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H I G H L I G H T S

• Exhaust flue gas of power plant boiler is used as heat source in LT-MED system.

• Three schemes are proposed to utilize low grade heat of power plant.

• Effect of extraction steam load variation on the thermal power plant is analyzed.

• Water-power cogeneration systems are economically analyzed.

A R T I C L E I N F O

Keywords:
Power boiler
Low grade heat utilization
Seawater desalination
Multi-effect distillation

A B S T R A C T

In order to reduce the energy consumption of low temperature multi-effect distillation (LT-MED), three schemes
were proposed to utilize the low-grade heat of thermal power unit. The LT-MED system was combined with the
thermal power unit by abolishing gas–gas heater (GGH) to recover the waste heat of flue gas and utilize the
recirculating seawater of steam turbine condenser. Physico- mathematical models were established, with which
the fresh water production performance of each scheme was investigated. Comparing with the reference six-
effect TVC- MED system, the coal consumption rate of power generation dropped by 6.05 g/kWh for a 600MW
power generating unit, as well as thousand tons fresh water production could be obtained by using the flue gas as
the heat resource of the first effect. Economic analysis results showed that reduce the amount of extraction steam
from the turbine can significantly reduce water production cost. From the viewpoint of coal consumption rate,
the combination of exhaust flue gas with the LT-MED system was better than that of heating condensed water.
The gained output ratio (GOR) can be effectively enhanced up to 12.79.

1. Introduction

Seawater desalination has been becoming an important way to re-
lieve the threat from water shortages all over the world. At present,
seawater desalination devices in the world can produce fresh water
nearly 1Mm3 a day, among which, reverse osmosis (RO) and low
temperature multi-effect distillation (LT-MED) are the main desalina-
tion techniques [1]. Due to the top brine temperature (TBT) of early
multi-effect distillation (MED) was about 100 °C, salt was easy to pre-
cipitate on the surface of the heat exchanger, which led to severe
fouling problems. Compared with multi-stage flash distillation (MSF),
MED has become uncompetitive in desalination industry in the past.
Recently, the top brine temperature of LT-MED can be declined lower
than 70 °C, which not only effectively solves the problems of scale and
corrosion, but also simplifies the pretreatment of seawater and

improves the purity of fresh water. Hence, a rapid progress has been
witnessed for LT-MED technique in the market of seawater desalination
in recent years [2]. Numerous researches have been invested to de-
crease the energy consumption of the LT-MED process. The thermal
vapor compressor (TVC) has to be combined with LT-MED because of
its simple mechanical structure and its ability to make use of high grade
energy of extracting source steam [3–5]. A number of papers have been
presented in the literature regarding mathematical models and para-
meters analysis of MED with or without TVC [6–8]. The simulation
results have shown a good agreement with realistic design data and
operations.

The research of thermal desalination methods, especially for LT-
MED, mainly focuses on the heat transfer and fouling characteristics
within the heat exchanger [9], thermodynamic and thermoeconomic
study of integrated desalination [10], and new system coupling
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approach with renewable or waste heat source [11–13]. In the various
combination of different desalination methods, Shahzad et al. presented
experiments of an LT-MED and LT-MEDAD plants. It is observed that
the hybrid system not only improves the performance ratio but also
minimizes fouling and scaling on the tube surfaces [14]. Mokhtari et al.
designed and analyzed a “Gas turbine+Multi effect desalina-
tion+Reverse Osmosis” system. The result showed that more fresh
water could be derived from the whole system [15]. MSF-MED system
has been demonstrated to be around 40%-50% better than the con-
ventional MED process by Rahimi et al. [16]. Among different types of
renewable energy, solar energy is one of the most important ways to
integrate with desalination plant [17,18]. Many geothermal sources
were also considered to be the heat sources of thermal desalination
system [19]. Bundschuh et al. suggested that geothermal option is su-
perior to the solar option to integrate with thermal-based desalination
because it provided a constant heat source in contrast to solar [20]. The

waste heat from solid fuel or hot water as the heat source of thermal
desalination is another research filed. Maheswari et al. conducted an
experiment to utilize the wasted heat in exhaust flue gas of an internal
combustion engine for desalination. The overall efficiency of the system
was enhanced and about 3.0 l/h of saline water could be desalinated by
utilizing the waste heat [21]. Zhang et al. installed and tested an LT-
MED system which powered by the cooling water of diesel power
generator and the system was well predicted by the thermodynamic
model [22].

