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ARTICLE INFO ABSTRACT

Keywords: Freezing desalination is one of the recent technologies that tries to contribute in water shortage problems. The
Freeze desalination idea of desalination by freezing is quite new and still needs more deep investigation for better understanding and
Salinity proposing new enhancements in the system’s technology. This paper aims to present exergy and parametric
Ice ratio

analysis for different operational parameters of a small-scale desalination by freezing unit working on a reversed
vapor compression cycle. Operating parameters including freezing ratio, temperature and salt concentration are
investigated. These parameters variations are critical to determine the working design parameters effects on the
overall cycle performance. Salinity range from 5000 to 45000 ppm was tested using a heat pump of a C.O.P
range from 3.8 to 8.2. Results showed that the energy consumption for this system range was 14.5 and 68.7, kWh
per meter cube water production at 5000 and 45000 ppm, respectively. Exergy analysis showed that recovering
larger quantities of the expelled brine is more efficient and useful due to more contributions in increasing the
energy efficiency of the operating cycle. The proposed system proved to give higher thermal efficiency compared
to alternative desalination systems such as reverse osmosis with membranes or flash systems. The system re-
corded a high thermal efficiency of 44% at 25 °C and 50% icing ratio. The output results from the system analysis
given in this paper could significantly help to implement an actual optimized desalination system working on a

freshwater productivity. Exergy

reversed vapor compression cycle.

1. Introduction

The water demand is increasing in both industrial and domestic
sections and at some point, it will be higher than the agriculture de-
mand as reported in[1],[2], [3] and [4]. Desalination is one of the most
important solutions for water supply as it is a reliable technology that
was improved over decades to overcome fresh-water shortage by pro-
cessing seawater in different ways and convert it into freshwater. In
2017, water desalination plants reached very high capacities of 99.8
million m3/day [5] and [6].

As reported in [7], suitable conditions and disposal location avail-
ability are the most limiting key factors while building a seawater de-
salination plant due to the generated high-salinity brine. Freezing based
desalination is categorized as one of the phases change process desali-
nation techniques. Freezing Desalination (FD) has been improved and
tested in different ways because of its advantages over both membrane
and thermal based desalination techniques. In a related study, Brenda
Kalista, et al [8] highlighted the main concepts behind FD process by
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providing a deep explanation for the process itself and their different
applications and how to integrate it with other desalination technolo-
gies. Freezing desalination process mainly depends on a seawater phase
change process from the liquid phase to the solid phase “ice”. In theory,
most ice crystals contain pure water [9] and [10]. Hence, fresh water
can be extracted from the formed ice after the complete freezing process
while the salt is disposed as a high concentration brine.

The FD processes can be classified into direct and indirect processes
[11]. In the direct freezing process, the heat is absorbed from the saline
water while the refrigerant enters the crystallizer. Simultaneously,
saline-water temperature decreases, and nucleation starts to occur. This
process offers high economic efficiency, large surface area, and in-
creased heat transfer coefficient because of the direct contact [12].

For the indirect freezing process, a crystalliser wall separates the
refrigerant from the saline water. This gives the indirect method an
advantage over the direct freezing method which is the product water is
a refrigerant-free product. Worth mentioning that, the indirect method
induces nucleation and ice crystals growth complexity that increases
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Nomenclature

CR Concentration Ratio

C.0.P Coefficient of Performance
cond Condenser

comp Compressor

C.V Control Volume

ev Evaporator

exp Expansion device

Ex Exergy kJ/kg

EXD Exergy destructive kj/kg
gen Generation

HP Horse Power

L.H.F Latent heat of freezing J/kg.
p.p-m Particle per million

b Brine.

(o Specific heat J/kg K.

d Distillate

E Specific Energy consumed J/kg
g Gravitational acceleration m/s>
f Feed

f Refrigerant

h Specific Enthalpy J/kg

i Input

L Logarithmic array

M Mass Kg

Mass flow rate kg/s
Total number of trials
the minimum number of trials
the number of parameters
The number of levels of each parameter.
Output
Pressure
Atmospheric pressure
q, Cooling effect Joule
Qu Control volume heat rate J/s
q. Reject heat
Ice Ratio
S Salinity percentage %
s Specific Entropy J/kgk
S/IN Single to noise ratio
Temperature °C
Speed m/s
Water
Work Joule
Dryness fraction
Salinity.PPM
Independent variable response
Height
Reference (dead) state
Efficiency
Specific flow exergy J/kg

mvozzzo s

€2 ON< XX s <3

the operating costs [13] as well as, requiring are least three main steps,
precooling, crystallization, and separation [12] and [14].

