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ARTICLE INFO ABSTRACT

Keywords: Nowadays, the expansion of communities and population growth has further highlighted the need for clean
Water production water. To solve this problem, various methods have been proposed. Water extraction from the air moisture is of
Air humidity these methods which involve cooling the air to its dew point in which the moisture transforms from the gas to the
E:ggﬁf;on cycle liquid phase. In the present study, a device consisting of a refrigeration cycle and a moisture distillation cycle was
Dew point designed to provide pure water from the air moisture. Additionally, it was tried to enhance the system perfor-

mance by dispersing nanoparticles such as Cu and Al,O3 into the working fluid of the heat exchanger. In this
study, the influence of various parameters (including inlet air velocity and ambient humidity) on the perfor-
mance of the system was investigated. Finally, an exergo-enviroeconomic analysis was performed in terms of
water production and cost. Based on the results, with increasing the air humidity from 40% to 60%, the amount
of water production of the system raised from 0.5 to 1.8 cc/min. It was also observed that dispersion of Cu and
Al;03 nanoparticles enhanced the water production by around 43% and 29%, respectively. Moreover, an
increment in inlet air velocity reduced the water production; while increasing the air humidity had a constructive
effect on the system performance. The economic analysis indicated that the water production during a year
increased by about 42% upon using Cu nanofluid as the working fluid of the distillation cycle which declined the
water production cost by 32%.

systems obviously have higher performance in compared with IWPA
systems. But, in many systems, direct and indirect extraction water from
the air moisture have their own advantages and disadvantages depend
on the application of the system. For example, assume a system which
water consumers are far from each other in a wide area. Using DWPA
system individually for each consumer is very expensive and there is no
economic justification. What is needed is the use of a central refrigera-
tion system and water production nodes (heat exchangers) in the
network. With large distances between the consumers and the central
refrigeration system, using a compressor and sending refrigerant gas to
heat exchangers is much more expensive than employing a pump and
sending cooled liquid to heat exchangers. The purpose of examining
IWPA systems should be to improve their performance.

Until now, some researchers have tried to produce water by different
methods and the construction of various devices [3-5]. In an experi-
mental study by Garg et al. [6], a solar cycle combined with a water
desalination cycle was used to produce fresh water. In this study, the
solar collector raises the water temperature and stores it in a tank.

1. Introduction

Regarding the large population of communities and the limitation of
water availability, many people do not have access to healthy sources of
water. According to UN reports, about one-third of the world’s popu-
lation suffers from the shortage of drinkable water [1]. One of the best
methods to provide pure water in different climate conditions is the
extraction of water from air humidity through the moisture distillation
cycle [2]. In this method, the temperature of the air is reduced below its
dew point temperature, giving rise to phase transfer of the air humidity
from gas to the liquid. First, there is a necessity to define a direct and
indirect description of air humidity extraction system. If in a refrigera-
tion cycle, the refrigerant directly cools the air in a heat exchanger
(evaporator), this system is called direct water production from the air
(DWPA). But if the refrigerant in the evaporator has cooled the inter-
mediate fluid which transfer to a heat exchanger and cool the air, this
system is called indirect water production from the air IWPA). DWPA
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Nomenclature
A Heat transfer area (m?)
ACDE  Annual carbon dioxide emission (kg/year)

AMC Annual maintenance cost ($/year)
ASV Annual salvage value ($/year)

(o Specific heat capacity (J’kg~1K™1)
COP Coefficient of performance

CPL Cost of 1 Liter of produced water ($/year)
CRF Capital recovery factor

D Diameter of the fluid channel (m)
Ex Exergy (J)

E Power (W)

Ein Embodied energy (kWh)

(Een)ous  Annual output energy (kWh/year)
(Eex)our Annual output exergy (kWh/year)
EPBT Energy payback time (year)

EPF Energy production factor

FAC First annual cost ($/year)

h Enthalpy (kJkg™")

I Electrical current

i Lending bank interest

k Conductivity (Wm LK)

LCDE Lifetime carbon dioxide emission (kg)
m Mass flow rate (kg-s’l)

M Annual water production (L/year)
n Lifetime of device

p Pressure of fluid (Pa)

Ps Goods price

Q Heat transfer rate (W)

R Exergoeconomic parameter (kWh/$)
T Temperature (K)

S Salvage value ($)

SFF Sinking fund factor

u uncertainty

UAC Uniform annual cost ($/year)

14 Voltage

w Aperture wide (m)

W, Electrical power (W)

Xco, International price of carbon ($)
Zco, Price of the CO2 mitigation ($)
Greeks

¢en, co, Environmental parameter (tonCoz)
¢ex, co, [Exergoenvironmental parameters (ton Coz)
U Dynamic viscosity of fluid (kgm *s~1)
(%] Mass fraction of nanofluid

n Efficiency (%)

p Density of material (kg:m™3)
Subscripts

air Air

ave Average

amb Ambient

bf Base fluid

c Cold

comp Compressor

con Condenser

el Electrical

en Energy

ex Exergy

eva Evaporator

fluid working fluid of the water distillation cycle
g Glass cover

h Hot

HE 1st heat exchanger

in Inlet

loss Loss energy

l Produced fresh water

nf nanofluid

out Outlet

p nanoparticle

r Standard test condition

s Solid

ST Storage tank

Sp Spiral pipe

th Thermal

v Vapor

w Wind

Afterward, the water in the desalination evaporates by the spraying
process. Then, the evaporated water is directed to the condenser,
resulting in fresh liquid water production. In another study conducted
by Al-Enezi et al. [7], it was observed that reducing the flow rate of hot
water enhanced the performance of the water desalination cycle. They
also reported improved performance of the cycle by lowering the cold
water temperature, increasing the hot water temperature, and raising
the inlet air flow rate. Moreover, in a numerical study, Ibrahim et al. [8]
investigated the amount of water production using a coupled solar
system with an absorption chiller. In this study, the effect of various
parameters such as fluid mass flow rate, fluid temperature, and air hu-
midity was studied. Additionally, the performance of a water desalina-
tion cycle using solar energy and dehumidification processes was
explored by Fouda et al. [9]. It should be noted that, in addition to using
solar energy for freshwater production [10-12], some other researchers
attempted to provide water by using some novel methods such as heat
pumps [13-15] and thermoelectric modules [16-18].

