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H I G H L I G H T S

• Desalination system is proposed to improve the dispatchability of power plants.

• Peak shaving capacity curve of the water and power co-generation unit is obtained.

• Dynamic response of low-temperature multi-effect distillation system is analyzed.

• Single desalination system has little impact on power generating.

• Proper reduction in motive steam pressure can reduce water production cost.
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A B S T R A C T

The peak-load regulation of a coal-fired power plant is critical to promote renewable energy power generation in
grid systems. A low-temperature multi-effect distillation (LT-MED) was proposed to improve the dispatchability
of a 600MW coal-fired power generating unit; here, an unsteady thermal system model was established using the
Ebsilon software to study peak shaving capacities. The results show that the increased extraction amount and
pressure will reduce the power generation and increase the coal consumption. The peak shaving capacity curve
was obtained based on the extraction amount. It is indicated that the peak shaving capacity can reach a max-
imum of 477MW when the amount of steam extraction is less than 238 ton/h. When the amount of extraction is
sufficiently large, the exhaust steam from the low-pressure turbine attains the minimum allowable value, the
peak shaving capacity of the unit then sharply decreases. The dynamic response of an LT-MED system to the step
variation of the output load of the power generating unit was also revealed. Moreover, the power generation and
coal consumption are slightly influenced by the steam consumption in a single LT-MED system. The maximum
extraction of the unit can afford a maximum of 19 LT-MED systems. The results of this study will provide a useful
reference for the peak shaving of coal-fired power generating units.

1. Introduction

Industrial development depends on energy, however, fossil fuels
lead to environmental deterioration. Therefore, the development of
clean energy sources, such as wind, solar, and other renewables, has
become an inevitable trend. Taking China as an example, it is estimated
that by 2020, China’s installed wind power capacity will reach 210
million kilowatts, and the installed solar power capacity will reach 110
million kilowatts [1,2].

At present, although the installed capacity of wind and solar power
in China has reached 16.54%, the power generation accounted for only
6% at the end of 2017 [3]. This is owing to the random, fluctuating

power generation of these renewable energy sources, which has placed
significant pressure on the safe operation and supply of power systems
[4]. In addition, on the energy demand side, the peak-to-valley differ-
ence of the power load in the energy system is increasing, generating
further obstacles for the grid to accept renewable energy. Many studies
have focused on the prediction of electricity generated by renewable
energy sources such as wind [5] and complementary systems of wind
and solar [6], and on how to reduce the forecasting uncertainty [7].

Because coal is the major energy resource in China, coal-fired
thermal power generation will remain the main form of power gen-
eration in China for a long period. Considering the rapidly developing
application of renewable energy sources in the grid, it is necessary to
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improve the dispatchability of coal-fired power generation.
There are generally three types of load peak shaving operation

modes for conventional coal-fired power generating units [8]: a two-
shift operation, start-stop in turn peak operation, and variable load
operation. A two-shift operation refers to the normal operation of the
unit during the day and a shut-down when the electrical load is low at
night. Under this condition, the load can be considerably adjusted, al-
though such an operation is complicated and requires highly reliable
equipment. A start-stop in turn operation means that the units are ar-
ranged such that they can start and stop at regular intervals using a
regional power grid. However, because of the many factors that require
consideration, this method is not widely used. A variable load operation
means that when the grid load is low, the power units can run stably
under an extremely low load. When the grid load peaks, the unit can
operate under a rated or even higher load. This is the most common
way to regulate peak loads requiring the power unit to increase and
decrease the load quickly and safely.

The dispatchability of the coal-fired thermal power units is mainly
affected by the boiler performance, steam turbine performance, and
environmental pollution. The minimum load of the boiler usually refers
to a stable combustion load without oil. When the boiler load is below
this limit, serious safety issues may be caused by the co-combustion of
oil and coal. Therefore, the minimum steady-state load of the boiler is
also used as the minimum load of the boiler during peak shaving. For
boilers designed to use bituminous coal, 30% of the boiler maximum
continuous rating (BMCR) is typically set to the minimum steady-state
load. However, for safe operation, the plant is usually controlled at 40%
or 50% of the rated load [9]. For steam turbines, there is a minimum
mass flow rate of the low-pressure cylinder. This is owing to the de-
crease in the load resulting in a lower inlet mass flow rate of the low-
pressure cylinder. When below a certain value, the inlet steam cannot
fill the entire flow passage, leading to a backflow, which will form
erosion and cause the surface of the low-pressure cylinder blade to be
unevenly heated and bent, or even fracture, affecting the safe operation
of the turbine [10]. Furthermore, although all existing coal-fired power
plants are equipped with desulfurization and denitrification equipment
to meet the pollutant discharge standards when a unit is operating at
low load, the equipment may not operate normally and cause en-
vironmental pollution.

