,k), and exergy rate of destruction (EXDk), Eq. (10)
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Table 5

South African Journal of Chemical Engineering 44 (2023) 356-369

Main thermodynamic properties evaluated for each state of the devised WT/HDH-MED-MVC system.

State Fluid T (K) P (bar) kJ kJ . (kg .
h (E) s (kg_K) i (?) Ex (kW)
1 Water 375.1 9.29 428 1.329 1.557 60.66
2 Water 337.9 9.29 272 0.8904 1.557 21.05
3 Water 371 9.115 410.5 1.282 1.653 58.6
4 Water 335.9 1.013 262.6 0.8652 1.653 19.35
5 Water 335.9 9.115 263.6 0.8656 1.653 20.74
6 Air 316.9 1.013 183 6.224 0.978 3.102
7 Air 3335 1.013 417.2 6.95 1.055 22.21
8 Brine 298.2 1.013 99.77 0.3498 1.67 0
9 Brine 328.2 1.013 220.1 0.7345 1.67 9.452
10 Brine 325.9 1.013 196.8 0.6396 6.853 45.88
11 Brine 333.2 1.013 224.6 0.7238 6.853 64.11
12 Brine 325.5 1.013 195.1 0.6336 6.776 44.98
13 Freshwater 324 1.013 213.1 0.7152 0.07663 0.5262
14 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
15 Steam 332.9 0.1967 2608 7.913 0.1508 38.63
16 Brine 332.9 1.013 218.4 0.6947 0.8172 8.638
17 Freshwater 334.2 0.2089 255.4 0.8438 0.1586 1.719
18 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
19 Steam 331.6 0.1852 2606 7.934 0.1428 35.36
20 Brine 331.6 1.013 213.6 0.6808 1.642 16.46
21 Freshwater 3329 0.1967 2499 0.8275 0.1508 1.547
22 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
23 Steam 330.3 0.1742 2604 7.955 0.1385 33.1
24 Brine 330.3 1.013 208.9 0.6666 2.472 23.5
25 Freshwater 331.6 0.1852 244.5 0.8112 0.1428 1.385
26 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
27 Steam 329 0.1638 2601 7.977 0.138 31.78
28 Brine 329 1.013 204 0.6521 3.302 29.79
29 Freshwater 330.3 0.1742 239 0.7947 0.1385 1.269
30 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
31 Steam 327.7 0.1539 2599 7.998 0.1411 31.28
32 Brine 327.7 1.013 199.2 0.6373 4.129 35.38
33 Freshwater 329 0.1638 233.6 0.7782 0.138 1.192
34 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
35 Steam 326.4 0.1445 2597 8.02 0.148 31.51
36 Brine 326.4 1.013 194.3 0.6223 4.949 40.31
37 Freshwater 327.7 0.1539 228.2 0.7617 0.1411 1.149
38 Brine 325.5 1.013 195.1 0.6336 0.968 6.426
39 Steam 325.1 0.1357 2595 8.042 0.1586 32.35
40 Brine 325.1 1.013 189.3 0.6069 5.758 44.65
41 Freshwater 326.4 0.1445 222.7 0.745 0.148 1.134
42 Freshwater 330.3 0.1748 239.3 0.7956 1.018 9.353
43 Freshwater 330.3 1.013 239.4 0.7957 1.018 9.441
44 Freshwater 329.9 1.013 237.6 0.7901 1.095 9.956
45 Steam 364.9 0.2089 2670 8.063 0.1586 43.35
46 Brine 325.1 1.013 189.3 0.6069 5.182 40.19
47 Brine 325.1 1.013 189.3 0.6069 0.5758 4.465
can be re-written as (Bejan and Tsatsaronis, 1996): to be 45 (kJ/kmol.K) (Ghiasirad et al., 2020)
. . . . Additionally, the chemical exergy of the humid air is reported in
Expux = Expry + Exp + Expy an Ref. (Ghiasirad et al., 2021b)

The overall exergy rate for the kth component is articulated as follow
(Bejan and Tsatsaronis, 1996):