Large scale desalination is an energy intensive process and the en-
ergy consumption is the dominant part of fresh water cost. The im-
portant advantage of LT-MED is that low grade heat can be used as the
heat source because its top brine temperature is less than 70 °C.
Meanwhile, thermal power generation is the most efficient utilization
pattern of fossil fuels. Nevertheless, significant portions of the energy
during power generation process is discharged into the environment in

Nomenclature

A heat transfer area, m2

B coal consumption, t/h
Bo boiling number
BPE boiling point elevation, °C
Cannual water production cost, $ m3

CAt total heat transfer area cost, $
Ccap annualized capital cost, $ year
CCAP total capital cost, $
Cchem chemical cost, $ m3

Cco construction cost, $
Cd direct capital cost, $
Celec electrical power cost, $ kWh
Cem contingency cost, $
Ceq equipment cost, $
Cfr freight cost, $
Ci indirect capital cost, $
Cins annual insurance cost, $ year
Clab annual labor cost, $ year
Cland land cost, $
Cmain maintenance cost, $ m3

Cop annualized operational cost, $ year
Cow owner cost, $
Cp specific heat at constant pressure, kJ (kg·K)
Csd site development cost, $
Csteam motive steam cost, $ ton
Co convection number
CR concentration ratio of seawater
D distillate production rate, m day3 or Diameter, m
De equivalent diameter, m
f plant load factor
G mass flux, kg (m ·s)2

GOR gain output ratio, kg kg
h enthalpy, kJ kg or Convective heat transfer coefficient,
W (m ·K)2

i interest rate
k heat conductivity, W (m·K)
LTMD logarithmic heat transfer coefficient, °C
M mass flow rate, kg/s
NEA non-equilibrium allowance
n number of years
P turbine power or pressure, MW or Pa
PCF pressure correction factor
PR performance ratio
Q heat transfer rate, kW
q heat flux, W m2

Rα entrainment ratio
Rfi fouling resistance inside tube, (m ·K) W2

Rfo fouling resistance outside tube, (m ·K) W2

Rel liquid Reynolds number
Sf spacing of fins, m
S1 windward tube spacing, m
S2 tube spacing along wind direction, m
T temperature, °C
TCF temperature correction factor
U overall heat transfer coefficient, kW (m ·K)2

waux auxiliary power demand, kWh m3

X salinity, %
x dryness fraction
Z amortization factor

Subscripts

b brine
c cold side or Condensing
c4 extracting steam of forth section
ce exhaust condensed water from first effect
cq extracting steam
cw cooling water
d distillate
ev entrained vapor
f feed water
h heating medium
i serial number of evaporator or The inside of tube
in inlet
m compressed vapor
MED traditional MED-TVC system
mod proposed modified system
n number of evaporators
o outlet or The outside of tube
pq exhaust steam from turbine
s steam
v secondary vapor
w condensate water
y flue gas

Greek symbols

δf fin thickness, m
λ latent heat, kJ/kg
μ dynamic viscosity, Pa·s
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the form of low grade waste heat. It has been demonstrated that the
waste heat of power plant can be complementary to the energy demand
of thermal seawater desalination. Cogeneration of water and electricity
can improve the energy utilization efficiency from the present 40% to
more than 60% [23]. However, restricted by design and operation
parameters of the steam turbine in a power plant, the steam tempera-
ture extracted from a typical 300MW or larger capacity power gen-
erating unit is always above 320 °C, which causes a lot of high grade
energy loss in the desalination process when it is used as the heat source
of LT-MED system.

To avoid the waste of high-grade heat from the steam turbine, three
different integrations that utilize flue gas to evaporate or preheat sea-
water are proposed in the present study. Based on the thermodynamic
models, Engineering Equation Solver (EES) and Ebsilon software are
adopted to analyze the maximum freshwater productivity and the effect
on the performance of power plant. Through economic analysis, the
water production costs of different water-electricity cogeneration
models were compared. As a comparison, the effect of the extracting
steam amount of the coal consumption rate is analyzed under the
condition that the extracting steam from steam turbine is used as the
heat source of LT-MED, which is the traditional and present common
approach of integration between seawater desalination and thermal
power generation.

2. System description and physical model

The LT-MED process can be configured as forward, backward, or
parallel feed, which differs in the directions of the heat source and the
seawater. In the parallel flow layout, the pressure and temperature
decrease in the vapor flow direction. The feed brine is divided into two
shares after preheating in the condenser. As shown in Fig. 1, one is the
cooling water of turbine condenser and ejected back to sea. The other is
fed into individual effects equally as feed brine. Seawater enters in the
first effect is heated to the boiling point by source steam. Only a portion
of the seawater can be evaporated, the concentrated saltwater, in-
dicated as feed brine of the next effect in Fig. 1, is fed into the second
effect, where it flashes and mixes with the feed seawater. The vapor
produced in the first effect is condensed after heating seawater in the
second effect. The condensed water flows through a flash tank to pro-
duce more steam enter into the third effect. This process is repeated till
the last effect. Due to the pressure in each effect is lower than the

previous one, the main advantage of parallel flow is the simplicity
without pump between effects.

In forward feed, seawater and the heat source flow concurrently
from the high temperature to the low temperature effect. Seawater
enters the first effect, becomes partially evaporated, and flows to the
next effect. The advantage is the absence of pumps for ejecting brine
from the effects and the disadvantage is that all the feed has to be
heated to the top boiling temperature.

