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ABSTRACT

This study seeks to evaluate the economic feasibility of membrane distillation (MD) and
reverse osmosis (RO)-MD hybrid system for seawater desalination. A theoretical cost model
was applied to analyze the effects of flux, recovery, membrane properties, and energy price
on RO, MD, and RO-MD hybrid system. The simulation results showed that MD stand-
alone system and RO-MD hybrid system can be cost-competitive compared with RO
systems when the recovery and flux of MD system are higher than those of RO system and
the steam cost is relatively cheap. It is also revealed that the water costs of RO-MD hybrid
system and RO system are same under similar operating conditions, but the water cost of
MD stand-alone system is higher. The effect of thermal energy cost on water cost for MD
and RO-MD systems was also analyzed. Based on these results, guidelines for an analysis
of economic feasibility of MD and RO-MD were suggested.

Keywords: Desalination; Cost; Model; Reverse osmosis; Membrane distillation; Hybrid
system

1. Introduction

Only about 0.5% of the overall global water is
available as fresh water, while seawater accounts for
about 97% of them. Approximately 41% of the world
population live in the arid regions, thus fresh water
shortage is becoming a worldwide problem [1,2].

Accordingly, many countries have pointed out alterna-
tive sources of fresh water. Among them, seawater
desalination has been proved to be a reliable and eco-
nomically sustainable water source [3]. Over the past
few decades, a number of technologies have been
developed, including thermal distillation (multi-stage
flash distillation; MSF, multi-effect distillation; MED,
mechanical vapor pressure compression distillation;
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MVC), membrane separation (reverse osmosis; RO,
nanofiltration; NF), freezing and electrodialysis [4]. Of
particular interest is reverse osmosis (RO), which
becomes a dominant technology [5,6]. In 2009, over
15,000 desalination plants were in operation world-
wide with approximately half of them being RO
plants [7]. Nevertheless, RO technology also has draw-
backs such as high electricity consumption and low
recovery ratio of product water [8].

Recently, membrane distillation (MD) has drawn
attention as a novel technology to overcome the draw-
backs of RO technology. MD is a separation process
using a vapor pressure, which results from the tem-
perature difference between feed and permeate water
[9]. The hydrophobic microporous membrane facili-
tates the transport of water vapor through its pores,
while maintaining vapor–liquid interfaces at the pore
entrance, but it does not participate in the actual sepa-
ration process. MD has several advantages compared
to RO and other desalination processes for the treat-
ment of saline water and wastewater [10–12]. Because
water is transported through the membrane only in a
vapor phase, MD can offer complete rejection of all
non-volatile constituents in the feed solution; thus,
almost 100% rejection of ions, dissolved non-volatile
organics, colloids, and pathogenic micro-organisms
can be achieved via the MD process. But more impor-
tantly, due to the discontinuity of the liquid phase
across the membrane, water flux in MD is not influ-
enced by the osmotic pressure gradient across the
membrane. Consequently, the greatest potential of MD
can be realized through the treatment of highly saline
solutions [10].

Nevertheless, MD is still in its early stage in terms
of commercial applications [13]. Therefore, further
work is still required to bring MD technologies into
practice, including development of new MD mem-
branes, design of optimization systems and develop-
ment of heat exchange systems. In this context, this
study aims to evaluate the economic feasibility of the
MD and RO-MD hybrid system and to propose a
guideline by which MD process might be more price-
competitive in the field. To do this, theoretical analysis
was carried out using a simple cost model to investi-
gate the effects of flux, recovery, membrane, and
energy price on the cost of water production by differ-
ent desalination technologies.

2. Cost model

In order to analyze the effects of major parameters
such as flux, recovery, membrane, and energy cost on
RO, MD, and RO-MD hybrid system, a set of cost

functions were used [14–19]. Based on these cost
function, a theoretical model was developed to
evaluate the economics of RO, MD, and RO-MD
hybrid system.

2.1. RO cost model

The RO system is made of five major parts: The
seawater intake and pre-treatment process, high-pres-
sure pump, booster pump, RO membrane module and
energy recovery device. The capital and operating
costs of the intake and pretreatment are expressed as
follows [17–19].