Formation of ice crystals starts depending on many factors including
the design of the used equipment and this leads to ice formation either
as a frozen layer on the cooling surface or with the mother refrigerant
itself [15]. Rane and Jabade [16]suggested a freeze concentration
system (FCS) utilising a heat pump system and avoids the separation

within the ice brine with a continuous cyclic melting-freezing process.
The energy of the two stages compression system was expected to
consume 9 to 11 kWh per meter cube water production with 8-12 cycle
C.O.P [16].

A.A. Attia [17] suggested an auto reversed vapor compression heat
pump system which avoids ice handling process in traditional freeze
desalination systems. The ice washing process and melting progression

No | Item
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(Evaporator/Condenser)
3 Four Way

(Reversible Valve)
Expansion Valve

Tank (Cooling/Heating)

Shower Jet (Nozzle)

poq 14

Brine Pump

4
5
6
7 Fresh water Pump
8
9

Two-way Feed Valve
10 | Feed Pump

11 | Feed Tank

12 | Brine Tank

13 | Fresh water Tank

14 | Drain Valve

15 | Two Way Reject Valve

Dsq

LI

Fig. 1. Scheme diagram of the suggested freeze water desalination unit using reversed vapor compression refrigeration cycle.
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were performed at the same place of ice creation. This was achieved by
a special sequence of system operation. The thermal analysis of the
system with simple cost analysis showed that the cost was lower than
other desalination techniques for the same water production rate.

The first study reported in [17] aimed to present the idea and
analysis of the basic thermal performance for different cycles not taking
in considerations the effects of other operating parameters such as
variation of freezing ratio, temperature and salt concentration. These
parameters variations are critical to determine the working design
parameters effects on the overall cycle performance. Hence it is the
main motivation behind the current research. Besides that, developing
exergy analysis for the cycle and comparing between the ideas of heat
pump freeze desalination and other type of desalination techniques. .

This work aims to evaluate the operating parameters for a small-
scale freeze desalination unit. A detailed study on the operating para-
meter with exergy analysis are introduced for a proposed actual unit
working on a reversed vapor compression cycle that introduced by A.A.
Attia [17]. Compressor capacity, ice ratio, supply water temperature,
supply water salinity, and brine salinity will be investigated in this
work. Thermal efficiency, cost efficiency and exergy efficiency are
calculated and optimised according to the environmental regulation for
brine salinity.

This study was built using the characteristics of freon R22 as a re-
ference/maximum system performance as R22 is considered to be the
most efficient freon, however it is not available for use due to its en-
vironmental aspects. Afterwards, the system was compared with R32 as
a commercially available refrigerant with acceptable characteristics.

2. System sequence of operation

Fig. 1 shows the system schematic diagram consisting of two tanks,
with two similar heat exchanger and vapor compression cycle. The
vapour compression cycle consists of a compressor, an evaporator, a
condenser, a four-way valve and an expansion valve. Each heat ex-
changer is operating as evaporator in a cycle and as a condenser in the
following cycle. The operation begins by filling the right tank with the
seawater supplied from the feed tank through the two-way valve to a
certain level using the feed pump, then the compressor starts up. In this
case, the heat exchanger inside the right tank is considered as eva-
porator while the heat exchanger in left tank is considered as the
condenser for this phase of operation cycle.

After a definite cooling period —based on the selected ice ratio and
the productivity- the saline water in right tank is converted to mixture
of ice and brine solution. At this moment, the compressor shuts down
and the brine water is rejected from the tank through a two-way valve
to the brine tank leaving the ice block in the tank. The brine pump is
used to accelerate its discharging.