Backward feed refers to that steam vapor and seawater flow in the
opposite direction. Seawater is introduced into the last effect which has
the lowest temperature and pressure within the system. The brine flows
through successive effects towards the first effect by pump because of
the increase of pressure and temperature across the effects, thus,
causing serious system fouling because the highest temperature and
salinity are found in the first effect. Backward feed also tends to in-
crease the complexity and operational power consumption of the
system because it requires pumps between effects [24].

With consideration of the three different configurations, research
has shown that parallel/cross flow has higher GOR and better perfor-
mance characteristics than the other two feed configurations [8].
Therefore, a physical model of parallel/cross flow is adopted in this
study.

As an example of the parallel feed LT-MED system and a contrast of
the present proposal, a schematic diagram of six effects LT-MED with
TVC is shown in Fig. 1, in which the low pressure vapor of TVC is
induced from the fourth effect.

In addition to the steam turbine, exhaust flue gas of the boiler in
thermal power unit can also provide multiple-grade waste heats. At
present, main uses of the waste heat of flue gas are preheating air,
preheating and drying fuels, and heating condensate [25,26]. In order
to improve the efficiency of power generating unit, the low temperature
flue gas of the boiler between induced draft fan and desulfurization
tower was usually utilized by the following two patterns. The first one is
to heat the net gas by using flue gas heat exchanger (GGH). But it’s
prone to be heavy congestion [27], which results in flue gas desulfur-
ization (FGD) system shutdown and problem such as water consump-
tion increases. The other one is to heat condensed water by using the
low temperature economizer [25]. At present, there are lots of power
generating units without GGH that adopt wet chimneys to discharge
flue gas. Investigations have shown that the method will not increase
the local ground concentration of NOx significantly [28]. Hence it’s

Fig. 1. Schematic diagram of six effects LT-MED system with TVC.
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completely feasible to cancel GGH after the installation of denitration
unit, which makes it is possible using the waste heat of exhaust flue gas
as the heat source in LT-MED system. With the recovery of the heat of
exhaust flue gas before flue gas desulfurizer, the extracted steam from
the turbine that used as the heat source of desalination can be replaced
and more output of power can be obtained. In some coal fired power
plant, the cold source of the steam turbine condenser is circulating
seawater. By using this part of seawater, the inlet temperature of de-
salination can be increased.

Based on the above analysis, in order to utilize the low grade heat of
the power generating unit, three LT-MED schemes are proposed, which
are indicated as Scheme 1, Scheme 2 and Scheme 3. The schematic
diagram of scheme 1 and 2 is shown in Fig. 2, and the schematic dia-
gram of scheme 3 is shown in Fig. 3.

Scheme 1: Use the exhaust flue gas as the heat source of the first
effect of MED system. The parallel feed flow into the evaporator of
each effect is preheated by the second vapor generated from the last
effect.
Scheme 2: Use the exhaust flue gas as the heat source of the first
effect of the MED system. Part of circulating seawater of the steam
turbine condenser parallel flows into each effect as feed brine
having been preheated by the second vapor generated from the last
effect.
Scheme 3: Use the extracting steam from the turbine as the heat
source of the first effect. The feed brine is sent into effects having
been preheated by second vapor from the last effect, the condensed
water of the first effect and exhaust flue gas successively.

3. Mathematical model

The following assumptions are adopted for analysis simplification
and accuracy.

(1) The properties of seawater are the function of temperature and
concentration.

(2) The properties of the produced fresh water and second vapor are
the functions of temperature.

(3) The salinity of the produced fresh water is ignored.
(4) The steam condensation loss and flow friction loss in MED system

are ignored.
(5) The temperature of flue gas exhausted from the desalination system

is assumed constant at 85 °C.
(6) The material for evaporator is assumed as the Cu/Ni 90/10 alloy

(180 $ m2).

3.1. Thermodynamic analysis

The thermodynamic mathematical models of the proposed system
are listed in Table 1, including that of mass conservation, salt balance
and energy balance for individual components, including that of eva-
porators, condenser, and ejector. The corresponding thermodynamic
losses are listed in Table 2.

For the first effect, the mass conservation, salt balance, and energy
balance are expressed as Eqs. (1), (3), (5) respectively. And for other
effects, due to the brine of prior flows into the latter one to flash, the
balance equations are expressed as Eqs. (2), (4), (6). The Q in Eq. (5)
can be Qy and M λs s when the heat medium is the exhaust flue gas or the
extracting steam of turbine.

The Q in Eq. (7) is the heat transfer quantity in the condenser, which
can be the released heat by vapor from last effect, M λd n v n( ) ( ) , flue gas
heat capacity,Qy, or the heat released by condensed water of first effect,

−M C T T( )s p s ce .
For the steam driven MED systems, the performance is evaluated by

the standard gain output ratio, GOR, which is the ratio of the distillate
production to the steam input, as expressed by Eq. (12). For the sensible
heat source system, the performance ratio, PR, is far more general,
where the amount of energy used for the evaporation of fresh water is
compared against the initial energy input as Eq. (13). In Eq. (13), mh is
the mass flow rate of the heating medium, hΔ i is the specific enthalpy
difference released by the heat source, and hΔ ref is the specific reference
enthalpy of the distillate, =hΔ 2336 kJ/kgref [30].