CCIP ð$Þ ¼ 997ðQIP ðm3=dÞÞ0:8 (1)

OCIP ð$=dÞ ¼ 0:028PIP ðbarÞ QIP ðm3=dÞ DEP ð$=kWhÞ
gIT S

� PLF

(2)

where CC and OC denote the capital cost and operat-
ing cost, respectively. The subscript, IP denotes the
intake and pre-treatment. QIP is the intake and pre-
treatment flow rate, PIP is the pressure of intake and
pretreatment, DEP is the unit electricity price, ηIP is the
efficiency of the intake and pretreatment pump and
PLF is the plant load factor.

The capital and operating costs of high-pressure
pump, booster pump, and energy recovery device are
expressed as follows [17–19].

CCHP ð$Þ ¼ Qf ðm3=dÞð393000þ 10710Pf ;in ðbarÞÞ
30000

(3)

OCHP ð$=dÞ ¼ 0:028Pf ;in ðbarÞ Qf ðm3=dÞ DEP ð$=kWhÞ
gP HP

� PLF

(4)

CCBP ð$Þ

¼ ðQf ðm3=dÞ �Qp ðm3=dÞÞð393000þ 10710Pf ;in ðbarÞÞ
60000

(5)

OCBP ð$=dÞ

¼ 0:028ððPf ;in � Pf ;outÞ ðbarÞÞ gERD ðQf �QpÞ ðm3=dÞ DEP

gP BP

� PLF

(6)
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CCERD ð$Þ

¼ ðQf ðm3=dÞ �Qp ðm3=dÞÞð393000þ 10710Pf ;in ðbarÞÞ
40000

(7)

where subscripts, HP, BP, and ERD denote the high-
pressure pump, booster pump, and energy recovery
device, respectively. Qf is the feed flow rate, Qp is the
permeate flow rate, Pf,in is the inlet pressure of RO
vessel, and Pf,out is the outlet pressure of RO vessel.

Assuming that the capital cost of the membrane
module is linear to the membrane area, the annualized
capital cost of the membrane is calculated by the
following [20]:

CCMem ð$Þ ¼ AreaMem Cmem ð$=m2Þ (8)

where subscripts, Mem denote the membrane, Aream
is the total membrane area, and CMem is the unit
membrane cost.

The total capital cost is composed of the direct cap-
ital cost and the indirect capital cost. The direct capital
cost is the sum of the cost for plant equipment and
the cost for site development, which is set at 20% of
[17]. The indirect capital cost is set at 30% of the direct
capital cost [17]. The annualized capital cost is
calculated using Chauvel [21]. The total and annual
capital costs of RO process are expressed as follows
[17–19,21]:

CCEquipment ð$Þ ¼ CCIP þ CCHP þ CCBP þ CCERD

þ CCMem RO CCMem (9)

CCSite ð$Þ ¼ CCEquipment � 0:2 (10)

DCCRO ð$Þ ¼ CCEquipment þ CCSite (11)

ICCRO ð$Þ ¼ DCCRO � 0:3 (12)

TCCRO ð$Þ ¼ DCCRO þ ICCRO (13)

ACCRO ð$=yÞ ¼ TCCRO
ið1þ iÞn

ð1þ iÞn � 1
(14)

where DCCRO is the direct capital cost, ICCRO is the
indirect capital cost, TCCRO is the total capital cost,
ACCRO is the annual capital cost, i is the interest rate,
and n is the plant lifetime.

The annual operating cost is composed of the
annual power cost, annual membrane replacement
cost and other cost (e.g. labor, chemicals, and

maintenance). The annual operating costs of RO
process are expressed as follows [17–19].

OCPower ð$=yÞ ¼ ðOCIP þOCHP þOCBPÞ � 365 (15)

OCMR ð$=yÞ ¼ CCMem � 0:2 (16)

OCetc ð$=yÞ ¼ AOCRO � 0:3 (17)

AOCRO ð$=yÞ ¼ OCpower þOCMR þOCetc (18)

where OCPower is the annual power cost, OCMR is the
annual membrane replacement cost, and OCetc is the
other cost.

Finally, the water cost of RO process is calculated
as follows:

WCRO ð$=m3Þ ¼ ðACCRO þAOCROÞ=ð365 � Qp

� PLFÞ (19)

2.2. MD cost model

MD process has four different configurations,
including direct contact MD, air gap MD, sweeping
gas MD, and vacuum MD (VMD). Among them, the
VMD configuration was selected. In VMD, vacuum is
applied in the permeate side of the membrane module
by means of vacuum pump. As vacuum is applied on
the permeate side, the distillate production rate
increased and thermal energy loss is reduced [10].