Ex, = Exph,k + Exc/r.k 12)
where,
Exph,k = m(h — /’lo — TU(S — SO))k (13)

It is worth mentioning that the whole modelling and seawater’s
physical and chemical exergy components have been calculated via the
EES library by defining a module-based predefined function(Nayar
et al., 2016). However, the chemical exergy of steam and water can be
found using the following equation:

. ( |:ex?h,H20:| )
| | =dH20
Mo |/

In which, ex?, ,,, is the standard chemical exergy of water assumed

Exch.HZO,k = (14
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Regarding the moist air, its specific exergy is expressed as (Wepfer
et al., 1979):

T P
—1—-In— 14 1.608w)R,Toln—
T VlTO> + (14 o) 0 nPO

exgq = (Cpa + 0Cp,) T (1

1+ 1.608w, [
R.To | (14 1.6080)In——22%0 1 1 608ain 2 15
+ °{( +1.608w)in e, + 1:008win as
where,
wo="r (16)
mg

In Eq. (15) the temperature and pressure of air at the outlet and inlet

streams of the wind turbine are differing with velocity as follows:
T =3574+0.6215 x T, —35.75 x u®'® +0.4274 x T, x u®'®  (17)

In Eq. (17), the unit of Ty is °F (T ('F) =2T (C) + 32).
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TOTAL EXERGY BALANCE (W)

Loss: 22949466.0 W (69.2 %)

Input air :

33180000.0 W (100.0 %)

Proposed
system

Destruction: 7006000.0 W (21.1 %)

Product: 3223960.0 W (9.7 %)
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Rejected brine: 4466.0 W (< 0.1 %)
Output air: 22945000.0 W (69.2 %)

Net output power: 9960.0 W (< 0.1 %)
Freshwater: 3214000.0 W (9.7 %)

Wind turbine generator: 6967000.0 W (21.0 %)
Heater: 21030.0 W (0.1 %)
Dehumidifier: 9130.0 W (< 0.1 %)
Mixer 1: 3756.0 W (< 0.1 %)
RHX: 1754.0 W (< 0.1 %)

MVC: 984.6 W (< 0.1 %)

Effect 1: 788.1 W (< 0.1 %)

Effect 2: 329.9 W (< 0.1 %)

Effect 3: 252.9 W (< 0.1 %)

Pump 1: 213.7 W (< 0.1 %)
Effect 4: 191.2 W (< 0.1 %)

Effect 5: 146.2 W (< 0.1 %)

Effect 6: 118.7 W (< 0.1 %)

Effect 7: 109.6 W (< 0.1 %)
Humidifire: 16.9 W (< 0.1 %)
Pump 2: 13.8 W (< 0.1 %)

Mixer 2: 4.7 W (< 0.1 %)

Mixer 3: 11.1 W (< 0.1 %)

Fig. 3. Grossmann exergy flow diagram for the WT-HDH-MED-MVC system.

2

P=Py+ ”7 18)
The generic term for the exergy efficiency can be expressed as:
Exou _ Exp,
Mg = o0t = =04 19)
Exin  Expuk

All exergy relations required for each component of the proposed
hybrid desalination system are derived and displayed in Table 3.

3.3. Performance criteria

Total energy efficiency of the devised system is articulated as:

Woer + 121 X B0

”en,tot -

(20)

Enwind. in T Enw[nd, out

where, Whet, Eyind in, and Eny,ing. oue are the net electricity, rate of the
input and output energy of the wind and can be expressed respectively as
follows:

Wnel = Wuvg,WT - QWH - Wpuml - WPumZ - WMVC 21
. 1 )

Enying, in = pAsita;, FHaz, + hj, (22)
: 1 Mﬁzz 2

Enwind. out — /)ASM@ZZ 5( 3 ) +hom (23)

The total exergy efficiency of the proposed system is expressed as:

Woer + Ele

”e)c,mt -

(24)

