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HIGHLIGHTS

» Techno-Economic Assessment of pervaporation desalination of hypers'm water is performed.

« The water cost increases by around 13% when the feed concentration increases from 90 g L™ to 200 g L.

» The series configuration shows the lowest thermal energy compared to the single and parallel configuration.

« PV desalination is attractive by integrating with low-grade waste heat from industrial plants as thermal energy resource.

ARTICLEINFO ABSTRACT

Keywords: The development of pervaporation desalination has seen continuous interest due to the ability of this technology

Pervaporation to handle high salinity feeds in the absence of high hydraulic pressure. As pervaporation utilizes the difference of

Dezalination partial vapor pressure as the main driving force for separation, an elevated feed temperature is often needed, and

::Iﬁep;?arﬂ;"::;m this significantly increases the energy requirements of pervaporation desalination. The advancement of high-

Economic analysis performance pervaporation desalination membranes with high water flux and salt rejection in recent years
could make this desalination technology competitive to other hypersaline desalination processes. Unfortunately,
there is a lack of understanding of the energy requirements necessary for an economic assessment of pervapo-
ration desalination applied for highly saline feed solutions. In this study, the energy requirements and the
economic feasibility of pervaporation desalination for hypersaline desalination were eval d using previously
developed high-performance cellulose triacetate/cellulose nanocrystals nanocomposite membranes as the
membrane model. The results showed that thermal energy was still the main factor that determined the overall
water production cost. Increasing the plant capacity decreased the water cost while increasing the feed salinity
from 90 to 200 g L™ ! increased the water production cost due to the drop of the water production rate, which
requires to expand the membrane surface area to obtain the same plant capacity. A series configuration showed
the lowest thermal energy compared to a single and parallel configuration. However, the single configuration is
more attractive than a series and parallel configuration when the pervaporation desalination utilized free low-
grade waste heat. Hence, PV desalination for treating hypersaline water can be competitive if the process
could be integrated with low-grade waste heat from industrial plants as a thermal energy source.
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1. Introduction

Seawater is an abundant water resource in the world. Unfortunately,
this saline water cannot be directly used for human consumption.
Desalination has to be used to provide fresh water from salty water
sources, such as seawater or brackish water. As such, desalination has
the potential to provide a breakthrough to overcome the water scarcity
issues in the world. It is an attractive technology to provide fresh water,
as evidenced by the growth of research on desalination, which was
approximately more than 373,000 articles published for desalination
from 1980 until 2021 (scholargoogle.com, using the search keyword
“Desalination”). Furthermore, it has been reported that there are 15,906
operational desalination plants with a total capacity of approximately
34.81 billion m®/year [1]. Desalination technology is constantly
evolving, recently pervaporation has been interesting for desalination
application and around 21,100 articles published from 1980 until 2021
(scholargoogle.com, wusing the search keyword “Pervaporation
Desalination™).

However, the increase in desalination plants brings a new problem
with brine as a by-product, creating a critical environmental issue. Brine
has a high salinity and has a negative environmental effect on the
aquatic environment, groundwater, and soil quality [2]. Hence, the
desalination brine has to be treated to minimize the disposal of brine and
obtain freshwater, possibly combined with salt production. Hypersaline
water becomes an environmental concern because it is not only a waste
product of desalination plants but is also produced by the oil and gas
industry, the waste stream of the zero-liquid discharge process, landfill
leachate and wastewater of flue gas desulfurization [3].

Both membrane-based and thermal-based water purification tech-
niques have been used for water desalination applications. The most
common thermal-based water purification techniques are multi-stage
flash distillation (MSF), multi-effect distillation (MED), wvapor
compression (VC). This conventional water purification method is
energy-intensive, which utilizes high-grade energy like gas, electricity,
oil, and fossil fuels, low efficiency, and high environmental impact, in
addition, their complexity and different related operational problems.
These shortcomings have forced researchers to search for advanced
alternative technologies. One of these alternative technologies is
membrane-based water purification technology (reverse osmosis (RO),
electrodialysis (ED), pervaporation, and membrane distillation (MD))
which has a strong ability to be coupled with solar energy or low-grade
waste heat [4]. Compared to thermal-based desalination techniques,
membrane-based desalination techniques have many advantages, such
as low cost, small footprint, high efficiency, and ease of operation.