The VMD system is made of five major parts: the
seawater intake and pre-treatment process, vacuum
pressure pump, feed pump, VMD membrane module,
and heat exchanger. The capital and operating costs of
the intake and pretreatment are expressed as follows
[17–19].

CCIP ð$Þ ¼ 997ðQIP ðm3=dÞÞ0:8 (20)

OCIP ð$=dÞ ¼ 0:028PIP ðbarÞ QIP ðm3=dÞ DEP ð$=kWhÞ
gIT S

� PLF

(21)

The capital and operating costs of vacuum pressure
pump, feed pump, and heat exchanger are expressed
as follows [17–19,22].

CCVP ð$Þ ¼ Qf ðm3=dÞð393000þ 10710ÞÞ
12000PVP ðmbarÞ (22)
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OCVP ð$=dÞ ¼ 1:0
kWh

m3

� �
Qp ðm3=dÞ DEP ð$=kWhÞ

� PLF

(23)

CCFP ð$Þ ¼ 4:78 � 10�6 � Qf ðm3=dÞ � 120000

(24)

OCFP ð$=dÞ ¼ 0:028ðPf ;in ðbarÞÞ ðQf ðm3=dÞÞ DEP

gFP
� PLF (25)

CCHX ð$Þ ¼ 1000 � AreaHX (26)

where subscripts, VP, FP, HX denote the vacuum
pressure pump, feed pump, and heat exchanger, PVP

is the vacuum pressure of VMD vessel and AreaHX is
the total heat-exchanger area.

Assuming that the capital cost of the membrane
module is linear to the membrane area, the annualized
capital cost of the membrane is calculated by the
following same as RO membrane module [20]:

CCMem ð$Þ ¼ AreaMem Cmem ð$=m2Þ (27)

The total and annual capital costs of VMD system are
expressed as follows:

CCEquipment ð$Þ ¼ CCIP þ CCVP þ CCFP þ CCHX þ CCMem

(28)

CCSite ð$Þ ¼ CCEquipment � 0:2 (29)

DCCMD ð$Þ ¼ CCEquipment þ CCSite (30)

ICCMD ð$Þ ¼ DCCRO � 0:3 (31)

TCCMD ð$Þ ¼ DCCMD þ ICCMD (32)

ACCMD ð$=yÞ ¼ TCCMD
ið1þ iÞn

ð1þ iÞn � 1
(33)

The annual operating costs of VMD system are
expressed as follows:

OCSteam ð$=dÞ ¼ ðSteam ðkg=dayÞ � CSteam ð$=kgÞÞ
(34)

OCPower ð$=yÞ ¼ ðOCIP þOCVP þOCFP þOCSteamÞ
� 365

(35)

OCMR ð$=yÞ ¼ CCMem � 0:2 (36)

OCetc ð$=yÞ ¼ AOCMD � 0:3 (37)

AOCMD ð$=yÞ ¼ OCpower þOCMR þOCetc (38)

where OCSteam is the daily steam cost and CSteam is
the unit steam cost.

Finally, the water cost of VMD system is as
follows:

WCMD ð$=m3Þ ¼ ðACCMD þAOCMDÞ=ð365 � Qp

� PLFÞ
(39)

3. Results and discussion

The economics of seawater desalination were theo-
retically evaluated for the following three systems:

(1) RO stand-alone system (water production
capacity of 50,000 m3/d).

(2) MD stand-alone system (water production
capacity of 50,000 m3/d).

(3) RO-MD hybrid system (water production
capacity of 50,000 m3/d).

In the RO-MD hybrid system, the RO brine is trea-
ted by the MD system to increase overall system
recovery ratio. Model parameters and operating condi-
tions used in this analysis are summarized in Table 1.

Table 2 shows calculation results for a RO plant
using the parameters and operating conditions in
Table 1. For this calculation, the permeate flux, feed
pressure, and recovery were set to 12 LMH, 55.0 bar,
and 40%, respectively, as shown in Table 1. The recov-
ery and pressure of intake and pretreatment were set
to 90% and 5.0 bar, respectively.

As a result of the calculations, the water cost of
RO system was found to be 0.75 $/m3. The cost of the
RO plant construction was 43% from the total water
cost shown as Fig. 1. The cost of energy, membrane
replacement, labor and chemical, filters, and
miscellaneous items(C.F.M) of the RO plant construc-
tion was 27, 13, 11, and 6%, respectively, from the
total water cost.