When there is a need to increase the share of renewable energy in

the grid, several approaches can be adopted to reduce the load of a coal-
fired power plant. This is mainly related to energy storage technologies,
including electrical energy storage [11] and thermal storage [12].
However, a large number of studies in this area have been based on
simulations and are restricted by immature technologies and the high
price of the materials used, and thus have not been applied at a large
scale [13]. By contrast, seawater desalination is a mature technology
that has been developed for many years and is widely used worldwide.

There has recently been a rapid development in the co-generation of
water and power in off-shore thermal power plants. From 2007 to 2015,
the capacity of installed seawater desalination plants globally increased
from 47.6Mm3/d to approximately 97.5 Mm3/d [14], and is expected
to grow to 192Mm3/d by 2050 [15]. As one of the main desalination
technologies, low-temperature multi-effect distillation (LT-MED) re-
quires approximately 4–7 kWh/m3 of thermal energy and 1.5–2 kWh/
m3 of electrical energy [16]. Because the top brine temperature of LT-
MED is lower than 70 °C, scaling and corrosion are effectively reduced.
At the same time, this feature also makes it possible to make full use of
various forms of waste heat. At present, studies on the LT-MED system
have mainly focused on the following aspects: heat transfer and fouling
characteristics in a heat exchanger [17], an overall performance study
of the system [18], and integration with different forms of energy, such
as waste heat [19], solar energy [20], geothermal energy [21], and
nuclear energy [22]. Considering the enormous energy consumption of
large-scale seawater desalination plants, thermal seawater desalination
systems are often combined with a thermal power plant, which gen-
erates a significant amount of waste heat. It has been shown that a
combination of water and power generation can improve the thermal
efficiency from the present 44% to greater than 60% [23].

The combination of thermal power generation and LT-MED has
shown significant potential in both reducing the cost of water produc-
tion, and increasing the amount of electric power generation and low-
grade heat consumption, hence improving the dispatch capability of the
thermal power generating units. Applying the surplus power during a
low-load period to seawater desalination, thereby converting hard-to-
store electricity into easy-to-store fresh water, not only can provide
energy for water production and supply fresh water for urban demand,
it can also alleviate the peak shaving pressure of a thermal power plant.

In the present study, an LT-MED seawater desalination system is
combined with a 600MW coal-fired power generating unit to achieve a

Nomenclature

As Evaporator cross-section area, m2

BMCR Boiler maximum continuous rating
BPE Boiling point elevation, °C
Cp Specific heat at constant pressure, kJ/(kg·K)
CR Concentration ratio of seawater
GOR Gain output ratio
h Enthalpy, kJ/kg
L Level, m
LMTD Logarithmic mean temperature difference, °C
P Pressure, kPa
PCF Pressure correction factor
Q Heat transfer rate, kW
q Heat flux, W/m2

Rα Entrainment ratio
T Temperature, °C
Tf Inlet seawater temperature, °C
Tfin Temperature of seawater under first two effects, °C
TCF Temperature correction factor
THA Turbine heat acceptance
U Overall heat transfer coefficient, kW/(m2·K)
W Mass flow rate, kg/s

X Salinity, g/kg

Greek symbols

λ Latent heat, kJ/kg
ρ Density, kg/m3

Subscripts

b Brine
con Condenser
d Distillate
e Evaporator
ev Entrained vapor
feed Feed water
i Serial number of the evaporator
m Compressed vapor
o Outlet
pre Preheater
s Steam
v Secondary vapor
w Condensate water
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peak shaving of the power output and improve its dispatchability. The
influences of the steam extraction points and extraction amount on the
power generation and water production are analyzed using Ebsilon
modeling software. Based on the thermodynamic model, the en-
gineering equation solver (EES) is used to analyze the performance of
the LT-MED system. The steam parameters obtained from Ebsilon are
introduced into the desalination system, and solved by programming
the EES. For a change in the extraction point and the amount of steam
extraction, the dynamic process of the desalination is analyzed and the
peak shaving capability curve of the power plant is acquired.