The washing process starts by spraying a definite quantity of feed
water using the nozzles system by opening a two-way valve and the
feed water is supplied then to left tank. After completing this process,
the cycle will be automatically reversed using the reversible valve -four-
way valve- where the heat exchanger in right tank becomes a condenser
where the ice block is melted to produce fresh water. In the same time,
the other exchanger in the left tank works as an evaporator to produce a
new block of ice. When the ice in right tank is completely melted, and
the desalted (fresh) water temperature reaches the temperature of the
supplied feed water the desalted (fresh) water is discharged using
freshwater pump to the freshwater tank. If the ice block in the left tank
is not completely formed with the required ice ratio the spraying using
washing system starts to cool the condenser heat exchanger with sea
water to keep COP of vapor compression cycle as much high as possible.
These steps are repeated with the formed ice in the left tank.

3. System operating analysis

Fig. 2 represents the In(P)-h diagram for the operating cycle with
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allocated critical points.
The coefficient of performance of the vapor compression cycle can
be calculated using the below equation

cooling effect _ Qp _ hg — hy

C.0.P= =
work input w hy — hg (@D)]

The cooling effect is the summation of the sensible released heat
from the salt water to reduce its temperature from Typpy, t0 Tjreezing and
the latent heat that was removed to convert water from its liquid phase
to an ice solid phase. This cooling effect can be expressed as shown in
equation (2).

Qr=mx (CPSupply T;upply - Cmezmg T}‘reezing) +RXmXL.H. F 2)

The freezing point of seawater with salinity percentage range
(0.5-4) % was expressed as function in salinity in [18] as follow:
Tireezing (°C) = —0.5369 X S — 0.0172 3)

The supply seawater specific heat at different supply temperature
was stated by [19] in equation (4).

CP freezing

= 4186.8 X (0.505 + 0.0018 Tfeezing + 4.31152L — 0.0008

Freezing

S + 0.0000ZSTfreezing) ( )
4

The latent heat of freezing can be calculated at different water
salinity percentages within range (0.5% to 4.5%) and average freezing
temperature of —2 °C using the following correlation [20]:

L.H.F
= 4186.8 X | 79.68 — 0.505Tfreezing — 0.0273S + 4.3115 + 0.0008
freezing
S Tfreezing - O'OOOQTfreezing)
5)
Then, the compressor work was calculated using:
Qr

=—=—[kJ

C.0.pP (k7] (6)

The decrease in the C.O.P of the vapor compression cycle is only
affected by the supply seawater temperature and there is no impact for
the ice ratio on it. The C.O.P decreases with increasing the supply
temperature that increases the required sensible heat removal [17]. So,

Ln(p) A
Tc
Pb ; :\\ b2 b
: c =
ol = e ! ARV
Pc K = heat sink
I/I TSink I
////Qt
I+b TFreezing
/
>
Pd_/ 71 AT ot source
apL / d; L
Pa / a
:'
- >
< P h

Fig. 2. Location of critical points on Ln (P)-h diagram.



M.A. Abd Elrahman, et al.

the C.O.P values were taken according to the supply water temperature
value as estimated in [17].

The energy consumption per unit mass production of fresh water
can be calculated using the equation below:

w
E= kJ/k:
Rxm ¢ )
Water productivity was calculated as stated by [17] as follow:
waterproductivity = 60 X 60 X compressorpower (kW) [kg/hr]
Energyconsumed (%) | freshwater )

The brine solution can be predicted by making Mass and salinity
balance as proposed in [21]and [22] as follow:

Xy = XpMy — XaMg)/M, ©)]
M, = CR X X; (10)
My,=M;—My;=(1-R) XM a1
Mg =R XM (12)

Substituting in equation (11) leads to:
(I -R) XM xX,=M XX; —RXM XXg 13)
Then the icing ratio can be calculated by equation (14):
g XA -CR
X4 — CRX; 14

The specific energy consumption per meter cube production of fresh
water can be estimated by:

E(RI/kg) X 10000

specificenergyconsumption =
P &Y P 3600 (15)

4. Energy and exergy analysis

In the past, energy utilisation was calculated based on the first law
of thermodynamics but recently the concept of exergy based on the
second law of thermodynamics has been used to analyse these processes
as it provides better insights when evaluating systems performance,
efficiency of resources and environmental impacts in addition to the
economic processes. [23]