The two methods were used to performed eco-
nomic evaluation for 50,000 m3/d MD and RO-MD
hybrid desalination systems. The recovery, flux, steam
cost, and membrane cost of MD system were deter-
mined as most important factors to influence to water
cost. In the first method, the recovery and flux of MD
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system were adjusted, while the other factors includ-
ing steam cost and membrane cost of MD system were
fixed. The recovery changed from 20 to 60% and the
permeate flux changed from 10 to 30 LMH. The steam
cost and membrane cost was set to 1 $/ton and 50
$/m2, respectively. The other model parameters and
operating conditions were listed in Table 1.

On the other hand, in the second method, the
steam cost and membrane cost were adjusted and the
other factors including recovery and permeate flux
were fixed. The steam cost changed from 1 to 5 $/ton
and the membrane cost changed from 30 to 100 $/m2.
The recovery and permeate flux was set to 40% and
12 LMH, respectively, same as RO system. In both
cases, the permeate flux was not coupled with operat-
ing temperature in MD system and depended on the
membrane properties.

In MD system, flux and recovery are two main
operating parameters that determine the process per-
formance. Accordingly, the effect of these parameters
on water cost of MD was investigated as shown in
Fig. 2. The water cost of MD system was estimated to
vary from 0.6 to 1.5 $/m3, by the changes in the per-
meate flux and recovery. The water cost of MD system
decreases with increasing recovery and permeate flux
due to decreasing the requirement of large capacity
intake and pretreatment, thermal energy, and the
required membrane area. Especially, decreasing recov-
ery from 60 to 20% significantly affects the water cost.

Table 1
Process parameters and operating conditions

Parameter Value Parameter Value

RO MD
Membrane area 40 m2 Membrane area 20 m2

Permeate flux 12 LMH Permeate flux 10–30 LMH
Feed pressure 55.0 bar Feed pressure 1.0 bar
Recovery 40% Recovery 20–60%
Feed TDS 35,000 mg/L Feed TDS 35,000 mg/L

Efficiency Efficiency
Intake & pretreatment pump 80% Intake & pretreatment pump 80%
High-pressure pump 75% Vacuum pump –
Booster pump 80% Feed pump 80%
Energy recovery device 90% Heat exchanger 90%

Cost Cost
Electricity bill 0.08 $/kWh Electricity bill 0.08 $/kWh
Membrane cost 50 $/m2 Membrane cost 30–100 $/m2

Plant load factor 0.91 Steam cost 0–5 $/ton
Plant load factor 0.91

Interest rate 0.08 Interest rate 0.08
Plant life 20 years Plant life 20 years

Table 2
Calculation results for a 50,000 m3/d RO system

Energy consumption
Intake and pretreatment 1,004 kW
High-pressure pump 4,242 kW
Booster pump 468 kW
Specific energy 2.74 kWh/m3

Capital cost
Intake and pretreatment 10,222,097 $
High-pressure pump 11,784,600 $
Booster pump 3,074,683 $
Energy recovery device 3,375,325 $
Membrane 8,694,000 $
Site 7,430,140 $
Direct capital cost 44,580,845 $
Indirect capital cost 13,374,253 $
Capital cost 57,955,099 $
Annual capital cost 5,902,854 $/year

Operating cost
Power cost 3,604,557 $/year
Membrane replacement 1,738,800 $/year
Chemicals, filters, and

miscellaneous items
763,337 $/year

Labor 1,526,673 $/year
Annual operating cot 7,633,400 $/year

Water cost
Water cost 0.75 $/m3
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Considering the fact that the water cost of RO system
was calculated as 0.75 $/m3, the permeate flux and
recovery should exceed 12 LMH and 45%, respec-
tively, to make the water cost of MD system cheaper
than that of RO system.

In addition to water cost, the annual capital cost
was considered at different permeate flux and recov-
ery in Figs. 3 and 4. The overall trend of the annual
capital cost and operating cost contours are same as
that of water cost. The recovery is inversely propor-
tional to capital and operating costs of intake and pre-
treatment process, vacuum pressure pump, feed
pump, and steam cost. The permeate flux is also

inversely proportional to membrane cost and mem-
brane replacement cost.