Thermal desalination is the common process for desalinating highly
concentrated brines. Membrane desalination processes such as ED and
MD have recently been applied for treating hypersaline water [5].
Lately, some studies have highlighted the potential of pervaporation
(PV) for desalination. PV allows to address the drawbacks of membrane
desalination for high salinity water, such as fouling and scaling issues
[6.7]. Moreover, PV has been reported to have a good performance for
treating hypersaline water with NaCl concentration above 35 g L~!
[8-15]. Membrane distillation and pervaporation are both membrane-
based water purification techniques that represent an emerging and
promising technology for desalination and water/wastewater treat-
ments application. Those technologies can be coupled with renewable
energy systems (solar energy, wind energy, geothermal energy, and
hydroelectric power) or low-grade waste heat for economical and
energy-efficient desalination and water/wastewater treatments. Mem-
brane distillation is a combination of thermal driven distillation and
membrane separation process driven by a vapor pressure difference due
to a temperature gradient across a hydrophobic microporous membrane
[16]. Pervaporation is one of the effective membrane-based separation
processes driven by the chemical potential gradient between the feed
side and permeate side of the membrane. Pervaporation uses dense or
molecular sieving hydrophilic membranes [7].
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Fig. 2.1. Flow diagram of a single configuration of pervaporation desalination.

Generally, the performance of pervaporation depends on the mem-
brane properties, the operating conditions, and the module design.
Hence, there are studies available focusing on the development of PV
desalination membranes and operating conditions [17-19]. Further-
more, Xie et al. [20] investigated the energy required for PV desalina-
tion. The energy requirements are important because they affect the
overall process economics. Low-grade waste heat sources and heat re-
covery could be utilized as an energy source, and recover the heat in the
condenser. Hence, the process energy requirements could be reduced, so
that it might be comparable to thermal desalination technologies [20]. It
is important to make desalination technologies less expensive to treat
hypersaline water in view of reducing environmental damage in a cost-
effective way.

The parameters needed to compare desalination processes are the
energy requirements, the water production cost, technology growth
trends, and environmental impact [21]. Studies related to the economic
analysis of pervaporation for desalination are still lacking, particularly
for hypersaline feed streams. The available economic studies are for the
desalination of seawater. Previous studies reported that the cost of
seawater desalination using multistage flash (MSF) is 1.4 $/m® [22], for
multiple-effect distillation (MED) it is 1 $/m® [22,23], for vapor
compression (VC) itis 0.7 $/m* [24], for reverse osmosis (RO} 0.5 $/m*
[25], and for membrane distillation (MD) estimates range from 0.5 to
more than 15 $/m? [26,27]. The desalination costs are different because
the cost is depending on the process used and the scale of production.
The cost of desalination with various desalination technologies differs
largely because the cost is depending on different parameters such as
feed concentration, output water quality, plant capacity and location,
energy source and labor/operational costs, type of contract, political
and environmental restrictions.

Furthermore, it was reported that integrating MD with industrial
waste heat has the perspective to improve the economic viability. A
small pilot of MD with a water production of 3.38 m® day ! (feed rate of
92.67 m” day~ ') had a calculated cost of 0.7 $/m® with the assumption
that the thermal energy requirements are fulfilled by using industrial
waste heat [28].

In this work, a techno-economic assessment (TEA) at the early stage
of the PV desalination process for the hypersaline feed stream is made by
estimating the water cost. The experimentally determined pervapora-
tion desalination performance, different scenarios as process models, the
CAPCOST program, and cost data available in the literature were used to
estimate the cost of the equipment, and the best engineering practices
are integrated to develop the TEA model. In this study, there are various
uncertain parameters used for estimating the water cost. Hence, a
sensitivity analysis is used to investigate technical and economic pa-
rameters that have a major effect on the TEA results. Different config-
urations are also explored to obtain the optimal design PV desalination
configuration. The impact of purchasing energy and/or integrating
waste heat from the industry as free energy cost in the pervaporation
desalination process on the total water cost is investigated.

2. Pervaporation desalination system
A flow diagram of pervaporation desalination is shown in Fig. 2.1

The PV process uses a heat exchanger (HE), a pump, a condenser, and a
vacuum pump as basic equipment.
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Fig. 2.3. Ilustration of heat transfer in the cooling system.

The PV desalination process requires energy to increase the tem-
perature of the feed water to reach the operating temperature and to
condense the water vapor, hence the thermal energy is significant. In
pervaporation, the energy requirement is categorized by the thermal
energy used for feed heating (Qf) and permeate cooling (Q.), and the
electrical energy required for the feed pump (Ef) and vacuum pump (E, ).
The high energy demand involved in the PV desalination process can be
reduced by using low-grade or waste heat for heating the feed or
adopting a heat recovery system | 201]. This aspect may be crucial for the
viability of PV for desalination. Hence, a waste heat motivated PV setup
was designed and analyzed in order to fulfill the energy requirements of
the PV system in an efficient and a cost-effective way.