Exergy analysis is the real application of the second law of ther-
modynamics and it gives a better indication from quality perspective
rather than quantities. It is also a measure of the system sustainability
level and it gives a clear illustration where is the energy lost in any
system. For these reasons, the exergy analysis for the proposed system is
a very important issue as it is mainly a heat transfer based system that
involves lots of energy conversions and energy losses as well. Increasing
attention is being given to energy conservation, and this has resulted in
increasing use of the exergy analysis concept for thermal systems ana-
lysis and performance evaluation. This concept is widely recognized as
a necessary tool to quantify the thermodynamic losses in a given system
or process

The performance of the system was studied from the exergy per-
spective to examine its efficiency. Two different cases of reversible
cycle condenser were analysed and called case B1 and case B2. Case B1
in which the low temperature of brine water was utilised by pumping it
to a heat exchanger to cool the condenser. Case B2 was based on re-
jecting the brine water directly without benefiting from it. Exergy de-
struction was calculated for each component in the cycle and the cycle
efficiency was obtained. The analysis was done based on the following
assumptions:

e Steady state processes with negligible potential and kinetic effect.
® Neglect heat losses.
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e Neglect tubing pressure drops between the components.

e Dead state was taken as the environmental conditions (with ambient
temperature of T, = 25 °C and pressure of Po = 1 bar).

o Neglect the heat transfer between the system and its surrounding.

e Constant density for saline water, salt and the fresh water.

e Full refrigerant condensation at the condenser exit and full eva-
poration at the evaporator exit.

4.1. Steady-state energy and exergy analysis

The steady state reversible heat pump was analysed based on mass,
energy, and exergy balances. The mass conservation equation at each
component can be expressed by:

2, m = pom a6)

4.2. Energy conservation

The energy conservation equation is:
E; = E, a7

The inlet and outlet energies of the system can be expressed by the
net heat, work and mass transferred through the control volume as
follow:

Vi A\
Qo + m'l(hi + 71 + gZi) =W, + m'o(h0 + 70 + gZo) (18)

4.3. Exergy balance

Exergy measures the energy ability to produce work and is equal to
the optimum amount of work that can be produced from a fixed amount
of energy. Therefore, the exergy of such systems relying on reversed
heat engine operating on Carnot cycle is related to the heat transfer
amount (Q), the fluid temperature (T) and the ambient temperature
(T,) and is given as:

Ex = Nearnot X Q= (1 - %)Q

(19)

And as reported in [24] , at steady state conditions, the exergy
balance is defined as the balance between the net exergy transmission
by heat, work or mass flow through the control volume boundaries and
the destructed exergy as shown in equation (20):

Z mi Py, + Z Exq;, + Z Exw,

= Z mbul‘(lbout + Z EXQoul + Z EXWout + Exd (20)
Where:
P = (h — ho) — To(S — Sp)J/kg (21)

Due to exergy destruction inside the system or the process, the
leaving exergy from the control system is always less than the entered
exergy to the control volume. The rate of exergy destruction E,q4 in the
general exergy balance equation is directly proportional to the entropy
generation rate [25]and is given by equation (22).

Eyq = ToSgen (22)

The total exergy destruction can be calculated by summation of the
individual exergy destruction through each component of the system as
follow:

Z EXD; = EXDbomp + EXDéxp + EXDyy + EXDéond,reversied (23)

The second low efficiency for the components (e.g., component i)
can be written as
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Fig. 4. Energy consumption at different supply temperature and ice ratio for

EXout EXD; 300 v
Mi= —, =1
EXin EXiy (24)
The second low efficiency for the entire desalination system can be
written as 250
nl'l,system = 771'I,comp X Neond—B X nexp X Nev (25) o0
. 5
Fig. 3 that represents energy balance for different system compo- =
nents. ; 200
From the description given above, the final exergy for individual g
components can be calculated based on their individual conditions as = g
. =
follow: 8
> 150 |
86
4.4. Compressor :‘;‘
=
hy + w = hy (26) 100 -
(hy — hp)=To(Sa — So) + We — ((hy — h)=To(Sp — Sp)) = EXdcomp i
@7
50
03
4.5. Expansion valve
salinity 35,000 PPM.
hy = h;s (28)
(he = hg)—To(Sc — Sq) = Exdex (29)
= To(Sq — Se) = Exdex (30)
Ice Brine
« e
TFreezing
h5 hla
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Fig. 3. Energy balance for system different parts.
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Fig. 5. Water productivity variation at different supply temperature, com-
pressor power and ice ratio for 35,000 PPM salinity.
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Fig. 6. Water productivity variation at different ice ratio, compressor power
and supply temperature for salinity 35,000 PPM.