The performance of a desalination water cycle using a heat pump was
studied by Lawal et al. [15]. They addressed the effect of various pa-
rameters such as working fluid mass flow rate and airflow rate on the
performance of the system. Besides, the effect of the thermoelectric
module of the desalinated water was experimentally investigated by Al-

Madhhachi and Min [19]. In this research, the cold and hot water flow in
the cold and hot side of the thermoelectric module, respectively.
Freshwater is produced by evaporating water in the hot side of the
thermoelectric.

Also, Habeebullah [20] studied the performance of a refrigeration
cycle in water production from air humidity. He observed that an in-
crease in air velocity declined the water production of the system.
Moreover, a reduction in the air velocity may lead to ice creation on the
pipes of the system, which considerably declines the performance of the
system. In another experimental study by Zolfagharkhani et al. [21], a
gas refrigeration cycle was used to extract water from air humidity. They
studied the effect of various parameters such as ambient temperature
and humidity on the performance of the system and observed that the
system can produce 24 L/day water.

In addition to selecting a suitable method for water production, the
use of appropriate components and the efficient working fluid in the
refrigeration and water distillation cycles can dramatically affect the
performance of the system. In recent years, attention has been raised
toward nanoparticles and their application in the engineering sciences
[22,23]. The dispersion of nanoparticles in the base fluid can enhance
the heat transfer coefficient of the fluid [24,25]. The shape, size, and
material of nanoparticles are influential on the system performance
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Fig. 1. The designed experimental setup.

[26]. In a numerical study, Garg et al. [27] investigated the performance
of a coupled system consisting of a humidification-dehumidification
desalination system and a nanofluid-based solar collector. In this study,
the effect of various parameters including nanoparticle mass fraction
and the diameter and length of the collector were studied.

The condensation process also depends on the geometry of the
distillation heat exchanger. Investigation of R-404A fluid condensate
inside a spiral pipe was addressed by Salimpour et al. [28] considering
the effect of curvature and pipe diameter. It was observed that a decline
in the pipe diameter enhanced the system performance. Essalhi et al.
examined the performance of a helical coil condenser in the absorption
refrigeration cycle with water and lithium working fluid [29]. They
reported a decline in the volume and weight of the system by the spiral
coil which improved the performance. Moreover, the performance of a
copper condenser was evaluated by Liu et al. under various working
conditions [30]. The effect of different parameters including inlet water

temperature, inlet water velocity, and heat flux was studied. Moreover,
condensation of R-134a fluid inside a flat, spiral tube and a spiral tube
with a wavy inner surface was explored by Solanki and Kumar [31] who
observed the best performance in the spiral tube with the inner surface
of the wave.

According to the literature review, there is a significant gap for
evaluation indirect water production from the air (IWPA). Therefore, in
this study, the main goal is to improve the performance of a IWPA sys-
tem and its economic analysis. Thus, it is attempted to produce water
from the air moisture by coupling a refrigerant cycle and a water
distillation cycle. In this study, the effects of various parameters
including air velocity and ambient humidity on the performance of the
system are evaluated. Moreover, the effect of dispersion of Cu and Al,O3
on the water production of the system is investigated. At the end of the
research, an exergo-enviroeconomic analysis is carried out by
comparing the water production, output energy and output exergy of
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Table 1

The specifications of the experimental setup.
Specification Value
Length of the spiral pipe 3m
Diameter of the spiral pipe 2 cm
Capacity of the 2nd heat exchanger 5 litter
Compressor power 77 W
Fan power 110 W
Pump power 45 W

Table 2

Thermal properties of the Cu and Al,O3 nanoparticles.

Nanoparticle  Density (kg. Heat capacity (J. Thermal conductivity (W.

m3) kg LK) m LK
Cu 8933 385 401
Al,O3 3970 765 40

nanofluid-based and water-based systems.

2. Experimental setup

In this study, the fabricated setup is consists of two different sections
a refrigerant cycle and a water distillation cycle as illustrated in Fig. 1.
The refrigerant cycle consisted of an AZ A1330YK-R compressor, an
evaporator, an expansion valve, and a condenser. The water distillation
cycle included 1st heat exchanger (as the evaporator of the refrigeration
cycle), pump, and 2nd heat exchanger with a spiral coil. Note that the
working fluids of the refrigerant cycle and water distillation cycle are
R134a and pure water (or nanofluid), respectively. In this system, the
refrigerant entered the compressor and exited with extremely high
pressure. Then, in the condenser, the refrigerant releases its heat to the
surrounding environment at a constant temperature and transfer from
the gas to the liquid phase. By the passage of the refrigerant from the
valve, the fluid absorbs the heat in the evaporator (heat exchanger) at
constant pressure.