2.1. Case study

In order to carry out the techno-economic assessment (TEA) of a PV
desalination for treating hypersaline water, the TEA model is developed
different capacities of a desalination plant with size Small (S) and M
edium) [29] for four scenarios: 1) a feed stream with concentration
90 g L-@bf NaCl at a plant capacity of 100, 1000 and 5000 m® day ! and
a plant with a feed stream of 200 g L' of NaCl at a capacity of 1000 m®
day~!. Fig. 2.2 presents the single stage of the PV desalination at
different plant capacities.
Thermal energy is used to increase the feed temperature to meet the
operating temperature. In this study, PV desalination is integrated with
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Table 2.1
Equations and assumptions for the economic calculation.

Description Equation and assumption
Eq. 2.1. Amortization factor (a) (140"
T+ o1
The interest rate (i) = 5%, the plant life (n) =
20 years [23.34].

Eq. 2.2, Annual capital cost (Acg
$/year)
Eq. 2.3. Direct capital cost (Dgg; $)

Agc = a « (Dge + 1o, 134,

Dee = Cp + Cuye + Cua + Cop + Cin
Cp = pump cost, Cyp = heat exchanger cost.
Cy = membrane cost, Cyp = Vacuum pump
cost.
Cim = installation cost
Cinst = 25% of the purchased equipment costs
[33L.
Eq. 2.4. Indirect capital cost (Igc; $) Ipe = 01D 135].
Eq. 2.5. Annual Operating and Apam = Actec + Alghar + AM_ rep + Amaing,
maintenance cost (Agen $/vear) [34,36].
Eq. 2.6. Annual electricity cost Augee = €+ W fom« 365, [36].
(Aateci $/year) ¢ = electric cost, 0.09 $/kWh [35.36].
w = electric power consumption (kWh m %)
f = plant availability (0.9) [25.26].
m = plant capacity (m* day ')
Agar = 7 = f = m + 365, [35,26].
+ = specific cost of operating labor, 0.05 $,/m*
[34,36].
At ep = M+ Ciy
Membrane replacement rate (Mg) is 20% per
year for treating high salinity water 125,27,
Amaie =P+ M« [+ 365
pis specific mamnenance and spare parts cost
= 0.033 $/m’ [24,36,38].
A = Ace + Agaas [34.36].

Eq. 2.7. Annual labor cost (Apper
$/year)

Eq. 2.8. Annual membrane
replacement cost (Ao $/year)

Eq. 2.9. Annual maintenance cost

(Amaimi $/year)

Eq. 2.10. Total annual cost (A,

$/year)
Eq. 2.11. Unit product cost (A A g e
g = ————0, [33,34,36].
$/mY) A Fom-365" 13,34,36]

waste heat, blast furnace gas produced by steel manufacturing plants as
awaste heat source (free cost energy) with the aim to be used to heat the
feed stream. Blast furnace gas has a constant flow and high recoverable
potential. Blast furnace gas has a temperature ranging from 398 to
600 “C and a recoverable potential of 1.98 = 10 MJ year_l [30].

In the cooling water system, the first term corresponds to the
condensation of water vapor at 65 “C under vacuum and the second term
corresponds to the cooling of permeate. Once the permeate isin its liquid
state to a temperature of 35 °C using cold water at 25 °C, the cooling
water will be discharged to the environment at a temperature of 27 “C.
This is illustrated in Fig. 2.3.

In this work, the heat exchanger area, membrane area, energy
required for pump, and vacuum pump were determined based on the
performance of CTA/CNCs nanoco site membranes on a laboratory
scale. The feed flow rate was 75 L& ! and the operating temperature
was 70 °C, the water flux was 107.5 kg m 2h ! and 58.5kg m 2h ! for
afeed stream with NaCl concentration of 90 and 200 g L™}, respectively
[13]. To upscale the pervaporation desalination system, the feed cross-
flow velocity is calculated by the Reynolds number (Re) approach.

pV D,
u

(1.1)

where V is the channel average cross-flow velocity, p is solution density,
Dy, is the hydraulic diameter, and p is the solution viscosity [31]. p is
determined with a pycnometer, while p is calculated based on the
salinity and temperature [31,32].