Xwind, in — Exwind. out

Other essential metrics for the proposed hybrid desalination system
are the specific work consumption (SWC) and performance ratio (PR),
which are presented in Eq. (25) and (26) respectively as:

- Wiz + Wave + %QWH

1y Q@(m3h)

sSwc

(25)

11 X hpg o1

PR = — ; - -
Owrr + Woumt + Wpum + Wayve

(26)
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4. Model verification and comparison

This part consists of two sub-sections: Model verification and model
comparison. In the first part, the accuracy of the results has been
examined with previously published data. In the second sub-section, the
performance of the present model is compared with those of the HDH-
RO system, as proposed by Rostamzadeh et al. (Rostamzadeh et al.,
2021) to demonstrate the superiorities and practicalities of the newly
devised model.

4.1. Model verification

Because the new set-up consists of three main subsystems of an HDH
unit, a waste heat recovery sub-unit of the wind turbine, and a MED-
MVC unit, it is highly indispensable to verify the developed mathe-
matical codes with accessible, valuable works. Since the authors have
used identical subsystems in the previous results for different purposes,
the same developed codes verified in our previous works (Rostamzadeh,
2021; Rostamzadeh et al., 2020), and (Rostami et al., 2021)are used
here for these subsystems. Hence, any explanation about the verification
processes is excluded here for brevity.

4.2. Model comparison

In this sub-section, a comparison between the WT/HDH-RO system
(shown in Fig. 1) and the devised WT/HDH-MED-MVC systems with a
different number of effects are carried out, and the results are illustrated
in Table 4. To find an efficient system, four numbers of effects for the
MED-MVC unit are considered. The configurations include MED-MVC
systems with four, five, six, and seven effects. To achieve an impartial
comparison between the reference system and the new HDH-MED-MVC
units, the input data of the wind turbine and the HDH unit is the same for
all cases as reported in Table 1. Accordingly, the humidifier and dehu-
midifier effectiveness, HDH top temperature, HDH mass flow ratio
(m;:lys

air), and input salinity concentration are fixed at 0.8, 0.8, 333.15 K,
1.8, and 35 g/kg, respectively. Since the reference system includes an
RO unit, there are some specific input data needed for modeling the RO
unit. The required data for the RO unit is presented at the bottom of
Table 4.

Table 4 illustrates the freshwater rate, SWC, net power, and exergy
efficiency results in five different wind speeds for the reference system



S. Rostami et al.

160 T T

T F 4500
—e— Freshwater rate:
1404 " Net power L 4000
% 120 3500
E —
B
E 100 |- 3000 i
g 5
©
5 80 t 2500 §
g < 2000 B
£ 60+ / / z
3 Vv
£ y < - 1500
40 s
Wt
" e + 1000
20 | ®
T T T T T T T T 500
5 6 7 8 9 10 M 12 13
Wind speed (m/s)
(a)
38 T T T T T T T T 12
—e— Specific work consumption|
& 36 |—m— Performance ratio M m—m—n
£ Ve k11
< 34 -
=3 o <
= / g
S 32 \ . F10 5
B Y 5
5 30 \ . 3
c o r c
g 284 >/ §
< £
5 26 - o \\. 8 ‘g
2 o o]
O / ‘o, o
= 244 o N\,
(53 L
@ / e, F7
B 22{ e
SNe—e—0—0—0
20 T T T T T T T T 6
5 6 7 8 9 10 1 12 13
Wind speed (m/s)
(b)
T T T T T T T T 0.100
34 - Exergy efficiency L 0.005
Energy efficiency| .
° * L
32 Q'\ o 0.090
—~ n T e—o_o—0" L0.085
X R
< 304 .. <
> 'y —" e [0.080 >
%) oy g—E— 2
5] Loo7s @
G 28 . S
S \ [0.070 %
3 26 Looss B
@ " 2
X L [=4
& 24 0.060 §
I 0.055
22+ I 0.050
L]
I 0.045
20 T T T T T T T T

Wind speed (m/s)