4.6. Evaporator (normal cycle)

my X q; + m¢ X hs = mg X hy, (3D
Where

qo
=RXL H.F+RX CPSupply X (Tsupply — Tireezing) + (1 — R) X Cpyype

X (Tsupply - Tfreezing) (32)

Water to refrigerant flow ratio:
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Fig. 7. Effect of feed water salinity variation on energy consumption at dif-
ferent ice ratio and supply water temperature of 30°C.
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Fig. 8. Effect of feed water salinity variation on freshwater productivity at
different ice ratio and supply water temperature at 30°C.
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(hg = hy)—To(Sq — Sa) + R X ¥ 5|1 — —° | X LHF + R x
my freezing my

x|cC x (T. — Treezing) — To X C XIM +R
Psupply supply freezing. o Psupply anree ing
2

m, Tsupply
X —% x CPbrinc X (Tsupply - Tfreezing) - To % CPbrinc X In
myg Tfreezing
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Fig. 9. Brine salinity variation with feed salinity at different ice ratios.

Table 1

Concentration ratio (CR) for different feed salinity (X) at different ice ratio(R).
X¢ (ppm) /R 0.3 0.4 0.5 0.6 0.7 0.8
5000 1.39 1.6 1.9 2.35 3.1 4.6
10,000 1.4 1.63 1.95 2.43 3.22 4.8
15,000 1.41 1.64 1.97 2.45 3.26 4.87
20,000 1.42 1.65 1.98 2.46 3.28 4.9
25,000 1.42 1.65 1.98 2.47 3.29 4.92
30,000 1.42 1.66 1.98 2.475 3.29 4.93
35,000 1.42 1.66 1.99 2.48 3.3 4.94
40,000 1.42 1.66 1.99 2.48 3.3 4.95
45,000 1.42 1.66 1.99 2.48 3.31 4.96

Table 2

Optimal ice ratio (R) for different feed salinity (X¢) to keep the concertation
ratio within range from 1.5 to 2.0.

X (ppm) / CR 1.5 1.6 1.7 1.8 1.9 2
5000 0.357 0.4 0.438 0.47 0.5 0.526
10,000 0.345 0.387 0.424 0.457 0.486 0.513
15,000 0.34 0.383 0.42 0.453 0.482 0.508
20,000 0.339 0.38 0.418 0.45 0.48 0.506
25,000 0.338 0.379 0.417 0.449 0.479 0.505
30,000 0.337 0.379 0.416 0.449 0.478 0.504
35,000 0.337 0.378 0.415 0.448 0.477 0.504
40,000 0.336 0.378 0.415 0.446 0.477 0.503
45,000 0.336 0.378 0.414 0.447 0.476 0.502

Table 3

Operating Parameter and their level in Taguchi analysis.

Parameter Level
Description 1 2 3 4 5
Supply temperature °C 15 25 30 35 40
Ice ratio 0.3 0.4 0.5 0.6 0.8
Salinity , PPM 5000 10,000 20,000 30,000 40,000
4.7. Condenser (reversed cycle) with brine (B-1):
my X hy =my Xh, +my, Xq, (35)
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e
=RXL.H F+RX CPSupply X (Tgink — Tfrcezing) +(1-R)X CPbrine
X (Tsink = Tjreezing) (36)
Water to refrigerant flow ratio:

My _ By = he

mg e (37)

Exergy equation

T,
(hy — h)=To(Sp = So) + Rx ™ |1 - — 2 | x LHF + Rx ™
mg freezing my

T..
X [CPfresh X (’Ijvink - Tfreezing) - To X CPf,eS;, X In sink ] + (1 - R)

freezing

m T k
X —% X Can-ne X (Tsink - Tﬁ‘eezing) - To X CPb,me x In—=—
my freezing

= EXcondB-1 (38)

4.8. Condenser (reversed cycle) without brine (B-2)

ms X h, = m¢ X hy + my, X q, (39)
q. = RXxL H.F+RX CPSupply X (Tsink - Tfreezing) (40)