Moreover, in the second cycle, the base fluid (water or nanofluid)
transfers its heat to the refrigerant in the heat exchanger. Afterward, the
base fluid moves toward the pump and gains the needed energy for
circulation in the cycle. After the passage of the base fluid from the
pump, it enters the 2nd heat exchanger and absorbs the heat of the air
flowing in the copper spiral pipe. Finally, the base fluid exits from the
2nd heat exchanger and enters the heat exchanger. As a result, in the
current study, the fan blows the air from the ambient to the copper spiral
pipe which releases its heat to the base fluid of the water distillation
cycle. By reduction in the temperature of the airflow below the dew
point, the moisture content of the air is transferred into the liquid water
and released from the copper spiral pipe.

To analyze the performance of the system, the temperature of the
working fluid of the water distillation cycle at the inlet and outlet of the
2nd heat exchanger was determined by a K-type thermocouple. More-
over, for determining the air humidity a Testo 605i thermohygrometer
was employed. An anemometer (Terminator Termo Anemometer type:
AVM-07) was utilized to measure the air velocity in a spiral pipe. The
specifications of the components of the system are presented in Table 1.

2.1. Nanofluids specifications

As mentioned earlier, metal nanoparticles (NPs) (Cu and Al,O3) were
dispersed in the working fluid (water) of the water distillation cycle to
enhance the freshwater production of the system. The NPs properties are
presented in Table 2. It should be noted that the mass fraction of the NPs
was about 0.2%.

The mass flow rate of water and nanofluids are approximately the
same. Since the volume fraction used for nanofluids is small, adding
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Table 3
Physical properties of the water, Cu/water and Al,03/water nanofluids.
Fluid Density Heat capacity Thermal Viscosity
(kg.m’3) (JAkg’l.K’l) conductivity (W. (Pa.s)
m 1KY
water 998 4180 0.6 0.001
Cu/ 1013.87 4172.41 0.605 =~0.001
water
Al,O03/ 1003.94 4173.17 0.605 20.001
water

nanoparticles to water changes its density to a small extent. For
example, for Cu nanoparticles, adding 0.2% Cu nanoparticles to water
increases the density of water by 1.5% (Table 3), which has a negligible
change. On the other hand, the pump used in the cooling fluid cycle has
a constant rotating speed and the same volumetric flow rate in all tests
(0.00387 lit/s). Therefore, it can be said that the mass flow rate of
nanofluids and water are almost equal and in the worst case, they differ
by 1.5%.

Density p and heat capacity (Cp) of nanofluids can be calculated from
the following equaions:

Puf = PPyp + (1- (/’)be @

Cpyy = 9Cp,, + (1 — @) Cpy (2)

Where subscript of nf, bf and np related to nanofluid, base fluid and
nanoparticles, respectively, and ¢ is the volume fraction. The Maxwell
model [32], calculates the thermal conductivity of a nanofluid. This
model has a good approximation and simplicity, for spherical particles
in small volume fractions.

K + 2k + 200 (Kyp — K
PO + 2k + 20 (ki — koy) 3)
K + 2kiy — 20 (kp — ki)

Batchelor [33] model introduced Brownian motion effect and was
developed by considering isotropic suspension of rigid and spherical
nanoparticles. This model is one of the classical models of nanofluids’
viscosity and is given as follows:

Hop = ,ubf(l +2.5¢+6.5¢%) 4)

According to Table 3 the Reynolds numbers of outer flow in 2nd heat
exchanger for water, Cu/water and Al,Oz/water are 24.6, 24.95 and
24.73, respectively. Therefore, the results are comparable due to the
same Reynolds numbers. The main reason of increasing the performance
of water extraction using the nanofluids in this work is related to higher
thermal inertia of the nanofluids (p x Cp). Since the Reynolds number in
2nd heat exchanger is very low (about 24) the time of remaining the
cooling fluid in heat exchanger is high and thermal inertia takes an
important role in the performance increment.

2.2. Uncertainity analysis

In experimental studies, it is necessary to check the uncertainty of
measurement instruments for proper analysis of output results. In this
regard, the uncertainty of measurement instruments, (i.e. tool uncer-
tainty, repetition uncertainty, and total uncertainty) are calculated as
follows:

a
Usools = m )
i = Jiﬁ ®

Utoral = 1/ Usools> + Mrepz 7)
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Table 4
The accuracy and uncertainty of the measurement instruments.
Measurement Accuracy  Tool Repetition Total
instruments uncertainty uncertainty uncertainty
K-type 0.5°C 0.144 °C 0.214 °C 0.257 °C
thermocouple
Testo 6051 2% 0.577% 0.37% 0.685%
Mercury 1°C 0.577 °C 0.375°C 0.685 °C
Thermometer
Anemometer 0.1 +3% 0.87% 0.63% 1.07%
(8)
m
PIEY
— =l
- ©
m

In these equations, a is the accuracy of the measuring instruments, S
denotes the standard deviation, m shows the number of iterations, and x
stands for the parameter. The accuracy and uncertainty of the mea-
surement instruments are presented in Table 4.

Moreover, in order to analyze the uncertainty of different parame-
ters, the following equations are used [34,35]:

R:R(XI’XZ;---7X/1) (10)

(RN . (OR\? . R\ .
OR = \/(0_x|> (0x1)” + (d_xz> (Ox2)" 4+ ... + (5’) (0x,) an

In this equation, dR shows uncertainty, and R is the parameter. Ac-
cording to these equations, the uncertainty of the COP of the system was
lower than 0.1%.