©

Fig. 4. Impact of wind speed on the: (a) freshwater rate and net power, (b)
specific work consumption and performance ratio, and (c) exergy efficiency and
energy efficiency.

and four different configurations of the WT-HDH-MED-MVC system. In
terms of the amount of freshwater, increasing the number of effects
increases the amount of freshwater. In the five different wind speeds, the
amount of freshwater rate produced by the reference system is less than
that produced by the MED-MVC unit with numbers of effects larger than
six. According to the SWC, it is shown that with the rise in the number of
effects, the SWC decreases significantly. In low speeds (e.g., lower than
10 m/s), the SWC of the MED-MVC unit with number of effects less than
six is higher than the value seen in the reference system. While at high
speeds (equal to or higher than 10 m/s), only the SWC of the MED-MVC
unit with seven numbers of effects is less than that of the reference
system. In general, the exergy efficiency and net power are increased
with the rise of the wind speed in all devised new desalination systems.
However, no significant difference between the exergy efficiency of
different systems is seen at the same wind speeds.
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5. Results and discussions

This section is organized into two sub-division of basic results and
parametric assessment. Each sub-division is comprehensively described
herein.

5.1. Basic results

For a base form of investigation, the thermodynamic properties of
each point are presented in Table 5. These properties involve tempera-
ture, pressure, enthalpy, entropy, mass flow rate, and exergy rate.

Fig. 3 displays the exergy flow diagram for the WT-HDH-MED-MVC
system for a wind speed of 9 m/s, humidifier, and dehumidifier effec-
tiveness of 0.85, and temperature difference between each effect of 1.3.
This figure demonstrates the share of each element to the total input
exergy. Rejected brine and output air contribute 69.2% of the total
exergy, while the share of destruction through the plant operation is
21.1%. The wind turbine has the highest exergy destruction of
6,967,000 W (21% of total input exergy), followed by the heater
(21,030 W), similar to what is presented in (Rostamzadeh and Rostami,
2020Db). As the figure depicts, the total exergy of products, which con-
sists of net output power and freshwater exergy rate, possesses 9.7% of
the total input exergy. In the proposed cycle, it is possible to lessen the
exergy destructions by designing the cycle in hot and humid climates,
decreasing the effectiveness of humidifier and dehumidifier, reducing
the wind speed, 100% recycling of the brine, diminishing the tempera-
ture difference between MED effects.

5.2. Parametric assessment

The model comparison sub-section discussed the superiorities and
inferiorities of different systems. As concluded, WT/HDH-MED-MVC
unit with seven effects has the best performance among all devised
systems. In this part, a parametric study is carried out to detect how the
performance of the WI/HDH-MED-MVC unit with seven numbers of
effects can be improved or deteriorated by re-adjusting the assumed
input data. The impacts of the wind speed, HDH mass flow ratio, hu-
midifier, and dehumidifier effectiveness on the main influenced per-
formance criteria are investigated to achieve this goal. The primary
objectives are the freshwater rate, net power, SWC, PR, exergy, and
energy efficiencies.

5.2.1. Impact of wind speed

Fig. 4 depicts a variation of the freshwater rate, net power, SWC, PR,
and exergy and energy efficiencies versus the wind speed. As Fig. 4(a)
illustrates, with the rise of the wind speed, the freshwater rate is
increased since increasing the wind speed increases the rotational speed
of the wind turbine, which in turn can produce more dissipating heat.
Similar to the freshwater rate, the net power as well as PR are increased
with the increase of wind speed while the SWC is decreased. Since the
value of the rated wind speed of the selected wind turbine is 11.2 m/s (it
is equivalent to 10.08 m/s at the height of 10 m), the amounts of
freshwater rate, net power, and performance ratio reach a maximum of
148.3 m®/day, 4443 kW, and 11.21% respectively, while the SWC rea-
ches to its minimum value of 21.26 kW/m>. Fig. 4(c) displays the exergy
and energy efficiency values versus wind speed. Three different regions
are observed in this figure: (i) at wind speeds 5.5-8 m/s, the amount of
exergy and energy efficiencies are decreased with the increase of wind
speed, (ii) at wind speeds 8-10 m/s, the values of exergy and energy
efficiencies are increased until the point where the wind speed reaches
to the rated wind speed, and (iii) at wind speeds higher than 10 m/s the
trend shows a sharp decline in exergy and energy efficiencies with the
rise of wind speed. Having said that all the objectives shown in Fig. 4
follow a similar trend reported in Ref. (Rostamzadeh et al., 2021).
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Fig. 5. Impact of HDH mass flow ratio on the: (a) freshwater rate, (b) specific work consumption, (c) performance ratio, (e) energy efficiency at different humidifier
effectiveness levels. Square, circle, upward triangle, downward triangle, and star symbols represent value of dehumidifier effectiveness 1.0, 0.95, 0.9, 0.85 and 0.8,