2. System description and analytical model

In the present water and power cogeneration system, with and
without consumption of the steam extracted from the turbine and the
electric power by the LT-MED system, the output power of the objective
generating unit will be adjusted to a significant extent, indicating an
improvement in the dispatchability of the present coal-fired power
generating unit. In addition, to improve the gained output ratio (GOR)
of an LT-MED system, the thermal vapor compressor (TVC) was in-
troduced into the desalination system. Fig. 1 shows a photograph of a
practical water and power cogeneration system.

Fig. 2 shows a schematic diagram of the thermo-flow processes of
both a power generating unit and a TVC-LT-MED system, of which the
thermodynamic model of the power generating unit was established
using Ebsilon software.

As shown in Fig. 2, there are many evaporators used in a desali-
nation system, and are encapsulated during the practical production
process, namely, the white body shown in Fig. 1. The steam extracted
from the turbine flow through the piping to the desalination system is
used as motive steam.

As shown in Fig. 2, the fourth extraction steam of the turbine is used
as a heat source of the LT-MED system. The freshwater production of
the proposed LT-MED system is set to 12,000 tons/d, corresponding to
50 tons/h of steam extraction of the turbine. There are two steam
turbines and two desalination units applied. Practical water production,
which depends on the extracted steam, can be provided by the power
generating unit during its peak shaving operation.

The physical model of the parallel/cross flow adopted for the LT-
MED system in the present study is shown in Fig. 2. The seawater in the
condenser is used to cool the secondary steam generated in the final
effect. The heat released through condensation of the steam is sig-
nificant, thereby requiring a large amount of seawater. The seawater in
each effect will be heated and then evaporated. Thus, if all seawater
enters the effects, it means that more heat is consumed through the
heating process than through the evaporation process. Thus, a sufficient
amount of secondary steam, which also means freshwater, cannot be
produced. Therefore, a portion of the seawater flowing out of the
condenser needs to be discharged back into the environment, and the
rest divided into two parts. One part enters the 3rd through 6th effects.
The other enters the preheater and is heated by the condensed water
from the first effect again, and then flows into the first and second ef-
fects as a feed seawater. The feed seawater entering the first effect is
heated and produces a portion of secondary steam, and the remaining
brine flows into the next effect. The pressure and temperature decrease
in the direction of the vapor flow, and thus the brine from the former
effect that flows into the next effect will flash. The secondary steam
generated in the first effect will be condensed after the heating of
seawater in the second effect. Condensed water flows into a flash tank
to produce more steam in the third effect. The above process is repeated
until the last effect [24,25]. The steam extracted from the turbine is
used as the heat source of the first effect. The steam from the steam
turbine is usually high in terms of pressure and temperature, and can
eject the low-pressure secondary vapor from the MED system through
the TVC component; thus, the heat can be fully utilized to obtain more
steam entering the first effect with a temperature of approximately

65 °C.
The analytical models, including thermodynamic, transient, and

steady-state analyses, were established to reveal the dynamic char-
acteristics of the power and water cogeneration system and investigate
its peak shaving performances according to the following assumptions.

(1) The difference in terminal temperature of the regenerative heaters
shown in Fig. 2(a) remains unchanged.

(2) The temperature of the water circulated into the condenser is set to
20 °C.

(3) The steam consumption of the small steam turbine shown in
Fig. 2(a) varies with the main steam quantity, which is consistent
with the original system.

(4) The leakage steam parameters of the steam turbine vary with the
generation load.

2.1. Thermodynamic analysis

The process modeling of desalination is based on the material, salt,
and energy balance equations. To reveal the transient behaviors of the
thermal system under a variable power output of the objective gen-
erating unit, the unsteady equations can be obtained through their
differentiation, as listed in Table 1. The corresponding thermodynamic
properties are listed in Table 2.