The heat exchangers used in this study can be classified as follows.
The evaporator of the first effect can be a gas-evaporation heat ex-
changer when the heat source is exhaust flue gas. Or it can be a con-
densation-evaporation heat exchanger when the heat medium is steam
just like other effects. The condenser is a condensation-liquid heat ex-
changer. Preheater can be either liquid–liquid or gas–liquid heat ex-
changer, such as in Scheme 3.

BPE is the boiling point elevation of feed brine during evaporation.
NEA i( ) and ′NEA i( ) are the non-equilibrium allowance in brine flash and
distillate flash. Coal consumption variation due to the variation of ex-
tracting steam from the turbine of the power generating unit is ex-
pressed by Eq. (19).

Fig. 2. Schematic diagram of scheme 1 and 2.
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In order to avoid low temperature corrosion in the cases for exhaust
flue gas heat recovery of the boiler, terminal flue gas temperature is set
as 85 °C, which is higher than the acid dew point.

3.2. Economic analysis

The design of the new system needs to take into account the impact
on water production costs, so it is necessary to carry out economic
analysis. The water production cost is computed and the related
equations are listed in Table 3.

The water production cost can be computed by the annualized ca-
pital cost and the annual operational cost as shown in Table 3. In which,
Cland is land cost and it usually varies from place to place. It is assumed
as zero in present study as land is available. CAt , is the cost of total
surface. i is the interest rate, n, is the number of years, f , is the plant
load factor, Csteam is the price of motive steam, which is assumed to be 0
in scheme 1 and 2 since there is no motive steam. Ti and Tc are the
evaporation and condensation temperature, respectively. The assump-
tion values are listed in Table 4.

The economic analysis requires the calculation of heat transfer area.
The equations of the vapor-seawater heat exchanger are listed in
Table 5.

In order to calculate the area of all heat exchangers, the flue gas-
seawater heat exchangers involved in this article use finned tube heat
exchangers. The basic parameters are listed in Table 6. Assuming the

Fig. 3. Schematic diagram of scheme 3.

Table 1
Thermodynamic modeling of the proposed systems [29].

Parameters Formulas

Mass conservation in evaporator = +M M Mf i d i b i( ) ( ) ( ) (1)
+ = +−M M M Mf i b i d i b i( ) ( 1) ( ) ( ) (2)

Salt balance in evaporator =M X M Xf i f i b i b i( ) ( ) ( ) ( ) (3)
+ =− −M X M X M Xf i f i b i b i b i b i( ) ( ) ( 1) ( 1) ( ) ( ) (4)

Energy balance in evaporator = − +Q M C T T M λ( )f i p i b i f i d v i( ) ( ) ( ) ( ) ( ) (5)

′+ − ′ + ∑ −

= − +

− − − −
=

−
′M λ M C T T M C T T

M C T T M λ

( ) ( )

( )

d i s i b i p i b i b i
j

i
d j p j v j b i

f i p i b i f d i v i

( 1) ( ) ( 1) ( 1) ( 1) ( )
1

2
( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

(6)

Energy balance in condenser = + −Q M M C T T( ) ( )f cw p f cw (7)

Overall material balance of ejector = +M M Ms m ev (8)
Entrainment ratio =R M Mα m ev (9)

= ( ) ( )R 0.296α
Ps

Pev

Pm
Pev TCF

( )1.19

( )1.04

0.015 PCF (10)

= × − +
= × − +

−

−
PCF P
TCF T T

3 10 (P ) 0.0009 1.6101
2 10 ( ) 0.0006 1.0047

m m

ev ev

7 2

8 2

(11)

Performance analysis =GOR md
msteam

(12)

=PR
md href

mh hi

Δ

Δ
(13)

Concentration ratio of seawater =CR
Xb n
Xf

( )

(1)

(14)

Table 2
Thermodynamic losses of the proposed systems [29].

Parameters Formulas

non-equilibrium
allowance = − −

NEA i
Tb i Tb i

Tv i
( )

33.0( ( 1) ( ) )0.55

( )

(15)

′′ =
′ − −

NEA i
T b i Tv i

Tv i
( )

0.33( ( 1) ( ) )

( )

(16)

Boiling point
elevation

= + +BPE AX BX CX2 3 (17)

= × + × + ×
= − × + × − ×

= × − × − ×

− − −

− − −

− − −

A T T
B T T

C T T

(8.325 10 1.883 10 4.02 10 )
( 7.625 10 9.02 10 5.2 10 )

(1.522 10 3 10 3 10 )

2 4 6 2

4 5 7 2

4 6 8 2

(18)

Coal consumption
variation =

⎛

⎝

⎜
⎜

−
⎞

⎠

⎟
⎟

×
+

−BΔ 1000Bcoal
P

Bcoal

P
hc hpq Mcq( 4 )

1000

(19)
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velocity of flue gas is 10m/s, according to the mass flow rate of flue
gas, the cross-sectional area of the flue is approximately 70 m2.