2.3. System performance analysis

To analyze the performance of the system, the refrigerant and water
distillation cycles were considered as the control volumes

2.4. Refrigerant cycle

Based on this method, the energy balance for the refrigerant cycle
can be presented as:

Z Ein = Z Eom + Z ElasxéEcamp + Eeva = Ewn + Elo:s (12)

In this equation, E.,n, is the input power of the compressor, E,,, is the
rate of heat transfer from the condenser to the surrounding environ-
ment, E,,, is the rate of heat transfer from the base fluid of the water
distillation cycle to the refrigerant in the evaporator, and Epss is loss
energy from the system to the ambient. In this equation, the input power
of the compressor can be calculated as:

Ecomp = VoI 13)

In this equation, V and I are the voltage and current of the
compressor. Additionally, in the evaporator, the amount of absorbed
energy by the refrigerant, considered to be equal to the amount of en-
ergy that is transferred from the working fluid of the water distillation
cycle to the refrigerant in the refrigeration cycle. Thus, the amount of
absorbed energy by the refrigerant can be obtained as:

Epu = Muia *Cp, fluid ® (Tin,HE - Tout.HE) a4

Where, Mg, Cp, fiuid are mass flow rate and heat capacity of the
working fluid of the water distillation cycle. Moreover, Tin, gr and Ty, HE
are the temperatures of the working fluid at the inlet and outlet of the
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heat exchanger, respectively. Also, the coefficient of performance (COP)
of the refrigerant cycle can be derived as [36]:

EG\’Q
cop = % (15)

comp

2.5. Water distillation cycle

Besides, in the water distillation cycle, the heat transfer of the
working fluid to the copper spiral pipe can be written as:

Qﬂuid = ripia*Cpmia* (Tinst — Tourst) (16)

In this equation, Ti,, st and T,y st donates the inlet and outlet

temperatures of the working fluid to the 2nd heat exchanger, respec-
tively. Moreover, the amount of energy excluded by the airflow which
leads to its temperature reduction can be calculated as:
Ouir = 1air | Cppip(Toua = Tin) + Wouahigo — Winhgi 1y ushi a7
where, my o, is the mass flow rate of outlet distilled water, Tj, spand Toy,
sp are the air temperature at the entrance and exit of the copper spiral
pipe, respectively. wyy and wy, are the specific humidity of air for outlet
and inlet stream. hy, and hg; are outlet and inlet enthalpy of saturated
vapor. Moreover, Mg;r , Cp, oir and hg, are mass flow rate and heat capacity
of the airflow and latent heat of water respectively.

In the copper pipe [36]:

Mairin = Mair.our (18)

mv.in = My ou + ml,om (19)

In the above equations, My i, and M o, are air mass flow rate at the
inlet and outlet of the copper pipe. In addition m, ;, and m, ,, are vapor
mass flow rate at the inlet and outlet of the copper pipe. Also, m;, is the
mass flow rate of produced fresh water in the copper pipe.

The thermal efficiency of the system can be presented as:

Mo X ) 1

ave SP
= 20
Mnermat input power (compressor, pump, fan) (20)
where, hg)r, , is phase change enthalpy at average temperature of air in

the spiral pipe. In the section 5, the COP of refrigerant cycle and the total
efficiency of the system in addition to the mass flow rate of the fresh-
water production of the system are presented.

2.6. Exergy analysis

Exergy is the maximum useful work that can be achieved from the
device in the process of reaching thermodynamic equilibrium due to the
second law of thermodynamics. In this system the total entered exergy is
the summation of input power for compressor, pump and fan. But for
computing the produced exergy, the extraction of pure water from the
air moisture can be assumed as the useful output. This heat should
change to work by considering Carnot efficiency. Exergy efficiency is the
ratio of produced exergy to the total exergy entered the device.

. 1
1y our X Ny, X _n
Expmz{ucr tout fg) Tave.sp < TH)

EXipa  input power (compressor, pump, fan)

(21D

ex

In which Ty is considered as the inlet air temperature (Tj,, sp) and T,
is assumed as the inlet temperature of the base fluid of distillation cycle
(Tin, sT)-

3. Cost analysis

The cost of water production is one of the most important criteria in
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desalination systems. To investigate this issue, an economic analysis on
the water production of the device presented above is performed and the
cost of producing 1 L of water is calculated. An economic analysis on
water production from solar still was done by Kabeel et al.[37].

The following relation obtains the capital recovery factor (CRF)
which is a method to evaluate effective costs and identifies the success of
an investment [38]:

i(140)"

CRF = ——~—
(IT+i)' —1

(22)

In which i denotes the rate of lending bank interest, (18% in Iran),
and n specifies the lifetime of the device, which is considered 20 years
here. The first annual cost (FAC) and The first annual salvage value
(ASV) of the device are as below [39]:

FAC = Ps x CRF (23)

ASV = S x SSF 24)

Where Ps is goods price and S is the salvage value of the device which
is assumed 0.2Ps. SFF is sinking fund factor which is determined by the
following equation.

CRF
(1+9)"
The annual costs of goods destruction, repair, and operation of the
device can be defined as annual maintenance cost (AMC), which is
equivalent to 10% of FAC [40] . The uniform annual cost (UAC) of the
device is obtained as the following formula [40]:

SFF = (25)

UAC = FAC + AMC — ASV (26)

In which UAC is the uniform cost of the device per year. The cost per
liter of produced water which depends on the annual water production
in the device can be determined by the below eq. [5]:

UAC
CPL = w 27)

Where M is the annual water production of the device and CPL is the
cost of 1 Liter of produced water by device.