The mass, energy, and salt balances of the evaporators are expressed
as Eqs. (1)–(6) listed in Table 1. For the first effect, there is no prior
brine flow into the effect, and hence =W 0b,0 .

3. Results and analysis

3.1. System simulation and verification

The commercial software Ebsilon was applied to obtain the heat
from the boiler and the electric power output of the present coal-fired
thermal power generating unit. Ebsilon is widely used in the design,
evaluation, and optimization of all power plant types and other ther-
modynamic processes [29,30]. The main simulation formula of the
steam turbine component is the Flugel formula. The simulation results
of the power generation are compared with the corresponding reference
data, as shown in Table 3. The simulation results of the reference power
plant are consistent with the actual data from a power plant with little
deviation. Such deviation is mainly caused by uncertainty in the turbine
leakage parameters. The simulation results show that the established
model is feasible and reliable in simulating the extraction process of a
power plant.

Fig. 1. Practical 600MW coal-fired power generating unit combined with TVC-
LT-MED.
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3.2. Thermodynamic analysis of different extraction points

The steam extracted from the steam turbine is used as a heat source
of the LT-MED system in the first effect, and serves as high-pressure
steam compressing a portion of the low-pressure steam from the LT-
MED system through the TVC. Different steam extraction points and
extraction amounts will affect the extraction pressure, which will not
only affect the power generation of the objective unit, but also the
steam pressure entering the TVC. Therefore, the performance of the LT-
MED system will be affected.

Fig. 3 shows the effect of the change in the extraction amount on the
power generation and coal consumption of the power generating unit
when the extraction point is changed from the third to the sixth stage
(indicated as 3C to 6C in Figs. 3 and 4); here, the rate of the main steam

flow is equal to that under the THA working conditions.
It can be seen from Fig. 3 that, as the amount of steam extraction

increases, the amount of power generation decreases and the coal
consumption increases. When the extraction amount is the same, the
backward movement of the extraction point leads to an increase in the
power generation and the decrease in coal consumption. This is because
the closer the extraction point is to the exhaust of the low-pressure
cylinder, the lower the pressure and temperature of the steam, and the
less energy that is available for the power generation. The increase in
the extraction amount reduces the amount of steam flowing out of the
turbine, thereby reducing the amount of power generation. In addition,
because the main steam mass flow rate is constant, the coal consump-
tion rate increases.

In addition, the extraction amounts of 24.5, 50, and 60 ton/h

Fig. 2. Schematic of coal-fired power generating unit combined with TVC-LT-MED system.
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correspond to the 40%, 100%, and 110% operating conditions of the
LT-MED system investigated in the present study, respectively. Taking
into account the original two desalination plants with a production
amount of 10,000 ton/d, a steam extraction of 50 tons/h per equip-
ment, and two steam turbines, the above three working conditions of
the LT-MED correspond to the 62.5, 75, and 80 ton/h extracted from
the turbine, respectively, as shown in Fig. 3.

Fig. 4 demonstrates the fresh water production and gain output ratio
(GOR) of the new desalination system under 40%, 100%, and 110%
operation conditions under different extraction points. The three mass
flows in the legend correspond to the three operating conditions. It can
be seen from Fig. 4 that the backward movement of the extraction point
causes fresh water production to decrease with the same extraction
amount, which is consistent with the trend of the GOR. The backward
movement of the extraction point means that the extracted steam
pressure is reduced. The high-temperature and high-pressure steam
extract low-pressure steam through the TVC and then enter the first
effect. Referring to Eqs. (12)–(16), the low-pressure steam is derived
from the fourth effect. The lowering of the extracted steam pressure
results in less compressed low-pressure steam, and less steam therefore

enters the first effect, thereby reducing the amount of water produced.
Similarly, at the same extraction point, a reduction in the extraction
amount will also cause the steam entering the first effect to decrease,
and the water production will also decrease, as shown in Fig. 4.

3.3. Dynamic response of LT-MED system to the variation in output load of
power generating unit

When the water and power cogeneration unit is operated in peak
shaving mode, the mass flow rate and pressure of the extraction steam
may change at any time, and thus it is necessary to understand the
impact of this sudden change on the desalination system. It is assumed
that the amount of steam extracted from the steam turbine for seawater
desalination suddenly increases from 50 to 60 ton/h after 20 s, and the
steam pressure decreases from 750 to 287 kPa at 80 s.