For the flue gas-seawater evaporator, the vertical tube falling film
model is used for calculation. The heat transfer coefficient is calculated
by empirical relation present in Table 7.

4. Results with analysis

A 600MW coastal coal-fired power generating unit in north China is
selected as the object. The unit adopted low temperature multi-effect
distillation (LT-MED) with thermal vapor compressor (TVC) to realize
water-electricity cogeneration. The desalination system is parallel flow
with six effects. TVC is set at the end of the fourth effect. There is a
condenser behind the sixth effect to condense the second vapor pro-
duced in the last effect and preheat feed brine at the same time. The
feed brine of first two effects is preheated by the condensed water from
the first effect before flows into the effects. The heat source of the first
effect is steam mixed by extraction from the turbine and low

temperature vapor generated in the fourth effect in TVC. The para-
meters of this TVC-MED system are listed in Tables 8 and 9.

To compare with this system, three kinds of water-electricity co-
generation schemes, indicated as Scheme 1, 2 and 3, are proposed in
Section 3 of this paper. For the present power generating unit, the flow
rate of exhaust flue gas of boiler can be utilized for seawater desali-
nation is about 701m3/s, of which the initial temperature is 125 °C and
its outlet temperature leaving the desalination system is 85 °C.

4.1. Scheme 1-Flue gas as heat source with seawater preheated by vapor
from last effect

For the original TVC-MED seawater desalination system, the tem-
perature change of heat source is an isothermal process, top tempera-
ture of seawater is close to the temperature of the heat source. But
exhaust flue gas is a sensible heat source. Hence, in order to increase the
heat that can be supplied to seawater by the heat source, a major
temperature difference is necessary. Because of the absence of dynamic
steam as a heat source, there is no TVC in this scheme. The quadratic
approximation method is adopted by using EES to maximize the PR.

Table 3
Economic modeling of the proposed systems [31,32].

Parameters Formulas

The water production cost =
+

Canual
Ccap Cop
f Dfresh·365·

(20)

Annualized capital cost = +C Z C C·cap CAP ins (21)
The total capital cost = +C C CCAP MED d i, (22)

= + +( )C C 0.31 0.4 0.29CAP Mod CAP MED
A
AMED

D
DMED

, ,
mod mod (23)

The direct capital cost = + +C C C Cd eq land sd (24)
Equipment cost =C C4·eq At (25)
Site development cost =C C0.2·sd eq (26)
The indirect capital cost = + + +C C C C Ci fr co ow em (27)
The freight cost =C C0.05·fr d (28)
The construction cost =C C0.15·co eq (29)
The owner’s cost =C C0.1·ow eq (30)
The contingency cost =C C0.1·em d (31)
The amortization factor = +

+ −
Z i i n

i n
·( 1)

( 1) 1
(32)

The annual insurance cost =C C0.1·ins cap (33)
The annual operational cost = + + + +C C f D w C C GOR C C365· · ( )op lab fresh aux elec steam main chem (34)

The labor cost =C f D0.1· ·365·lab fresh (35)

Table 4
The assumption values of economic analysis.

Parameters Units Amounts

i – 0.08
n year 20
f – 0.9
waux kWh m3 1.5
Celec $ kWh 0.15
Cmain $ m3 0.03
Cchem $ m3 0.04
Csteam $ m3 10

Table 5
The heat transfer area model equations of the vapor-seawater heat exchanger [29].

Parameters Formulas

Heat transfer area of each evaporator =Ai
Qi

Ui LMTDi·
(36)

Logarithmic mean temperature difference =
− − −

−
−

LMTD
Th in Tc in Th o Tc o

Th in Tc in
Th o Tc o

( , , ) ( , , )

ln
( , , )
( , , )

(37)

The overall heat transfer coefficient of evaporator = + − + −U T T T(1939.4 1.40562 0.0207525 0.0023186 )·10i i i i
2 3 3 (38)

The overall heat transfer coefficient of condenser = + + − −U T T T(1617.5 0.1537 0.1825 0.00008026 )·10c c c c
2 3 3 (39)

Table 6
The structure dimensions of fin-tube heat exchanger.

Items Unit Amount

Di m 0.03
Do m 0.038
δf m 0.002

Sf m 0.1
S1 m 0.5
S2 m 0.5
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In the given scope of the exhaust flue gas temperature and the
evaporating temperature of each effect, it is found that 2 times the
amount of flue gas that the boiler can offer is needed to maintain the
same freshwater production as that of the original TVC-MED system.

The maximum water production can be obtained by changing feed
brine temperature of each effect and the mass flow rate of feed brine.
When there is an equal mass flow rate of feed brine in each effect, the
amount of output water can be increased with feed brine temperature.
When the feed brine temperature is fixed, the increase in mass flow rate
will lead to the reduction of the output water. The results are shown in
Fig. 4.