respectively, while the value of the dehumidifier effectiveness is set at 0.85.

5.2.2. Impact of the HDH mass flow ratio on the system

Fig. 5 presents the variation of freshwater rate, SWC, performance
ratio, and energy efficiency versus the HDH mass flow ratio at five
different values of humidifier effectiveness levels. In the figure, square,
circle, upward triangle, downward triangle, and star symbols represent
the values of the related performance metrics at different humidifier
effectiveness of 1.0, 0.95, 0.9, 0.85, and 0.8, respectively. Illustrating
the net power and exergy efficiency alteration trend is ignored here
because of their tiny variation with the HDH mass flow ratio. It is
important to note that for a detailed study of the effect of humidifier
effectiveness, the value of dehumidifier effectiveness is fixed at 0.85.
Fig. 5 shows that there are three different regions on the graphs.
Accordingly, the freshwater rate, performance ratio, and energy effi-
ciency decrease with the rise of HDH mass flow ratio in the range of
0.5-1.45. Although the freshwater rate, the performance ratio, and en-
ergy efficiency reached their minimum value for each humidifier’s
effectiveness at different HDH mass flow ratios, they all changed around
1.45 to 1.5. The freshwater rate, the performance ratio, and energy
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efficiency increase with increasing the HDH mass flow ratio until their
maximum value of 103.7 mgday, 10.84%, 0.07937% for humidifier
effectiveness of 0.8, 103.3 m3day, 10.79%, 0.0792% for humidifier
effectiveness of 0.85, 103.7 mgday, 10.84%, 0.07935% for humidifier
effectiveness of 0.9, 103.3 m3day, 10.80%, 0.07921% for humidifier
effectiveness of 0.95, and 103.7 m3day, 10.84%, 0.07936% for humid-
ifier effectiveness of 1.0, respectively. As shown in Fig. 5(a), the
maximum value of the HDH mass flow ratio is different for each hu-
midifier effectiveness. That is to say, the maximum HDH mass flow ratio
for humidifier’s effectiveness of 1.0, 0.95, 0.9, 0.85, and 0.8 is 2.75, 2.6,
2.5, and 2.25, respectively.

Unlike reported in previous studies investigating the effect of the
humidifier effectiveness and HDH mass ratio on the freshwater capacity
of a solo-HDH cycle (Narayan et al., 2010; Rostamzadeh et al., 2021,
2018b; Rostamzadeh and Rostami, 2020b), the results of the present
study show that there is minimal freshwater rate, performance ratio, and
energy efficiency (at a constant HDH mass flow ratio) versus varying the
humidifier effectiveness. This can be attributed to directing the highly
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Fig. 6. Impact of HDH mass flow ratio on the: (a) freshwater rate, (b) specific work consumption, (c) performance ratio, (e) energy efficiency at different dehu-
midifier effectiveness levels. Square, circle, upward triangle, downward triangle, and star symbols represent value of humidifier effectiveness of 1.0, 0.95, 0.9, 0.85,
and 0.8, respectively, while the value of humidifier effectiveness is fixed at 0.85.

concentrated saline water accumulated at the final stages of the
MED-MVC unit to the HDH unit to achieve a minimal liquid discharge
mechanism. This re-injection significantly increases the salinity of the
rejected brine of the HDH unit, which is fed into the MED-MVC unit,
which partly lowers the performance ratio of the MED-MVC unit. A
decrease in the performance of the MED-MVC units reduces the water
production capacity for the total hybrid desalination system.