Water to refrigerant flow ratio:
my _ hy = he

m¢ dc (41)

Exergy equation

T
(hy — h)=To(Sy — So) + Rx ¥ |1 — —° | x LHF + R x ¥
my freezing ms

Tsink
X CPfresh X (Tink — Tfreezing) - T X CPfregh x In—"——| = EXcondB—2

freezing

(42)

5. Results and discussion
5.1. Icing ratio and saltwater temperature effect

The effect of saltwater supply temperature on the energy con-
sumption was studied in the range from 15°C to 40°C with 5 °C tem-
perature step for ice ratios ranging from 0.3 to 0.8. Fig. 4 represents the
energy consumption variation at different supply temperature.

It can be noted that the higher the percentage of ice ratio, the less
energy is consumed. That’s because as the percentage of ice ratio in-
creases, the latent heat term increases while the sensible heat term
remains constant. Thus, the whole quantity of heat released increases
slightly with increasing the ice ratio. Despite this increase, the fresh-
water mass increases with ice ratio increase, but with a greater value
than the heat removed and thus the energy consumption decreases with
increasing ice ratio at all supply water temperature.

On the other hand, at any icing ratio, the supply water temperature
has an obvious effect on the energy consumed as it increases the sen-
sible heat required to reduce the supply water temperature up to the
freezing point with the constant ice latent heat. Thus, the total amount
of heat removed increases directly when increasing water temperature.

A small compressor of capacity 1 hp was selected to be studied to
evaluate the unit productivity. The effect of supply temperature and ice
ratio on the freshwater production is shown in Fig. 5.

For all saltwater supply temperatures, the freshwater productivity
increases with the increase of ice ratio for the same illustration above.
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Fig. 10. Effects of each independent studied parameter on (a) fresh water productivity and (b) energy consumption.
Table 4
Exergy analysis for individual components of the reversed heat pump desalination system at R = 0.5, S = 3.5% and Ts = 25 °C.
ITEM Exergy in (kJ/kg) Exergy out (kJ/kg) Exergy destruction (kJ/kg) Exergy loss % Nond %
Compressor 202.5 190.2 13.3 6.56 93.4%
Expansion valve 186.3 164.3 22 11.8 88.2%
Evaporator 127 80 47 37 63%
Reversed Condenser (B-1) 190 143 47 24.7 75.3%
Reversed Condenser (B-2) 190 131 59 31 69%

On the other hand, at any icing ratio the increase in water supply
temperature decreases the water productivity due to the increase in the
energy consumption as shown in Fig. 6.

5.2. Water salinity effect

The effect of salinity was studied in the range from 5000 to
45,000 ppm. The energy consumption showed a significant increase
with salinity increase at the low icing ratio compared with the energy
consumed at high salinity ratios as shown in Fig. 7.

The water productivity also decreases with salinity increase by a
significant value at the low ice ratio while the decrease is not significant
at higher icing ratios as shown in Fig. 8.

From Figs. 7 and 8 it can be concluded that, by increasing the water
salinity from 5000 to 45000 ppm the energy consumption increases and
the water productivity decreases by average value of 0.93% , 0.66% ,
0.44% , 0.26% , 0.12% and 0.007% with ice ratio of 0.3, 0.4, 0.5, 0.6

,0.7 and 0.8 respectively.

5.3. Brine salinity effect

It is worth mentioning that desalination process is based on the
removal of salts from the feed water and concentrate it in the rejected
brine water which has to be discharged back to the environment. As
reported in [15], the brine concentration must be no more than 2 times
higher than the total dissolved solids concentration in order to avoid
the negative effect on the aquatic environment. As discussed, energy
consumption was decreasing, and productivity was increasing with the
increase of ice ratio however, it must be limited and controlled ac-
cording to the environment regulations.

Fig. 9 represents the variation of brine salinity with feed water
salinity at different ice ratios. It shows that the when the ice ratio in-
creases, the bine salinity increased up to 220000 ppm at ice ratio of 0.8
and feed salinity of 45000. This high concentration should be diluted in
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Fig. 11. The effect of icing ratios at different sea water temperature on total
exergy destruction at 35,000 PPM salinity.

order to avoid the bad impact on the environment.