As shown in Fig. 4, the increase of feed brine temperature makes the
portion of heat needed for heating feed brine to boiling point reduced,
and hence more heat can be used in seawater evaporation, then more
second vapor and freshwater output can be obtained. It can be under-
standing the variation tendency in Fig. 2 by Eqs. (7) and (14). When the
temperature of feed brine is fixed, the increase of feed flow rate leads to
more heat needed for preheating seawater to saturation temperature,
thus the total production will be declined. Therefore, the more the feed
brine, the less second vapor in the last effect and thus the less amount of
cooling water. The less the feed brine, the higher the concentration
ratio. Restricted by scaling of equipment, concentration ratio is gen-
erally less than 2, thus the minimum feed brine flow rate is restricted by
the concentration ratio. In addition, feed brine temperature is limited
by the temperature and released heat of second vapor produced in the
last effect. So when the amount of feed brine of each effect is specified,
the higher the feed brine temperature, the less the need of cooling
water.

When the thermal power plant is at the off-design condition, the
mass flow rate and temperature of exhaust flue gas may change but the
trend change between Mf and Md, Mcw is consistent with Fig. 4.

The variations of water production and performance ratio with feed
brine temperature can be observed in Fig. 5. Consistent with the trend
in Fig. 4, it can be obtained that the performance ratio increases with
feed brine temperature and water production. Restricted by scaling of
equipment, concentration ratio is generally less than 2. Under this
condition, the performance parameters of Scheme 1 are listed in
Table 10 when the feed brine temperature is 42 °C.

While utilizing the exhaust flue gas as the heat source of the first
effect, extracting steam from the turbine can be saved consequently,
which increases the turbine work output about 10.75MW. As a result,
the coal consumption of power plant is reduced by about 6.05 g/kWh.

Fig. 6 shows the optimum water production and performance ratio
of the desalination system under different operating conditions. The
performance ratio is defined by Eq. (13). As the work output of the
power plant is reduced, the mass flow rate and temperature of exhaust
flue gas are reduced. Therefore, the water production is reduced. As the
numerator and denominator in Eq. (13) are simultaneously reduced, the
performance ratio of the desalination system can remain almost un-
changed.

Table 7
The heat transfer coefficient of flue gas -seawater heat exchanger [33–35].

Parameters Formulas

The heat transfer coefficient of two phase flow in vertical tube = +h C Co h C Bo hi C l C l1 2 3 4 (40)
The liquid–only heat transfer coefficient =h 0.023 Re Prl

kl
Di l l

0.8 0.4 (41)

Convection number
= − ⎛

⎝
⎞
⎠( )Co 1

x
ρv
ρl

1 0.8 0.1 (42)

Boiling number =Bo q
Gλ

(43)

Liquid Reynolds number = −Rel
GDi x

μl

(1 ) (44)

The heat transfer coefficient of flue gas
⎜ ⎟= ⎛
⎝

+ ⎞
⎠

− − −
−

−
−( ) ( )( )h 0.251 1o

G De
μ

S Do
Do

S Do
Sf

S Do
S Do

ky
De

max
0.67

1
0.2

1
0.2

1
2

0.4 (45)

The overall heat transfer coefficient =
+ + + +

−U ·10o

ho
Do
Di hi

Do
ktube

Do
Di

Rfi Rfo

1
1 1 ln

3 (46)

C C C, ,1 2 3 and C4 are the constants, the values can refer to the literature.Rfi and Rfo are the fouling resistance inside and outside of the tube. The values are assumed as
0.0005 (m ·K) W2 and 0.00086, respectively. is the thermal conductivity of tube, which is 208.4 W (m·K).

Table 8
The operating temperatures of the TVC-MED system.

Items Unit 1st 2ed 3rd 4th 5th 6th

Heating steam temperature °C 65.0 61.5 58.3 55.1 52.1 49.1
Raw material temperature °C 25 25 25 25 25 25
Feed brine temperature °C 48.8 48.8 41.8 41.8 41.8 41.8
Boiling temperature °C 61.7 58.4 55.3 52.3 49.3 46.0

Table 9
The property parameters and performance of the TVC-MED system.

Items Unit Amount

Raw material salinity % 3.5
Discharge concentration % 5.2
Concentration ratio 1.43
Fresh water production m d3 12,000
GOR 9.67

Fig. 4. Variation of total fresh water production and cooling water needed of
Scheme 1 with feed brine flow rate and inlet feed brine temperature of each
effect.
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4.2. Scheme 2-Flue gas heat source with seawater preheated by exhaust
steam and vapor from last effect

Use the exhaust flue gas as the heat source of the first effect, sea-
water that flows into the condenser is part of the circulating seawater in
steam turbine condenser, which means that the seawater can be heated
by the turbine exhaust steam and second vapor generated from the last
effect successively, and then parallel flows into each effect.