Based on experimental data obtained in the laboratory, the Reynolds
number was 897, which represents a laminar flow (see supporting in-
formation). In this study, the suggested scenarios for the pervaporation
desalination system (Fig. 2.2) were investigated by assuming a laminar
flow regime Reynolds number ranging from 897 to 2000. Similarly,
Wang et al. studied the performance of a hybrid organic-ceramic
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hydrophilic pervaporation membrane and used Reynolds numbers
ranging from 300 to —4800 [31]. A sensitivity analysis was carried out
to analyze the effect of changing the variables on the water cost. Then
the impact of purchasing energy and/or integrating waste heat from the
industry as free energy cost on the water cost of pervaporation desali-
nation was also investigated. Furthermore, parallel and series configu-
rations of PV desalination were explored to achieve the optimal water
cost.

3. Methodology
3.1. Total water cost of pervaporation

In view of a techno-economic assessment (TEA) of PV desalination
for hypersaline water, the water cost was estimated as a unit production
cost. The calculation to evaluate the cost was taken from the literature

31-36] and modified to be fitting for pervaporation desalination. The
unit cost of fresh water is defined as the total annual cost (Ar,,) divided
by the yearly total amount of produced fresh water of pervaporation
desalination [33]. The total annual cost (Ary) is determined as the sum
of the annual capital cost (Acc), which involves the direct capital cost
(Dee), indirect capital cost (Iee), and annual operating and maintenance
cost Apgm. The direct capital cost (Dec) consists of the purchase of
equipment (circulating pump, membrane, heat exchanger, and vacuum
pump). The indirect capital cost (I) represents the contingency cost.
The equations and several assumptions made for the economic analysis
are presented in Table 2.1,

3.1.1. Membrane cost

The total required area of the PV membranes is determined using the

plant capacity and the calculation shown in Eq. (2.12).
C;u&m.'

A=
1 J;u

(2.12)
where A, is the total membrane area (m?), Cplan is the plant capacity to
produce fresh water (L h~!), and J,, is the permeate flux (L m2h).

The membrane cost for desalination was reported to range from 60 to
216 $/m? [28,33,39,40], while Banat and Jwaied reported that the
membrane cost for a desalination plant capacity of 500 L day ™! was 216
$/m? including the membrane cost and the PV module for laboratory
scale [33]. Therefore, in this study, the membrane cost is assumed to be
140 $/m* for plate and frame modules.

3.1.2. Heat exchanger cost

In the heating system, the thermal power requirement (Q;) for
operating the PV desalination system can be determined by a heat bal-
ance as follows [41]:

0 =3 i CAT (2.13)
where m is the mass flow rate of saline water passing through heat re-
covery exchangers (kg s71), C, represents the heat capacity of saline
water (3993 Jkg ! K1) [42], AT is the temperature difference between
saline water streams across heat recovery exchangers (°C).

In the cooling system, the thermal energy required to condensate the
water vapor (Q,) is determined with Eqgs. (2.14) and (2.15).

Q. =m,d (2.14)
where my, is the mass flow rate (kg s71), and i represents latent heat of
condensation of water vapor (J kg_l). Thus, the mass flow rate of water
for cooling (qeoaling) is calculated as follows:

m. C,AT) +m. A

2.15
C,AT: 215

Yronling =

where m, represents the flow rate from the plant capacity (kg sH, ATy
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Table 2.2
Purchase cost based on the capacity of the vacuum pump [46].
Capac[t)’/m"/min Purchased equipment cost ($)
0.11 4100
0.28 6400
0.57 BO0O0
0.76 11,500
1.14 16,200
1.51 20,800
1.89 25,200

is the variation of the temperature of the hot fluid, and AT: is the
variation of the temperature of the cold fluid (*C). i is 2250 kJ kg~ !and
C, represents the heat capacity of water (4180 J kg~lch.

The cost of heat exchangers is determined based on the heat transfer
area as described in Eq. (2.16) [43]. Thus, the purchasing cost of the
heat exchanger is defined by CAPCOST based on the heat exchanger
area.

9
Ape = UAT, (2.16)
AT, = M (2.17)

In (%:-)
where Ay represents the heat exchanger area (m?), Q;is the thermal
power provided (J s~1), U is overall heat transfer coefficient (W m~2
K1), and ATy, represents the logarithmic-mean temperature difference,
the temperature difference between the inlet (AT;) and outlet streams
(AT2) across the heat exchanger.

3.1.3. Pump cost

A pump is used to circulate the feed stream to the PV membrane
module and to circulate cooling water. The power of the pump (E,) is
estimated as follows [44]:

E, =qgpgh (2.18)
where E, represents the power (Watt), q is the flow rate (m®s~1), pis the
liquid density (kg m~*), g is the gravity acceleration (9.81 ms~%) and h
is the pump head (m). The purchasing cost of the pumps was estimated
by CAPCOST based on the power requirement with 80% efficiency [ 20].