Table 1 summarises the various concentration ratios of brine water
with respect to feed water salinity. It is clear that, the concentration
ratio increases from 1.38 to 4.6 with increasing the ice ratio from 0.3 to
0.8 for feed salinity of 5000. It is also increasing from 1.42 to 4.93 with
the ice ratio increases from 0.3 to 0.8 for feed salinity of 45000.

The optimal ice ratio that is required to keep the brine concentra-
tion ratio is ranged within the environmentally friendly range - (1.5 - 2)
according to [5]- can be calculated for distilled water salinity of
500 ppm and feed water salinity range from 5000 to 45000 ppm as
summarised in table 2. The optimal ice ratio varied from 0.3 to 0.5 by
increasing the concentration ratio from 1.5 to 2.

Desalination using high ice ratio of 0.8 gives higher productivity
with the lowest energy consumption compared with other lower ice
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Fig. 12. The effect of seawater temperature on total exergy destruction at dif-
ferent ice ratios at 35,000 PPM salinity and compressor power of 1 HP.

ratios but it produces high concentrated brine with concentration ratio
and salinity up to 5 and 250000 ppm respectively. Therefore, the ice
ratio higher than 0.5 cannot be used in conventional desalination
methods where the high salt content in brine requires a specific disposal
or treatment or causing other common problems like scaling, fouling,
corrosion, and high energy consumption [22].Due to the high cost of
brine concentrate disposal technologies with high energy consumption,
freeze melt desalination is a promising because energy requirements
can be much lower than using alternative technologies.

Different outputs from different parameters variation were used in
Taguchi optimisation to determine the most influencing parameter on
the system performance. This method is optimising different factors to
give the optimum system performance. The performance was evaluated
using both freshwater productivity and energy consumption as an
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Fig. 13. Second law efficiency variation with supply temperature at different
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PPM .

index. Five levels of the independent parameter were considered as
shown in Table 3.
The minimum number of trials can be determined as [26]:

Nr=1+Np(N, — 1) (43)

Where Nrthe minimum number of trials is, Np is the number of
parameters, and Nj, is the number of levels of each parameter.

A standard 125 (3%) Taguchi Orthogonal Array was chosen to design
the experiments. The structure of array includes 25 combinations of the
three independent parameters is shown in Table 2.

In the Taguchi method, the trial data can be analysed based on the
signal to noise (S/N) ratio. For the present analysis The best level of
each parameter can be indicated by selecting the levels with the largest
fresh water productivity ‘larger is better’ which are defined using
Eqn.44 and smallest energy consumption ‘smaller is best’ which are
defined using Eqn.45 [27].

51
) 2} (44)

i=1 i

S/N = —lolog[l
n
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Where, y is the response and n is the total number of trials.

The effect of the independent parameter on (S/N) ratio for water
productivity and energy consumption is illustrated in Fig. 10. The
supply water temperature has the largest effect on both productivity
and consumption, followed by the ice ratio, and then salinity con-
centration. Finally, it can be seen that the salinity concentration does
not significantly affect this desalination technique and can be ne-
glected.
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5.4. Exergy analysis results

Exergy analysis results for the reversible heat pump desalination
system at R = 0.5, S = 3.5% and Ty = 25 °C are listed in Table.4.
Exergy destruction, Exergy loss percentage, and second law efficiencies
are presented for the various system components.

From the table, it can be noted that, exergy losses in the compressor
and the expansion valve are relatively small compared with other
components. The compressor exergy losses recorded a value of 11 kJ/kg
which is much less than the exergy losses in the evaporator of 32 kJ/kg
and reversible condenser B2 34 kJ/kg. From this analysis, it can be
concluded that the highest quantity of exergy losses occurs in the
evaporator due to the special properties of R22 at the wet region (low
entropy of the evaporator inlet S5). The exergy loss of condenser Bl
(with brine low temperature utilisation) is lower than that of condenser
B2 (without brine utilisation) which gives advantages of using con-
denser B1.

Fig. 11 shows the exergy destruction in the two cases of brine usage
(B1) and (B2) versus icing ratios and Fig. 12 represents the exergy
destruction at different saltwater temperature.