To determine the energy payback time (EPBT) (the time for output
energy or exergy of a device to achieve the consumed energy of con-
structing its materials and parts), the ratio of consumed energy of all the
goods and components production used in the device (embodied energy)
to output exergy or energy should be defined. The energy production

204 m/s 20.6m/s @0.8m/s

6 . S - —

-
N

N
~

Water mass flow rate (cc/min)
o
oo

Humidity (%)

Fig. 2. The amount of produced water by the system at different air temper-
atures and ambient humidity using water as based fluid of distillation cycle.
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factor (EPF) is a key parameter in evaluating the device performance
which is equal to the total energy and exergy produced in the device to
the embodied energy. These two parameters can be obtained from the
following equations [41,42]:

E; 1
EPBTp, = ——— = 28
* " (Een)pw  EPFp, ©®

E; 1
EPBTp = ——— = 29
5 (Ee)pu EPFp @9

where Ej, is the embodied energy which is the sum of all incorporated
energy for any device production. The annual outputs of the device are
determined as below [43]:

M X hy),
Een — ave SP 30
(o = g 30)
M x hfg)Tave.é/’ x (1 - ;_I[-l>
(Ee)on = il @31)

3.1. Exergoeconomic analysis

The exergoeconomic parameter is applied in order to design a cost
effective device with consideration exergy and economic analysis
simultaneously. It equals to the ratio of the produced energy and exergy
per year to the total annual cost (UAC) in the device. The exer-
goeconomic parameter based on energy and exergy is obtained by the
following formula [41]:

E,

Rey = Ecrlou 32)
Eex oul

Rey = Eor)ow UA)Cl (33)

3.2. Environmental and exergoenvironmental cost analysis

The environmental and exergoenvironmental cost analyzed based on
emission and mitigation CO,. The carbon dioxide production and dis-
tribution are equal to 0.96 kkT%h without considering the device losses
[44]. Due to 20% transmission and 40% distribution losses caused by the
inefficient device, the CO, production reaches to 2%. The annual car-
bon dioxide emission (ACDE) and the emission of carbon dioxide during
the device lifetime (LCDE) are considered as below:

2 Ein
ACDE = 22 Ein 34
n
LCDE = 2 X E;, (35)

The annual CO, mitigation rate in a device based on energy and
exergy can be calculated as follows [45]:

2((Eu)yu X 1~ Eu)

d)en,CO: = 1000 (36)
2((E8X)(mt xn—Ey )
¢ex‘C02 - T 37)

Where ¢en, co2 and ¢ex, cozare the environmental and exergoenvir-
onmental parameters, respectively. The price of the CO, mitigation
based on energy and exergy can be calculated in the following relation,
respectively [46]:

Zonco, = Xcoy, X Penco, (38)

Zexco, = Xcoy X $exco, (39)
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Table 5
Test condition of the pure water as the base fluid of the distillation cycle for 40%
humidity.

Parameter Air velocity of  Air velocity of  Air velocity of
0.4 m/s 0.6 m/s 0.8 m/s
Inlet water temperature (°C) 10 10 10
Outlet water temperature 13 13 12
(9]
Inlet air temperature (°C) 32 32 26
Outlet air temperature (dew 18.6 18.2 121
point temperature) (°C)
Ambient temperature (°C) 25.6 25.6 24.8
Rate of produced water (cc/ 0.8 0.75 0.5
min)
Table 6

The output results of the examination of the designed system at different hu-
midity using pure water as the base fluid for 0.8 air velocity.

Parameter Ambient humidity Ambient humidity
of 40% of 60%
Inlet water temperature (°C) 10 10
Outlet water temperature (°C) 12 14
Inlet air temperature (°C) 26 31
Outlet air temperature (dew point 121 22.3
temperature) (°C)
Air velocity (m/s) 0.8 0.8
Ambient temperature (°C) 24.8 28.3
Rate of produced water (cc/min) 0.5 1.1

In which Z,, cozand Zey, co2 are the price of the CO, mitigation based
on energy and exergy respectively and X¢oo indicates the international
price of carbon, which is considered $14.5 per ton of CO5 [42].

4. Results

In this study, the performance of a coupled system consisting of
refrigerant and water distillation cycles was investigated. For a
comprehensive investigation of the system performance, the effect of air
velocity and ambient humidity was addressed. Moreover, the effect of
dispersion of Cu and Al,03 nanoparticles in the base fluid of the water
distillation cycle was also investigated.

4.1. Performance analysis

The results related to the pure water working fluid are presented in
Fig. 2 at different air velocities. The amount of produced water by the
system at different air velocities (0.4, 0.6, and 0.8 m/s) and ambient
humidity values (40% and 60%) are also presented. The results of the
system with pure water base fluid are illustrated in Table 5 for the hu-
midity level of 40%.

According to Fig. 2, variations in both air velocity and ambient hu-
midity drastically affected the system performance. As presented, the
inlet temperature of the water fluid to the 2nd heat exchanger was 10 °C.
Moreover, the ambient humidity was determined to be about 40% and
60%. According to the results, in the ambient humidity of 40%, a
reduction in the air velocity from 0.8 m/ to 0.4 m/s enhanced the
amount of produced water from 0.5 to 0.8 cc/min. In fact, by reducing
the air velocity, the air remains longer in the copper spiral pipe which
leads to its more temperature decline. At a higher reduction in the air
temperature, more amount of air moisture will transfer from the gas to
the liquid phase.