3.1.4. Vacuum pump cost

A vacuum pump is used to remove the permeate in the form of vapor.
The power consumption of a vacuum pump (E,) is estimated with Eq.
(2.19). The equation is based on the principle of adiabatic vapor
expansion and contraction [45].

Pml.' [
(%) —1]

where m, presents the mass flow rate of the non-condensable (air and
COzin g sh, £p is the efficiency of vacuum pump (80%), R is the uni-
versal gas constant (8.314 J mol™! KD, T, is the temperature in
permeate side, MW is the molecular weight (air and CO2, 43.36 g
mol™!), P, is the exit pressure of the vacuum pump (atmospheric
pressure, 1013.25 mbar), Py, is the vacuum pump inlet pressure, and ¢ is
the adiabatic expansion coefficient. The adiabatic expansion coefficient
() is defined as [45]:
G G,
C. Cp—Ra

m. RT, @

= Wer g (2.19)

(2.20)

where Cp, and C,, are the heat capacity of air, at constant pressure (1 kJ
kg_l) and constant volume (0.718 kI kg™ 1, res pectively, hence pis 1.4,
while Ry is the gas constant for air (0.287 kJ kg_l Kh.
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The purchasing cost of the vacuum pump is estimated based on the
required capacity, the cost of the vacuum pump was reported in the
literature [46] as shown in Table 2.2,

3.2, Sensitivity analysis

The economic model was used to estimate the water cost in the
pervaporation desalination process. Model output is based on the capital
cost plus operating and maintenance cost. There are some assumptions
used to determine those costs. The sensitivity analysis was used to
explore and calculate the impact of possible changes in input data on
predicted model outputs. The sensitivity analysis is used to illustrate the
water cost of alternative assumptions.

4. Results and discussion

4.1. Effect of different plant capacities and feed concentrations on the
water production cost of pervaporation desalination

Fig. 4.1 presents the water production cost for different scenarios
(see Fig. 2.2) at Reynolds numbers ranging from 898.27 to 2500. At the
same Reynolds number, increasing the size (diameter) of the membrane
in the PV system will decrease the velocity. The results showed that the
same Reynolds number of 898.27 could not be set for capacity above

b)

1600
B Feed stream
Cooling water

c 1200
m
I
@

S 800
c
@
£
)
o

T 4004
T

04

90/100

90/1000

90/5000 200/1000

ase study (NaCl content (g L )Jplant capacity (m” day’
Case study (NaCl content (g L"')/plant ty (m” day”})

d)

36 4
[ vacuum pump

=
=
T 274
=4
=
o
2
2 g
g8
=
w
j=4
8
& 9
=
8
o

0=

T T T T
80100 S0/1000 S0/5000 200/1000

Case study (NaCl content (g L Vplant capacity (m” day ™))

Fig. 4.2. The membrane area (a) and heat exchanger area (b) required; power consumption of pump (¢) and vacuum pump (d) at different plan capacities and feed

concentrations (single module).
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4.42%
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a)
9.09%
22.62%
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HE cost
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[ indirect capital cost
18.18%
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c)
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32.73%
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Il Fump cost

HE cost
Membrane cost
I (nstallation cost
[ vacuum cost

[ indirect capital cost

13.49%

18.18%

26.63%
1.02%
9.09%
31.59%
Il Fump cost
HE cost
Membrane cost
5 Installation cost
Vacuum cost 0y
[ indirsct capital cost 2147%
18.18%
0.88%
23.02% 0.07%
9.09%

. 27.36‘

.g. 4.3. Distribution of capital cost in different feed concentration and plant capacity: (a) 90 g L™ ! of NaCl - 100 m® day 1 (b) o0 gLl” ! of NaCl - 1000 m* day Lo

90 g L' of NaCl - 5000 m® day ™', (d) 200 g L'

1000 m® day~! at a feed concentration of 90 g L ™! because the feed flow
rate was lower than the water production or permeate. Hence the feed
flow rates were increased by enhancing the Reynolds number at mini-
mum 1235 and 2550 for capacity 1000 and 5000 m® day !, respectively.
Fig. 4.1 describes that increasing the plant capacity decreases the water
production cost per m”® of produced water. The water production cost
reduces from $1.32/m” to $1.077/m> when the plant capacity enlarges
from a small size of 100 m* day " to a medium size of 5000 m* day .
Besides, at the same plant capacity, increasing the concentration
increases the water production cost. The water increases from
$1.09/m®to 1.15 $/m* when the feed concentration increases from 90 g
L 'to 200 g L. The increase in water cost due to the increment of feed
concefifration yields a decrease in water flux. The water flux decreased
by 45.6% when the feed concentration increased from 90 g L= to 200 g
L', hence more membrane surface area was required to fulfill the plant
capacity which resulted in an increased membrane cost.