At the same recovery (40%) and permeate flux
(12 LMH) conditions to RO, the capital cost of MD
system decreased down to approximately 24% since
the sum of the capital cost of high-pressure pump,
booster pump, and ERD are higher than the sum of
the capital cost of vacuum pressure pump, feed pump,
and heat exchanger under these simulation conditions.
However, the operating cost increased to approxi-
mately 60%, since the energy cost of MD system is
much higher than that of RO process.

Fig. 5 illustrates contours of gained output ratio
(GOR) of MD system at different permeate flux and
recovery. The GOR is a measure of how much thermal
energy is consumed in a desalination system [22]. The
simplest definition is as follows; amount of product
water/amount of used stream. Typically, the value of
GOR ranges from 1.0 to 10. Higher GOR systems con-
sume less energy, therefore, have lower operating
costs. The GOR of MD system was estimated to range
from 2.0 to 5.5, by changing the permeate flux and
recovery. In addition, the GOR of MD system
increases with increasing the recovery of the product
water. According to the simulation results, the GOR
was found to be related to the recovery.

The contours of the power cost of MD plant at dif-
ferent permeate flux and recovery are shown in Fig. 6.
The power cost of MD plant significantly decreases by
increasing recovery from 20 to 60%. In fact, the power
cost of MD system is calculated from the sum of
energy consumption of intake and pretreatment,
vacuum pump, feed pump, and heat energy (steam).

Fig. 1. Percent of water cost of 50,000 m3/d RO plant.

Fig. 2. Contours of water cost ($/m3) of MD system at dif-
ferent permeate flux and recovery.

Fig. 3. Contours of annual capital cost ($/year) of MD sys-
tem at different permeate flux and recovery.
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In this study, operating pressure of intake and pre-
treatment and feed pump were set to 5.0 and 1.0 bar,
respectively. In addition, the energy consumption of
vacuum pump was assumed to 1.0 kWh/m3. Accord-
ingly, the power cost of MD system decreases consid-
erably with increasing recovery since the amount of
feed water to be heated is reduced.

In VMD system, thermal energy is provided in the
form of steam, which has the latent heat. Accordingly,
the steam cost is one of the important factor affecting
the water cost of MD system. Fig. 7 shows contours of

water cost of MD plant at different membrane and
steam cost. As expected, the water cost of MD system
is sensitive to the steam cost. The water cost of MD
plant was found to range from 0.4 to 2.4 $/m3, with
the changes in the steam cost and the membrane cost.
Based on the simulation results, the membrane and
steam cost should not exceed 0.5 $/ton 70 $/m2,
respectively, to make the MD system more cost-com-
petitive than the RO system,

The dependence of annual capital cost and annual
operating cost of MD system on membrane and steam

Fig. 4. Contours of annual operating cost ($/year) of MD
system at different permeate flux and recovery.

Fig. 5. Contours of GOR of MD system at different perme-
ate flux and recovery.

Fig. 6. Contours of power cost ($/year) of MD system at
different permeate flux and recovery.

Fig. 7. Contours of water cost ($/m3) of MD system at dif-
ferent membrane and steam cost.

24668 Y.-J. Choi et al. / Desalination and Water Treatment 57 (2016) 24662–24673



cost is demonstrated as contour plots in Figs. 8 and 9.
The annual capital cost is directly proportional to
membrane cost, but the steam cost has no direct effect
on the capital cost. The trend of the operating cost
contours is same as water cost contours. Annual capi-
tal cost is inversely proportional to membrane and
steam cost. Under the same conditions, the operating
cost is higher than capital cost due to consumption of
significant amount of thermal energy.

The contours of power cost of MD plant as a func-
tion of membrane and steam cost are shown in

Fig. 10. As mentioned above, the power cost is consid-
ered to be the sum of energy consumption of intake
and pretreatment, vacuum pump, feed pump, and
heat energy (steam). The power cost is not affected by
the membrane cost. The power cost of MD system
increases significantly with increasing steam cost. The
power cost of MD system increases from 2,174,000 to
25,429,000 $/year with an increase in steam cost from
0 to 5 $/ton.

The water cost of RO-MD hybrid system is
compared with that of the stand-alone MD system. The

Fig. 8. Contours of annual capital cost ($/year) of MD sys-
tem at different membrane and steam cost.

Fig. 9. Contours of annual operating cost ($/year) of MD
system at different membrane and steam cost.

Fig. 10. Contours of annual power cost ($/year) of MD
system at different membrane and steam cost.