Moreover, it is found that increasing the ambient humidity has a
huge effect on the performance of the system. Based on Fig. 2, a rise in
the ambient humidity from 40% to 60% enhanced the water production
by around 75% and 120% for the system with air velocities of 0.4 m/s
and 0.8 m/s, respectively. The results obtained from the system with the
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Fig. 3. The amount of (a) COP, and (b) Thermal and exergy efficiencies of the
system at various air velocities and ambient humidity using water as based fluid
of distillation cycle.

air velocity of 0.8 m/s and ambient humidity of 40% and 60% are
presented in Table 6. Furthermore, the COP and total efficiency of the
system are depicted in Fig. 3 (a) and (b), respectively.

As presented in Table 6 and Fig. 3, by increasing the ambient hu-
midity from 40% to 60%, the amount of freshwater was enhanced from
0.5 to 1.1 cc/min, which shows the high effect of ambient humidity on
freshwater production by the system. Also, it is observed that the outlet
temperature of the water fluid from the 2nd heat exchanger in the
ambient humidity of 60% was much higher than that of 40%. At higher
ambient humidity, more amount of energy will transfer from the
working fluid of the water distillation cycle to the airflow due to the
increment in the production of the liquid water by the system. Thus, it is
expected that raising the humidity of the surrounding environment
causes a higher outlet temperature of working fluid from the 2nd heat
exchanger.

Additionally, according to Fig. 3, the COP of the refrigerant cycle at
ambient humidity of 40% and air velocities 0f 0.4, 0.6, and 0.8 m/s were
0.57, 0.55, and 0.42, respectively. Moreover, it was found that these
values for the ambient humidity of 60% are 0.92, 0.87, and 0.85,
respectively. It should be noted that due to the fact that the device
consists of two separate cycles, the rate of heat loss is high. Therefor the
small COP is obtained for this system. However, since in the present
work, the aim is to investigate the effect of nanofluid on the extraction of
air humidity, so it is not important to obtain a low COP. However, by
combining two separate cycles in this device in future research works,
the value of the COP can be increased.

According to the obtained results, at lower humidities, a rise in the
air velocity from 0.4 to 0.6 m/s did not considerably affect the COP of
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Fig. 4. The mass flow rate of produced freshwater by the system at different
working conditions a) 40% humidity b) 60% humidity.

the system, while raising the air velocity from 0.6 to 0.8 m/s remarkably
declined the COP of the system. Elevation of the air velocity led to lower
heat transfer from the copper pipe to the airflow due to the shorter time
that air remained in the copper pipe. It was shown that an increment in
the ambient humidity from 40% to 60% could enhance the COP of the
system from around 0.5 to 0.9.

Fig. 3 (b) presents the amount of 1st and 2nd Law efficiencies of the
system at ambient humidity of 40% and 60% and air velocities of 0.4,
0.6, and 0.8 m/s. Based on the obtained data, an increase in the air
velocity reduced these efficiencies of the system due to a lower amount
of freshwater production. Moreover, higher humidity led to higher ef-
ficiencies due to higher water extraction from the air moisture. So that a
20% increase in humidity caused 89% and 96% increment in thermal
and exergy efficiencies of the system, respectively.

In Fig. 4 (a) and (b), the amount of produced freshwater by the
system is presented by using various working fluids at the ambient hu-
midity of 40% and 60%. According to this figure, increasing the air
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Table 7

The output results of the examination of the designed system at different air
velocities with using Cu/water nanofluid as the working fluid of the system for
40% humidity.

Parameter Air velocity of  Air velocity of  Air velocity of
0.4 m/s 0.6 m/s 0.8 m/s
Inlet nanofluid temperature 11 11 10
(]
Outlet nanofluid temperature 14 14 13
(9]
Inlet air temperature (°C) 30 30 30
Outlet air temperature (dew 14.9 16.4 15.7
point temperature) (°C)
Ambient temperature (°C) 25.4 25.7 23.1
Rate of produced water (cc/ 1.4 1.2 1.0
min)
0.8
M pure water
¥ Cu Nanofluid
0.7
A1203 Nanofluid
a, 0.6
o
@]
0.5
0.4 -
0.6
Air Velocity (m/s)
(a)
B pure water ® Cu Nanofluid B A1203 Nanofluid
1
Ay
o]
O

0.4

0.6
Air Velocity (m/s)
(®)

Fig. 5. The amount of COP of the system at different air velocity and different
working fluid of distillation cycle a) 40% humidity b) 60% humidity.

velocity from 0.4 ms to 0.8 m/s declined the amount of produced
freshwater by about 21%, 40%, and 33% for the working fluids of pure
water, Cu/water, and Al,O3/water, respectively. The highest and lowest
sensitivity to the air velocity was observed in the Cu/water nanofluid
and pure water, respectively. Additionally, the amount of produced
freshwater at the ambient humidity of 40% and air velocity of 0.4 m/s
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was 0.8, 1.0, and 1.4 cc/min for the working fluids of pure water, Cu/
water, and Al,Os/water, respectively. It was also found that in the
ambient humidity of 60% and air velocity of the 0.4 m/s, the amount of
freshwater production by using Cu/water and Al,Os/water was
approximately 43% and 29% higher than that of pure water working
fluid, respectively.

According to Fig. 4, the Cu/water nanofluid-based system showed
the best performance. The high thermal conductivity of the Cu nano-
particles can enhance the heat transfer from the working fluid to the
copper pipe, giving rise to higher freshwater production. When nano-
fluids are used, the water production is increased, but the pump work
will be increased too due to enhancement in fluid viscosity. But, since in
this study, the mass fraction of NPs used in nanofluids is low (0.2%), so it
will not have much effect on fluid viscosity and pump power con-
sumption. However, in case of using nanofluids with higher concentra-
tions, the effect of pump power consumption must be considered in the
observations. The detailed results of the system using Cu/water
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Fig. 7. The amount of Exergy efficiency of the system at different air velocity
and different working fluid of distillation cycle a) 40% humidity b)
60% humidity.

nanofluid as the working fluid are presented in Table 7.