To complete the economic study, the details of the calculation of the
required membrane area, heat exchanger area, the power consumptions
of the pump, and the vacuum pump for four scenarios are presented in
supporting information (see supporting information in tables SL1, SL.2.
§1.3, SL.4., and S1.5). The results are summarized in Fig. 4.2,

Fig. 4.2a and b show that the membrane and heat exchanger area
increases with the capacity and with feed concentration. The membrane
area increases by 83.7% when the feed concentration increases from 90
to 200 g L%, while the total heat exchanger area increases by 8.4%. An
increment in feed concentration results in a larger membrane and heat
exchanger area because the water flux decreases when the feed con-
centration increases. Thus, additional equipment such as membrane
units and heat exchangers may be needed to produce fresh water with a
specified plant capacity. As presented in Fig. 4.2b, the heat exchanger
area for circulating the cooling water takes a higher requirement than
the feed stream, hence other technologies or methods to condense the
permeate could be explored and investigated to reduce the water cost in
the pervaporation desalination system. Fig. 4.2c and d show that
increasing the plant capacity leads to a rise in power consumption of the
pump and vacuum pump. However, an increment of feed concentration

1000 m® day ' (single module).

does not enhance the power consumption of the vacuum pump and
pump for cooling water, nevertheless, the power consumption of the
feed circulation pump increases by 31.3% when the feed concentration
increases from 90 to 200 g L~!. The power consumption of the feed
circulation pump increases with the feed concentration because a higher
feed concentration gives a lower water flux. Then, the membrane area is
to be enlarged to produce the same plant capacity which results in more
feed water to be processed.

4.2, Cost analysis

The estimated water cost for the PV membrane-based system is
driven by capital costs and operating costs. Fig. 4.3 shows the distri-
bution of capital cost at different feed concentrations and plant capac-
ities. The cost of the membrane and the circulation pump increase along
with the increment of plant capacity. In this study, the feed flow rate for
all scenarios was targeted at laminar conditions. When the size (diam-
eter) in the system is enlarged but the PV system uses the same Reynolds
number, then the velocity or flow rate decreases. Hence, the heat
exchanger cost decreases with the enhancement of plant capacity.

4.3. Effect of different configurations on the water cost of pervaporation
desalination

The effect of different configurations on the water cost for perva-
poration desalination was investigated with the single module, parallel
and, series configuration. A plant capacity of 5000 m® day ! at a feed
stream of 90 gL' NaCl was used for the case study. Fig. 4.4 presents the
configurations of pervaporation desalination that are studied.

The economic calculations of the pervaporation desalination process
for three configurations are presented in Table 4.1.

From Table 4.1 can be seen that the water production cost increases
when the configuration changes to parallel and series due to the addi-
tional equipment cost. The increment of equipment cost is due to the
additional heat exchanger for a series and parallel configuration, and the
additional pump in the series configuration, which leads to an increase
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Fig. 4.4. Illustration of the configuration of pervaporation desalination for plant capacity of 5000 m® day ' at feed stream of 90 g L™ ' NaCl: a) Single membrane
module, b) parallel with two membrane modules, and ¢) series with two membrane modules.

of the equipment cost. Thus, it influences the capital cost.

Table 4.1 highlights that the water production cost of a series
configuration is lower than that of a parallel configuration. This is
because the series configuration utilizes the hot retentate as a feed
stream for the next stage, which reduces the surface area of the heat
exchanger. As a consequence, the cost of the heat exchanger is reduced.

4.4. Process energy performance

Thermal energy is the energy to heat the feed stream to reach the
operating temperature of 70 “C. The thermal energy requirement for
different configurations is presented in Table 4.2,

Table 4.2 indicates that the thermal energy requirement of a series
configuration is lower than for the single and parallel configuration. This
is because the series configuration uses hot retentate as the feed stream
for the next stage, which needs a low thermal energy compared to the
previous stage. As shown in Table 4.2, the thermal energy of the series
configuration is about 40.7 kWh/m?, Wang et al. reported that thermal
energy for a full-scale system of pervaporation desalination was 52.7
kWh/m? [31]. However, Xie et al. stated that for laboratory-scale per-
vaporation desalination, the thermal energy of 2.3 kWh/m® was desired
to heat and maintain the feed stream at 65 “C [20]. In this study, we

estimated the water cost using waste heat as the scenario. However, the
water cost will increase proportionally when thermal energy is
purchased.