Results show that the more the icing ratio, the more reduction of the
exergy destruction for all supply temperatures in both cases B1 and B2.
The exergy destruction also increases with increasing seawater supply
temperature and the more icing ratio increase. Also results showed that,
the more icing ratios, the less the difference in exergy destruction be-
tween different supply temperatures. Fig. 13 shows the second law ef-
ficiency for the system versus icing ratio at different cases for different
sea water inlet temperature.

Table 5
A comparison of the current system with different desalination systems.

Thermal Science and Engineering Progress 19 (2020) 100583

Results show that, in case of B1 and at all supply temperatures, the
change in icing ratio doesn’t have a considerable effect on the second
law efficiency however, the icing ratio critically affects the second
system B2 and the efficiency was increasing by increasing the icing
ratios. The current system proved to work with higher thermal effi-
ciency than alternative desalination systems, such as reverse osmosis
with membranes or flash systems. Thermal efficiency was about 44% at
25 °C supply water temperature with an icing ratio of 50% while the
efficiency for osmosis membranes is about 30%.

This study was built based on R22 as a reference refrigerant due to
its better performance and its thermal properties. For more realistic
application and for currently available working fluids, system perfor-
mance using R32 was estimated and compared with R22. Fig. 14 shows
the difference between the heat pump performance when using R22 and
R32 under different supply temperatures of salt water. From this figure,
it can be seen that the coefficient of performance using R22 is higher
than that COP using R32. the maximum increase in the COP of R22
compared to R32 was 18.8% at 35 °C.

The higher COP obtained using R22 was reflected as an increase in
freshwater productivity at different salinity ratios as shown in Fig. 15.
Fig. 16 shows a comparison between R22 and R32 at different supply
temperatures. The system using R22 proved to have lower energy
consumption compared with R32 system.

5.5. Proposed system cost comparison with other desalination systems

The cost to produce 1 kg of fresh water is estimated according to
Equation (46) based on The world average price of 0.12 U.S per kW.h
[28].

_ Price($/kWhr) x CompressorPower (kW) X 1000
B WaterProductivity (kg/hr)

Cost /m?

(46)

Table 5 summarise the cost and energy estimation for water pro-
duction using different desalination systems. From the table, it can be
concluded that, the proposed system has lower energy consumption and
production cost compared with humidification and dehumidification,
membrane desalination and multi-effect desalination. It can also be
noted that it has higher cost compared with totally developed techni-
ques like reverse osmosis, but with more development of the proposed
system, lower costs can be achieved in the near future.

6. Conclusion

Desalination by freezing is one of the promising desalination
methods due to lower energy consumption. The effect of salinity in-
crease was significant on both energy consumption which increased and
productivity which significantly decreased especially in low icing ratios
while this effect decreases at higher ice ratios. With increase of ice ratio
from 0.3 to 0.4, 0.5, 0.6, 0.7 and 0.8, the fresh productivity increased
by 17.5, 31.3, 42.5, 51.6 and 59. 4% respectively while the specific
energy consumption (kw/m3.hr) was reduced by 14.9, 23.8, 29.8, 34
and 37.3% respectively. Although the ice ratio of 0.8 gives the highest
productivity and required the lowest compressor work, it is not suitable
for conventional desalination methods and need special brine treatment

Desalination Types

Item Multi-stage flash Reverse osmosis Multi-effect distillation =~ Membrane Humidification Proposed system
(MSF) (RO) (MED) Distillation Dehumidification a. R=0.8&15°C
Total energy consumption 10-16 [29] 3-4 [29] 5.5-9 [29] 43 without Waste 45.3 [32] 16
(kWh/m3) 19.58 and 27.25 [6] 4-7 [30] 14.45-21.35 [6] heat.
10.3 with waste
heat.[31]
Water cost ($/m3) 1.16Average [33] 0.66Average [33] 0.86 Average [33] N/A Less than 5 [31] 1.9

11
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technology for an environmentally friendly system. The optimum ice
ratio is 0.3 to 0.5 to produce brine salinity of concentration ratio from
1.5 to 2. The proposed system works with an acceptable thermal effi-
ciency compared to some of the other desalination methods such as
Multi-stage flash or Multi-effect distillation systems however, it is cur-
rently in the developing stage. Thermal efficiency was about 44% when
the saltwater temperature at the entry was 25 °C and the icing ratio is
50%
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