The amount of COP is presented in Fig. 5 for the system using pure
water, Cu/water, and AlyOs/water at different air velocities and hu-
midity levels. Dispersion of Cu and Al,O3 nanoparticles in the base fluid
(pure water) will enhance the thermal properties of the working fluid
increases due to the higher thermal conductivity of the nanoparticles in
comparison to the base fluid. This will result in higher thermal ab-
sorption from the refrigerant cycle by the working fluid in the heat
exchanger.

Based on the reported data, at 40% humidity, the COP of the system
using Cu/water nanofluid at the air velocities of 0.4, 0.6, and 0.8 m/s
were 31%, 22%, and 51% higher than the one using pure water,
respectively. Moreover, the performance of the system using Cu/water
nanofluid was higher than the one using Al,O3/water. At 60% humidity,
however, the COP of the system using Cu/water nanofluid was the
lowest; while the Al,O3 nanofluid was the best one in terms of COP.

According to Fig. 6, for 40% humidity, the thermal efficiency of the
system using Cu/water nanofluid was around 77.8%, 62.5%, and 102%
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Table 8
Cost of fabricated device.

Device Components Cost ($) Salvage value ($)
Refrigration Cycle 128/5 25/7
Structure 17/1 3/42
1st heat exchanger 17/5 3/5
2nd heat exchanger 57/1 11/42
Linear pump 25 5
Exhaust fan 23 4/6
Electrical equipments 33/5 6/7
Sensors and Measurment instruments 20/3 4/06
Pipes and fittings 18/3 3/66
Nanofluid 32 6/4
Total Cost (water base) 340/3 68/06
Total Cost (nanofluid base) 372/3 74/46

higher than the one employing pure water, respectively. Further, the
efficiency of the system using Al;O3/water as the working fluid of the
system was approximately 25.6%, 20.7%, and 41%, higher than the one
using pure water at different air velocities of 0.4, 0.6, and 0.8 m/s,
respectively. The reason for the better performance of the system using
Cu/water could be assigned to the higher thermal conductivity of the Cu
compared to AlyOs. Fig. 6(b) shows that at higher air velocities and
humidities, the use of nanofluids has a minor effect on system perfor-
mance. At this humidity, the improvement of system performance for
lower velocities (0.4 m/s and 0.6 m/s) due to the use of nanofluids was
lower than that of 40% humidity.

Fig. 7 indicates the exergy efficiency of the systems using different
working fluid and at different air velocities for the ambient humidity of
40% and 60%. At high humidity and air velocity, Al;0O3 nanofluid
exhibited the best exergy efficiency as compared with other working
fluids. In general, at high moisture content, the exergy efficiencies of the
two nanofluids are close to each other.

4.2. Economic analysis

After a comprehensive review of the economic analysis in Section 4,
the related results are investigated in this section. The fabrication cost of
the device and its salvage value were estimated according to Table 8.
The results show that the fabrication cost of the nanofluid-based devices
was about 10% higher than a water-based setup.

The cost of water production for water-based and nanofluid-based
devices is presented in Table 9. This table presents the best water pro-
duction rate for two cases (i.e.1.4 cc/min for water-based and 2 cc/min
for Cu nanofluid-base device). The related conditions involved 0.4 m/s
air velocity and 60% environment humidity. A comparison of these two
cases indicated a 42% enhancement in the annual water production
upon using Cu nanofluid instead of water as the working fluid in the
distillation cycle. As observed, the water production cost in the
nanofluid-based device was 32% lower than the water-based set-up due
to the higher annual water production.

Table 10 presents the details of the embodied energy to produce
different materials and components used in the device. The embodied
energy of the water-based and the nanofluid-based devices are approx-
imately similar, and their difference is just in the embodied energy for
nanoparticle production which is about 0.3% of the total embodied
energy of the device. The embodied energy of Cu nanoparticle produc-
tion has been obtained from ref. [47].

Table 11 indicates the energy payback time (EPBT) and the energy
production factor (EPF) based on exergy and energy which requires
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estimating the annual output energy and exergy in kWh for the water-
based and nanofluid-based devices. The results indicate that the EPBT
of the water-based devices was more than the nanofluid-based ones,
which can be due to the lower annual output energy and exergy of the
water-based devices compared to the nanofluid-based one (considering
the same embodied energy). Also, it can be observed that the EPF of the
nanofluid-base device was higher than the water-based one, which is
due to higher annual output energy and exergy.

Table 12 shows the exergoeconomic, environmental, envir-
oeconomic, exergoenvironmental, and exergoenviroeconomic parame-
ters of the device. As observed, the exergoeconomic parameters based on
energy and exergy (the ratio of the annual produced energy and exergy
to the total annual cost) are enhanced by 30% and 19.2% in the
nanofluid-based systems, respectively, as compared with the water-
based one. This can be attributed to the higher annual outputs. The
annual energy and exergy outputs of the nanofluid-based systems were
increased by 42% and 29.7% comparing with the water-based set-up,
respectively. The CO, mitigation in the nanofluid-based system was
approximately 42.5% higher than the water-based device, due to the
higher annual energy output during lifetime considering the embodied
energy. Moreover, environmental, enviroeconomic, exergoenvir-
onmental and exergoenviroeconomic parameters of the nanofluid-based
systems are higher than the water-based set-up.