4.5. Sensitivity analysis of the water cost

There were various uncertain parameters in the economic analysis.
As shown in Fig. 4.3, variables such as the cost of a heat exchanger, the
pump, and the membrane considerably affect the water production cost.
Therefore, a sensitivity analysis was carried out to explore the changes
in the water cost due to changes in each parameter or variable. In this
case, the single module configuration as illustrated in Fig. 4.4a was
explored as an example. The scenarios of the changing variables were
investigated and presented in Table 4.3. The effect of variables changing
on the water cost is presented in the supporting information in table S1.6
and summarized in Fig. 4.3.

Fig. 4.5 suggests that the variation of pump head and maintenance
cost (0&M cost) has a significant effect on the water cost. The pump cost
is the most influential on the water cost. The water cost decreases from
1.077 to 0.6 $/m® when the pump head reduces from 10 to 5 m. As
shown in Fig. 4.3, the vacuum cost is contributing significantly to the
water cost as it is around 30%.
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Table 4.1

The water cost at different L'on.u.ralions of pervaporation desalination for
plant capacity of 5000 m® day ™! with 90 g L' of NaCl in the feed stream. The
significance of bold and data enclosed in a box are to make it easier for the
reader which important variables determine the water cost for different con-

figurations.
The water cost at different membrane
module configurations ($)
Description Parallel with ~ Series with
Single two two
module membrane membrane
modules modules
Pump cost 564,910 566,200 572,860
Vacuum cost 50,400 50400 50,400
HE cost 415,000 463,900 420,200
Membrane cost 2713178 2713178 2713178
Total equipment 3254069 1L351.817.8 1.314.777.8
Installation cost 364,910 3379544 3286944
Indirect capital cost 162,703.5 168,977.2 1643472
Annual capital cost 143.613.9 149.151.6 145.064.8
Annual operating maintenance cost 1.626,751.1 16534182 165.3418.2
Annual electricity cost 1.436,160.1 1.462.827.1 1.462,827.1
Annual labor cost B2125 82,125 82,125
Annual membrane replacement cost 54.263.5 54,2635 54.263.5
Annual maintenance cost 54.202.5 54.202.5 54.202.5
Total annual cost 1,770,365.1 1,802,569.8 1,798 483

Unit cost ($/m*) LO77 L097 L.095

Table 4.2
The thermal en.y requirement at different configurations at plant capacity of
5000 m* day ! with 90 g L™! of NaCl in the feed stream.

Configuration The energy Total energy Thermal energy
requirement requirement requirement
(Watt) (Watt) (kWh/m™)
PV with single Qf=1.06 = 107 1.06 = 107 50.7
configuration
PV with series Qf) = 7.67 = B.48 « 10° 40.7
configuration with  10°
two modules Qfy = B.06 =
10°
PV with parallel 0Qf) = 5.57 = 1.05 = 107 50.6
configuration with  10°
two modules Qfy = 497 =
107
In addition to the variables mentioned in Fig. 4.5, variables such as

the amount of water condensed by cooling and the water flux changes
when the membrane is scaled up are also investigated and presented in
Fig. 4.6. Fig. 4.6a shows that the water cost increases from 1.077 $/m® to
1.19 $/m® and 1.34 $/m? when the condensation of the permeate de-
creases from 100% to 90% and 80%, respectively. Fiz. 4.6b describes
that the water cost increases from 1.077 $/m® to 1.094 $/m?* and 1.12
$/m®* when the water flux decreased by 30% and 50%, respectively.

In this study, the temperature of the permeate was assumed of 35 “C.
Fig. 4.7 illustrates the water cost when the permeate is changed to 30 °C
and 27 “C. From Fig. 4.7 can be seen that the water cost change is not
significant. The water cost increases from 1.077 $/m” to 1.084 $/m” and
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Table 4.3
Variables used to investigate the water cost changes.

No.  Variable Description

1. Overall heat transfer The values: 15, 30, 50, and 70 (Wm 2K ).
coefficient (U) for heating.
2, Overall heat transfer The values: 1000, 2000, 3000 and 4000 (W
coefficient (U) for cooling. m 2K
3, Membrane cost The membrane cost decreases: 10%, 30%, and
50% per m?,
The membrane cost increases: 10%, 30%, and
50% per m?,
4, Pump The pump height 5, 7, and 10 m.
5. Operating and maintenance  Operating and maintenance cost: 10%, 20%,
cost 30%, and 40% from total operating cost used

in this study.