When the feed brine mass flow rate is equal in each effect, the fresh
water production increases with the feed brine temperature. On the
other hand, when the feed water temperature is fixed, the increase in
mass flow rate of feed brine decreases the fresh water production.
Therefore more feed brine results in less second vapor in the last effect,
and hence the cooling water needed for condenser declines. The results

Fig. 5. Variations of water production and performance ratio of Scheme 1 with
feed water temperature.

Table 10
The performance parameters of Scheme 1.

Items Unit Amount

Feed water temperature °C 42
Mass flow rate of feed water in each effect t/h 84.5
Fresh water production m d3 5328.3
mass flow rate of cooling water t/h 777.96
Concentration ratio 1.78
PR 5.14
Coal consumption variation g/kWh 6.05

Fig.6. Variations of the optimum water production and performance ratio of
Scheme 1 with different operating conditions.

Fig. 7. Variation of total fresh water production and cooling water needed of
Scheme 2 with feed brine flow rate and inlet feed brine temperature of each
effect.

Table 11
The performance parameters of Scheme 2.

Items Unit Amount

Feed brine temperature °C 42
Mass flow rate of feed water in each effect t/h 84.49
Water output m d3 5328.29
Mass flow rate of cooling water t/h 1320.84
Concentration ratio 1.78
PR 5.14
Coal consumption variation g/kWh 6.05

Fig. 8. Variation of total fresh water production and cooling water needed of
Scheme 3 with feed brine flow rate and inlet feed brine temperature of each
effect.

Table 12
The performance parameters of Scheme 3.

Items Unit Amount

Feed water temperature °C 61.5
Mass flow rate of feed water in first four effects t/h 300.24
Mass flow rate of feed water in last two effects t/h 120.1
Water output m d3 15353.28
Mass flow rate of cooling water t/h 1613.88
Concentration ratio 1.79
GOR 12.79
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are shown in Fig. 7.
When the feed brine temperature is 42 °C, the performance para-

meters of Scheme 2 are listed in Table 11. It can be found that main

parameters are same as that of Scheme 1, except that the mass flow rate
of cooling water needed is increased significantly.

In the present study, the feed brine is restricted to 42 °C even though
the additional heat source is available to additionally preheat the feed
brine. This is because that the seawater is preheated by the second
vapor of the last effect in the condenser, and then flows into evapora-
tors as feed brine. The feed brine temperature is restricted by the
temperature of the second vapor of the last effect. In our proposed
system, the evaporation temperature of the last effect is 46 °C, so the
maximum feed brine temperature is restricted at 42 °C.

The main difference between Scheme 1 and Scheme 2 is that the
temperature of seawater flows into condenser is elevated. The fresh-
water production of Scheme 2 equals to that of Scheme 1 is due to the
temperature of effects are same and heat of the exhaust flue gas is
specified. That is to say, the amount of heat released in the condenser
by second vapor from the last effect is constant. Therefore when the
feed brine temperature is the same, increasing the inlet seawater tem-
perature can result in the increase of cooling water. Similarly, when
using this system to obtain the same freshwater production as that of
the original system, the main difference between Scheme 1 and Scheme
2 is that much more cooling water is needed in Scheme 2. Thus all
parameters except the mass flow rate of cooling water are identical with
that of Scheme 1.

4.3. Scheme 3-Extracting steam of turbine as heat source with seawater
successively preheated by vapor from last effect, condensed water of first
effect and exhaust flue gas of boiler

In this case, the fourth extracting vapor is used as the heat source
just like that of the original LT-MED system. Also, TVC is set at the end
of fourth effect. The feed brine is preheated by the second vapor of the
last effect, the condensed water of first effect and the exhaust flue gas of
boiler successively, by which it may be heated to the saturation point of
the first effect under different working conditions. Because of the par-
allel feed flow configuration, the feed brine may be superheated re-
lative to the rest effects, so that there is a flashing immediately when
the feed brine flows into the rest effects, which increase the freshwater
output greatly.

For Scheme 3, variations of fresh water production and cooling
water with inlet feed brine temperature and flow rate are illustrated in
Fig. 8. When the feed brine temperature is fixed, the increase of feed
brine flow rate leads to the increment of fresh water production and
reduction of cooling water needed.

It is obvious that the variation tendency of fresh water production
and cooling water needed for Scheme 3 is different from that of Scheme
1 and 2. The main reason is the difference in feed brine temperature.
The feed brine temperature in Scheme 1 and 2 is lower than the eva-
poration temperature of the corresponding evaporator, so a part of the
heat is needed to heat the brine to saturation temperature. That is to
say, with the increase of feed brine flow rate, more heat should be used
for heating than that for evaporation, thereby reducing the amount of
fresh water. In Scheme 3, due to the existence of multi-stage preheating,
the feed brine can be heated to the saturation point of the first effect. As
a result, more feed brine leads to more water production.

When the feed brine temperature is 61.5 °C, which is the saturation
temperature of the first effect, the performance parameters of Scheme 3
are listed in Table 12. It can be found that the freshwater production is
1.28 times of that of the original TVC-MED system. Variations of water
production and gain output ratio with the mass flow rate of extraction
steam under different work conditions are shown in Fig. 9. Variations of
coal consumption in the thermal power plant with the extraction steam
amount under different work conditions are shown in Fig. 10.