Fig. 11. Contours of water cost ($/m3) of RO-MD hybrid
plant at different permeate flux and recovery.
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results are shown in Fig. 11, which showed water cost
of RO-MD hybrid system under different permeate flux
and recovery of MD system. In this calculation, the
permeate flux, feed pressure and recovery of RO pro-
cess were set to 12 LMH, 55.0 bar, and 40%, respec-
tively. Moreover, the recovery of MD process changed
from 20 to 60% and the permeate flux changed from 10
to 30 LMH. The steam cost and membrane cost were set
to 1 $/ton and 50 $/m2, respectively. The simulation
results showed that the water cost of RO-MD hybrid
system ranges from 0.65 to 0.85 $/m3 with the changes
in the permeate flux and recovery of MD system. The
water cost decreases with increasing recovery and

permeate flux of MD system due to the reduction in the
capacity of intake and pretreatment, thermal energy,
and the required membrane area.

The changes in the feed flow rate, RO permeate,
and MD permeate are shown as a function of MD
recovery in Fig. 12. The feed flow rate and RO perme-
ate decrease as the MD recovery increases. To
decrease the water cost for the RO-MD hybrid system
lower than that of RO system, the permeate flux and
recovery of MD should exceed 10 LMH and 35%,
respectively, under these simulation conditions. The
calculation results show that the RO-MD hybrid sys-
tem allows lower water cost than MD plant in the
similar operating conditions. This is attributed to the
fact that the recovery of hybrid plant is higher than
that of MD plant. In fact, the recovery of hybrid plant
increases from 52 to 76% with increasing MD recovery
ranging from 20 to 60%.

Figs. 13 and 14 show contours of annual capital
cost and annual operating cost of RO-MD hybrid sys-
tem at different permeate flux and recovery of MD
system, respectively. The trend of the annual capital
cost and operating cost contours is same as the con-
tours for water cost. The recovery is inversely propor-
tional to capital and operating cost of intake and
pre-treatment process, vacuum pressure pump, and
feed pump. Moreover, the permeate flux is inversely
proportional to membrane cost and membrane
replacement cost. At the same recovery (40%) and per-
meate flux (12 LMH) conditions to RO and MD, the
capital cost of RO-MD hybrid plant decreased by
approximately 15% because the recovery of the hybrid

Fig. 12. Dependence of feed flow rate, RO permeate, and
MD permeate on MD recovery in RO-MD hybrid system.

Fig. 13. Contours of annual capital cost ($/year) of RO-MD
hybrid system at different permeate flux and recovery.

Fig. 14. Contours of annual operating cost ($/year) of RO-
MD hybrid system at different permeate flux and recov-
ery.
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plant was 64% under the given conditions. But the
operating cost increased to approximately 20% since
the power cost of MD system is higher than that of
RO system.

In Fig. 15, the power cost of RO-MD hybrid system
is shown at different permeate flux and recovery.
Compared with the results in Fig. 6, which is for the
stand-alone MD system, the dependence of power cost
on recovery is less significant in RO-MD hybrid sys-
tem. According to the simulation results, the power

cost in RO-MD hybrid system is reduced by 30% with
an increase in recovery from 20 to 60%.

Fig. 16 shows contours of water cost of RO-MD
hybrid system at different membrane and steam cost.
As expected, the water cost of RO-MD hybrid system
was sensitive to the membrane and steam cost. The
water cost of RO-MD hybrid system was estimated
between 0.6 and 1.4 $/m3, with the changes in the
steam cost and membrane cost. In addition, the
water cost of RO-MD hybrid system is lower than that

Fig. 15. Contours of annual power cost ($/year) of RO-MD
hybrid system at different permeate flux and recovery.

Fig. 16. Contours of water cost ($/m3) of RO-MD hybrid
system at different membrane cost and steam cost.

Fig. 17. Contours of annual capital cost ($/year) of RO-MD
hybrid system at different membrane cost and steam cost.

Fig. 18. Contours of annual operating cost ($/year) of
RO-MD hybrid system at different membrane cost and
steam cost.
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of stand-alone MD system in the same simulation
conditions. Moreover, the steam cost had less signifi-
cant effect on the hybrid system than stand-alone MD
system. To make the water cost of RO-MD hybrid sys-
tem cheaper than that of the RO system, the mem-
brane and steam cost should not exceed 1 $/ton 90
$/m2, respectively.