Table 10
Embodied energy of different component of the device.
Device Mass of Portion of Energy Embodied
Components components materials density energy
(kg) (Mj/kg) (kWh)
Refrigeration 7.98 82% steel 32 58
cycle 15% copper 70.6 23.41
3% PVC 70 4.64
Structure 13.2 96% Iron 25 87.75
4% polyester 53.7 78.54
1st heat 0.95 32% PVC 70 5.89
exchanger 42% copper 70.6 7.8
24% brass 62 3.92
2% polyester 53.7 0.28
2nd heat 4.25 44% PVC 70 36.26
exchanger 11% plaxiglass 102 13.21
5% Brass 62 3.65
40% Copper 70.6 33.24
Linear pump 2.8 46% cast Iron 13.5 4.82
34% copper 70.6 18.62
4% Iron 25 0.78
16% polyester 53.7 6.67
Exhaust fan 1.8 55% Iron 25 6.86
27% Aluminum 191 25.71
18% Copper 70.6 6.34
Electrical 2.3 65% Iron 25 10.35
equipments 21% polyester 53.7 7.18
14% Copper 70.6 6.3
Pipes and 2.8 8% 95.4 5.92
fittings Polypropylene
4% PVC 70 2.17
11% brass 62 5.29
71% Steel 32 17.62
Nanofluid 7.5 0.2% Cu [47] 350 1.45
nanoparticle
99.8% water 0.01 0.021
Total 482.695

Table 9

Cost analysis for water_based and nanofluid-based device.
Type n i CRF FAC ($/year) SSF S($) ASV ($/year) AMC ($/year) UAC ($/year) M (L/year) CPL ($/L)
water_based 20 0.18 0.187 63.57 0.007 68 0.46 6.36 69.47 735.84 0.095
nanofluid-based 20 0.18 0.187 69.62 0.007 74.5 0.51 6.96 76.1 1051.2 0.072
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Table 11
Energy payback time and Energy production factor of the device.
Type M (L/year) Embodied energy (kWh) (Een)out (Eex)out EPBT,, EPBT,, EPF,, EPF,,
(kWh/year) (kWh/year) (year) (year)
water_based 735.84 481.545 501.5 36.2 0.96 13.31 1.04 0.075
nanofluid-based 1051.2 482.695 716.4 46.98 0.67 10.27 1.48 0.097

Table 12
Exergoeconomic, environmental and enviroeconomic parameters for the device.

Parameter Water_based  Nanofluid_based
Life time (years) 20 20
Embodied Energy (kWh) 481.545 482.695
Annual Energy output (kWh/year) 501.5 716.4
Annual Exergy output (kWh/year) 36.2 46.98
the ratio of the annual produced energy to the 792 041
total annual cost (kWh/$) ’ '
the ratio of the annual produced exergy to the 0.52 0.62
total annual cost (kWh/$)
Annual Carbon dioxide emission 48.15 48.26
Lifetime Carbon dioxide emission (kg) 963.1 965.4
Lifetime Carbon dioxid mitigation (ton) 20.1 28.65
Environmental parameter (ton Co2) 19.1 27.7
Enviroeconomic parameter ($) 276.9 401.53
Exergoenvironmental parameter (ton Co2) 0.48 0.91
Exergoenviroeconomic parameter ($) 7.02 13.25

5. Conclusion

The performance of a coupled system consisting of a refrigerant cycle
and a water distillation cycle was comprehensively investigated. In the
present research, various parameters including mass flow rate of the
produced freshwater, COP, and total efficiency of the system were
studied under various working conditions. To study the effect of ambient
humidity, the system was examined at ambient humidity of 40% and
60%. Moreover, the effect of inlet air velocity on the copper spiral pipe
was explored by varying air velocity from 0.4 m/s to 0.8 m/s. Addi-
tionally, the effect of Cu and Al;03 nanoparticles dispersion in the base
fluid of the water distillation cycle on the performance of the system was
analyzed. The most remarkable findings of the present paper can be
summarized as:

e Increasing air velocity reduced the amount of freshwater production
of the system, while an increment in the ambient humidity signifi-
cantly enhanced the system performance.

For the pure water-based system, by increasing the ambient humidity
from 40% to 60%, the COP of the system grew from around 0.5 to
0.9.

By adding Cu nanoparticles to the pure water, the amount of fresh-
water production of the system increased from 0.8 to 1.4 cc/min,
respectively, at the air velocity of 0.4 m/s and ambient humidity of
60%.

Using the Cu/water nanofluid-based system at 40% humidity, 31%,
22%, and 51% improvement was detected in the total efficiency of
the system at the air velocities of 0.4, 0.6, and 0.8 m/s, respectively
when compared with the pure water-based system.

The Cu/water nanofluid-based system exhibited the highest perfor-
mance among the studied cases due to its high thermal conductivity
of the Cu nanoparticles.

For higher air velocities and humidity, no significant difference was
observed in total efficiency upon using nanofluids when compared
with pure water.

According to the economic analysis, the application of Cu nanofluid
instead of water as the working fluid of the distillation cycle led to a
42% increase in the annual water production resulting in a 32%
reduction of the water production cost in the nanofluid-based
system.
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e The CO; mitigation in the nanofluid-based system was approxi-
mately 42.5% higher than the water-based device.
e The environmental, enviroeconomic, exergoenvironmental, and
exergoenviroeconomic parameters of the nanofluid-based devices
were higher than the water-based systems.
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