In another way, it can be obtained the same freshwater production
as that of the original TVC-MED system with 37.0 t/h extracting steam
from turbine by Scheme 3. The extraction is 13.0 t/h, less than that of
the original system, with which the consequent increase of turbine

Fig. 9. Variations of water production and gain output ratio of Scheme 3 with
extraction steam amount under different operating conditions.

Fig. 10. Variations of coal consumption rate of Scheme 3 with extraction steam
amount under different operating conditions.

Table 13
The economic results of the water-electricity cogeneration schemes.

Schemes Dfresh (m d)3 Water production cost ($ m )3

TVC-MED 12,000 3.14
Scheme 1 5328.288 2.19
Scheme 2 5328.288 2.19
Scheme 3 14342.4 2.43

Table 14
The parameters of the flue gas heating the condensate water.

Items Description Unit Amount

Ty Inlet flue gas temperature °C 125
′Ty Outlet flue gas temperature °C 85

Tw Inlet water temperature °C 33.5
′Tw Outlet water temperature °C 84.8
TΔ m Logarithmic man temperature difference °C 45.62
BΔ Decrement of net coal consumption g/kWh 1.26
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power output is about 2.79MW. It can be calculated as a reduction of
the coal consumption about 1.42 g/kWh.

As shown in Fig. 9, the water production increases while the gain
output ratio decreases with steam extraction. The reason is that the heat
released from the steam is first used to heat seawater to the evaporation
point before producing steam vapor, so there is a non-equalize rate of
increase between the amount of extraction steam and water production.

4.4. Economic analysis results

The economic results of the proposed three schemes and the TVC-
MED system are demonstrated in Table 13.

From the Table 13, it can be seen that TVC-MED has the highest
water production cost, followed by scheme 3, and the scheme 1 and 2
have the lowest water production cost. This is mainly due to the high
cost of motive steam. Therefore, although the use of flue gas as the heat
source in scheme 1 and 2 reduces the water production, it also reduces
the cost. In Scheme 3, the use of flue gas for preheating can increase the
amount of water produced, and can also effectively reduce the water
production cost.

4.5. Heating condensed water using flue gas

Flue gas can also be applied to heat condensed water if the GGH is
canceled. Currently, the main way to recover the waste heat of exhaust
flue gas for a coal-fired power plant is to install a low temperature
economizer in the downstream of the flue. Thus, the heat of the exhaust
flue gas can be recovered. The exhaust steam from the turbine is con-
densed and recycled back to the boiler as feed water after multistage
preheating using steams extracted from the turbine. With the installa-
tion of low temperature economizer, part of the exhaust heat of the flue
gas is recovered and used to heat the feed water, replacing a portion of
the heat from the steam turbine. The saved steam can be able to pass
through the steam turbine and expand for more output for power [36].
Here we calculated at the condition that low temperature economizer is
in parallel with low temperature heat exchanger NO. 7 and 8. Con-
densed water is induced from the entrance of NO. 8 heat exchanger, and
flows into NO. 6 heat exchanger after being heated in low temperature
economizer.

For the sake of convenient to compare, assuming that flue gas is also
cooled from 125 °C to 85 °C for heating water. The parameters and re-
sults are shown in Table 14.

Results showed that using low temperature flue gas to heat con-
densed water can theoretically reduce coal consumption 1.26 g/kWh.

5. Conclusions

Three schemes were proposed to combine the low grade heat in a
600MW power generating unit with LT-MED seawater desalination. A
six-effect TVC-MED system using extracting steam as the heat source
was taken as contrast. The schemes were also compared with the case
that flue gas was used to heat condensed water. The following con-
clusions can be obtained.

(1) Freshwater production of Scheme 3 is the largest among all schemes
proposed in this study. The water production is about 1.28 times of
the original TVC-MED system. Freshwater production of Scheme 1
and Scheme 2 are all thousands of tons, less than that of the original
TVC-MED system. However, because of the utilization of low tem-
perature flue gas and the decrease of extracting steam from the
turbine, an extra power output of 10.75MW by the 600MW power
generating unit can be acquired, and the coal consumption of power
generation is reduced about 6.05 g/kWh.

(2) The feed brine temperature is restricted by the boiling temperature
of the last effect. Therefore employing the circulating seawater of
steam turbine condenser is meaningless in improving the water

production of MED system when the final effect vapor temperature
and the heat source of the first effect is specified.

(3) Economic analysis results showed that reduce the extract steam
from the turbine can significantly reduce the water production cost.
From the viewpoint of the impact on the power plant, the combi-
nation of exhaust flue gas and desalination system is better than
that of heating condensed water.

On account of that seawater is part of the circulating cooling water
in steam turbine condenser in Scheme 2, and the circulating water al-
ways is added with chlorine, which can influence the desalination
equipment and the quality of fresh water, further analysis is needed in
the practical applications.
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