The annual capital cost and annual operating cost
of RO-MD hybrid system are analyzed at different

membrane and steam cost. It is evident from Fig. 17
that the annual capital cost only depends on the mem-
brane cost. On the other hand, the annual operating
cost affected both membrane cost and steam cost as
shown in Fig. 18. Under the same conditions, the
operating cost is much higher than capital cost due to
the consumption of large amount of thermal energy.

Fig. 19 shows the power cost of SWRO-MD
hybrid system at different membrane and steam
cost. The power cost of hybrid system increases sig-
nificantly with increasing steam cost. The power cost
of hybrid system increases from 3,000,000 to
11,000,000 $/year with an increase in steam cost
from 0 to 5 $/ton. However, the power cost of RO-
MD hybrid system is still much lower than that of
stand-alone MD system.

Table 3 shows the summary of the economic evalu-
ation of 50,000 m3/d RO, MD, and RO-MD hybrid
plant under similar conditions. The flux and recovery
of RO and MD were set to 12 LMH and 40% equally.
The membrane cost of RO and MD was set to 50 $/m2

and the steam cost was set to 1 $/ton. In this case, the
water cost of RO-MD hybrid system is equal to the
water cost of RO system. On the other hand, the water
cost of MD is higher than that of RO system. Never-
theless, both MD and RO-MD hybrid system may
have cost-competiveness when the steam cost is
reduced. If renewable energy or waste heat from
industrial process can be used, the steam cost may be
lowered. This will lead to reduction in water cost for
MD and RO-MD hybrid system.

Fig. 19. Contours of annual power cost ($/year) of RO-MD
hybrid system at different membrane cost and steam cost.

Table 3
Comparison of calculation results of RO, MD, and RO-MD hybrid plant

RO MD RO-MD

Energy consumption
Electric energy 5,714 kW 3,248 kW 3,572 kW
Thermal energy – 331,600 kW 113,000 kW

Capital cost
Direct capital cost 44,580,800 $ 33,603,000 $ 38,000,000 $
Indirect capital cost 13,374,200 $ 10,082,000 $ 11,300,000 $
Capital cost 57,955,000 $ 43,685,000 $ 49,300,000 $
Annual capital cost 5,903,000 $/y 4,450,000 $/y 5,020,000 $/y

Operating cost
Power cost 3,604,557 $/y 6,825,000 $/y 4,430,000 $/y
Annual operating cot 7,633,400 $/y 12,230,000 $/y 8,600,000 $/y

Water cost
Water cost 0.75 $/m3 0.91 $/m3 0.75 $/m3
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4. Conclusions

This study undertook evaluations of the economic
feasibility of RO, MD, and RO-MD hybrid systems to
propose guidelines for the MD having price competi-
tiveness. The following conclusions can be drawn
from this work:

(1) The theoretical model was successfully applied
to estimate the economics of three different
desalination systems including RO system, MD
system, and RO-MD system. The model
allowed the calculation of water cost as a func-
tion of permeate flux, recovery, membrane
cost, and steam cost for these systems.

(2) MD and RO-MD hybrid systems can have
economic feasibility compared with RO sys-
tem when the recovery and flux of MD is
higher than RO and the steam cost is
inexpensive.

(3) Under similar conditions, the water costs of
RO-MD hybrid and RO system were calculated
to be almost same. However, the water cost of
MD system is higher than that of RO-MD
hybrid and RO systems. If the steam cost
becomes cheaper, the MD system can also have
economic feasibility. In other word, the most
important fact affecting the economics of MD
system and RO-MD hybrid system is the cost
of thermal energy source.
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optimization of RO desalination plants, Desalination
222 (2008) 96–118.

[20] F. Maskan, D.E. Wiley, L.P.M. Johnston, D.J. Clements,
Optimal design of reverse osmosis module networks,
AIChE J. 46(6) (2004) 946–954.

[21] L. Yan-Yue, H. Yang-Dong, X.-L. Zhang, W. Lian-Ying,
Q.-Z. Liu, Optimum design of reverse osmosis system
under different feed concentration and product specifi-
cation, J. Membr. Sci. 287 (2007) 219–229.

[22] S. Al-Obaidania, E. Curcio, F. Macedonio, G. Di
Profio, H. Al-Hinai, E. Drioli, Potential of membrane
distillation in seawater desalination: Thermal effi-
ciency, sensitivity study and cost estimation, J.
Membr. Sci. 323 (2008) 85–98.

Y.-J. Choi et al. / Desalination and Water Treatment 57 (2016) 24662–24673 24673