Sensitivity analysis

O&M cost

Pump cost

Membrane cost

U cooling

U heating

——T T
o 08 1.0 107742

Water cost ($/m”)

Fig. 4.5. Effect of variables changes on the water cost (single module).

1.094 $/m” when the temperature of permeate decreases from 35 °C to
30 °C and 27 °C, respectively.

Table 4.4 presents the water cost for different desalination processes
such as multi-flash (MSF), multiple-effect evaporation (MEE), mechan-
ical vapor compression (MVC), reverse osmosis (RO), and pervaporation
(PV). The table shows that the water cost in this study is estimated
ranging frgm 0.6 to 1.077 $/m” for a capacity of 5000 m* day !, which
co tes Wth other processes. Moreover, this study investigated the
chost for 90 g L' of NaCl as a feed stream while other processes use
35 g L' of NaCl in the feed stream.

4.6. Energy cost

In this study, the water cost was estimated by the free energy cost
approach using blast furnace gas as waste heat from industry. However,
if the scenario with purchased energy was also investigated; Table 4.5
shows the calculations.

Table 4.5 confirms that the water cost is projected around 1.077
$/m® when the PV desalination process is integrated by blast furnace gas
as waste heat from industry. However, the water cost is stretching from
11.8 to 44.3 $/m? if using Coal and gas. PV desalination is one of the
thermal-driven membrane processes, hence the energy cost significantly
affects the water cost.

5. Conclusion

Energy is considered the most important parameter for PV desali-
nation. Hence, this study was dedicated to an economic analysis of low-
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b)

[ Decreased by 50%
Il Decreased by 30%
[ Decreased by 10%
I Laboratory result

Water flux

Water cost ($!m3)

Fig. 4.6. Effect of a) vapor be condensed by cooling and b) decreasing water flux changes on the water cost (single module).

I 27 °C
I 30°C
I 35 °C

Temperature of permeate

Water cost ($/m°)

Fig. 4.7. Effect of decreasing permeate temperature on the water cost (sin-
gle module).

Table 4.4
The water cost for different desalination processes [24.47.48].
Description MSF MEE MVC RO FV
Typical 25,000 10,000 3000 6000 This study
average (5000)
capacity With free
(m? energy
day cost
Feed stream Ggl !
~35gl ! -35gL ! -35gL' -35gL ! Nadl
NaCl NaCl NaCl NaCl
‘Water cost 11 0.8 0.7 0.7 0.6-1.077
($/m?)

The significance of bold is to make it easier for the reader to focus on the
comparison of water cost for different desalination technolgies.

grade waste heat-driven PV desalination for producing fresh water from
a hypersaline feed water source. The study indicated that the heat
exchanger cost and pump cost especially for the cooling system was
dominant in the PV desalination plant. Incre the plant capacity
decreased the water production cost, however when the feed stream
concentration increased from 90 g L' to 200 g L' of NaCl (122.2%) at
a plant capacity of 1000 m® day !, the water production cost increased.

Table 4.5

The water cost at different energy costs (this study).
Energy resource Energy cost Water cost

($/MWh) ($/m™)
Waste heat-blast furnace gas (this Free L077
study)

Conventional-coal 62-157 [49] 18.4-44.3
Conventional-gas 3B-75 [49] 11.8-22

This increase is because an increasing NaCl concentration in the feed
stream resulted in a decreasing water flux so that a larger membrane
surface area was required to keep the plant capacity at the same level.
Consequently, the capital cost increased. Comgparing three configura-
tions, i.e., single module, series with two mod#s, and parallel with two
modules at a plant capacity of 5000 m® day~! with 90 g L' NaCl in the
feed stream, the water production cost of a single module is the lowest.
This is because a series and parallel configuration require additional
equipment, i.e., heat exchanger and pump, which gives an increased
capital cost so that the water cost is higher. However, in energy per-
formance, the series configuration gave the lowest thermal energy
compared to the single and parallel configuration, because the series
configuration employs the hot retentate as feed for the next stage, hence
the thermal energy could be reduced. In this study, the proportion of
pump and operating and maintenance costs towards the overall cost of
pervaporation was substantial. The pump for circulating cooling water
to condense the permeate is dominant on the pump cost. Therefore, it is
necessary to investigate other cooling processes that can reduce water
production costs, so that pervaporation becomes more attractive for
desalination of hypersaline water application.
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