As another significant metric, SWC increases with the rise of the HDH
mass flow ratio at a range of approximately 0.5 to 1.5 and reaches its
maximum of 22.85 kW/m?, 23.02 kW/m?, 23.17 kW/m?, 23.33 kW/m?,
and 23.47 kW,/m®for humidifier effectiveness of 0.8, 0.85, 0.9, 0.95, and
1.0, respectively. After that, the SWC decreases with the increase of the
HDH mass flow ratio until it reaches its minimum value. Here, one of the
crucial points regarding this trend is that the maximum and minimum
performance metrics have occurred in different HDH mass flow ratio
values. The lower the humidifier effectiveness, the earlier the turning
point occurs, and the lower HDH mass flow ratios.

Fig. 6 presents alteration of the freshwater rate, SWC, performance
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ratio, and energy efficiency versus the HDH mass flow ratio. In this
figure, dehumidifier effectiveness is changing as well. It is noteworthy
that square, circle, upward triangle, downward triangle, and star sym-
bols represent the dehumidifier effectiveness values of 1.0, 0.95, 0.9,
0.85, and 0.8, respectively, while the value of humidifier effectiveness is
fixed at 0.85. Net power and exergy efficiency are again excluded here
due to their slight varying values. Like the alteration of the humidifier
effectiveness, there are two different turning points in Fig. 6, which
actually divide the charts into three different regions. The first region
occurs in the lower HDH mass flow ratios (approximately less than 1.4).
At this range, the freshwater rate, performance ratio, and energy effi-
ciency decrease with the HDH mass flow ratio, while the SWC increases
through this change. The value of the turning point at the end of the first
region is decreased with the increase in the dehumidifier’s effectiveness.
Consequently, for different dehumidifier effectiveness values of 0.8,
0.85, 0.9, 0.95, and 1.0, the first turning point occurs in the HDH mass
flow ratios of 1.4, 1.3, 1.25, 1.2, and 1.15, respectively.

In the second region, the freshwater rate, performance ratio, and
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energy efficiency enhance with the HDH mass flow ratio increase until
the second turning point appears. After the second turning point (third
region), the parameters metrics sharply increased. On the other hand,
the trend of the SWC is precisely opposite to that of the freshwater rate,
performance ratio, and energy efficiency. Using rejected brine of HDH as
a feed to the MED-MVC unit can reverse the alteration trends, in contrast
to the alteration in the freshwater production rate seen in our previous
studies (Rostami et al., 2021; Rostamzadeh et al., 2021). Also, the
minimum values of freshwater rate, performance ratio, and energy ef-
ficiency occurred in higher dehumidifier effectiveness.

5. Concluding remarks

Employing a wind turbine to drive highly advanced desalination
systems is a viable remedy for tackling water scarcity in the regions near
open seas. However, such an idea can be matured by devising hybrid
desalination systems driven by wind turbines’ thermal and electrical
energies. For the present study, the following concluding points can be
drawn:

o The freshwater rate increased with the number of effects while the
SWC decreased through this alteration.

o A seven-effect WT/HDH-MED-MVC system has a lower SWC than the
base case.

o For wind speed values higher than 10 m/s, there was a sharp drop in
energy and exergy efficiency values.

e In contrast with the SWC, there were decreasing and then increasing
alterations in the freshwater rate, performance ratio, and energy
efficiency with the rise of the HDH mass flow ratio.

e As a superior result, opting for the lowest value of humidifier/
dehumidifier effectiveness can improve the performance of the WT/
HDH-MED-MVC system.

e Among all components, the wind turbine had the highest exergy
destruction rate of 6,967,000 W, followed by the heater (21,000 W).
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