With the initial operating conditions listed in Table 4, the corre-
sponding transient performances of the LT-MED system, including the
dynamic curves of the mass flow rate of the secondary vapor, brine
level, salinity, and temperature under all effects, are as shown in Fig. 5.
For each effect, the seawater is sprayed from the top, and there is a

Table 1
Modeling of the mass and energy equilibrium of the desalination system [26,27].
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certain amount of non-vaporized seawater at the bottom of the eva-
porator. The height of this part of the seawater is at the brine level.

When the amount of seawater in each effect remains unchanged, the
increase in steam flow means an increase in the amount of heat ex-
change, as shown in Fig. 5(a). At 20 s, the secondary steam flow in each
effect suddenly increases. The decrease in steam pressure means that
the steam enthalpy decreases and the heat exchange rate decreases, and
thus at 80 s, the curve of secondary steam at each effect decreases. As
can be seen in Fig. 5(b), the effects of the steam amount and pressure
changes on the brine level are small and are most evident in the first
effect. The curve decreases at 20 s and increases at 80 s. This change is
consistent with the analysis in Fig. 5(a), and as the number of effects
increases, the amount of concentrated brine flowing into the sub-
sequent effect gradually increases; thus, the change becomes gradually
less clear.

Fig. 5(c) shows the variations in salinity for each effect. According
to the analysis in Fig. 5(a), at 20 s, the secondary steam generated at
each effect increases, resulting in a decrease in the concentrated brine.
Thus, according to the salt balance, the increase in steam flow causes an
increase in the salinity of the seawater. As shown in Fig. 5(d), the

sudden increase in the steam flow causes a decrease in temperature for
each effect, and the reduction of the latter effect is greater than that of
the previous effect. The reason behind this behavior is that, based on
the feed flow rate, the brine flows from the previous effect, and the
temperature of the previous effect will affect the temperature of each
effect owing to a delay. At 80 s, the decrease in steam pressure causes
the temperature of each effect to increase.

3.4. Thermodynamic analysis of extraction amount under design and off-
design conditions

Section 3.2 provides only an analysis for when the main steam is
equal to the THA condition. To clarify the influence of the steam con-
sumption of the LT-MED system on the power plant, the effects of the
extraction amount corresponding to different LT-MED operating con-
ditions on the performance of a power plant under both the design and
off-design conditions are analyzed as follows.

Considering that the top brine temperature of the LT-MED is lower
than 70 °C, if the extraction pressure of steam from the turbine is too
high, a waste of energy will occur. However, if the extraction pressure is
too low, the flow in the low-pressure cylinder will change suddenly,
which is harmful to the safe operation of the turbine. Therefore, the
following analysis is based on the extraction from the fourth stage.

Fig. 6 shows that the increase in the extraction amount will cause a
decrease in power generation and an increase in coal consumption,
which is consistent with the analysis provided in Section 3.3. Clearly,
however, because the steam consumption in a single LT-MED system is
too small, the impact of the amount of steam extraction on the power
generation and coal consumption of a single LT-MED system under
different operating conditions is extremely limited. Therefore, to
achieve a better understanding of the peak shaving performance of this

Table 2
Thermodynamic properties of the desalination system [27,28].

Parameters Formulas
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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 3

2 4 6 2

4 5 7 2

4 6 8 2

(21)

Seawater enthalpy = − − × + +
− + − + −

+ + × −

h h X X X
X T T T XT

X T XT

( /1000·( 2.34825 10 315.183 2.80269
0.0144606 7826.07 44.1733 0.21394 19.9108

0.0277846 0.0972801 )) 10

b w

b b b b

b b

4 2

3 2 3

2 2 3

(22)

Vapor enthalpy = + + × − ×− −h T T T2501.689845 1.806916015 5.087717 10 1.221 10v v v v
4 2 5 3 (23)

Heat transfer coefficient of evaporator = + − + × −U T T T(1939.4 1.40562 0.0207525 0.0023186 ) 10e 2 3 3 (24)
Heat transfer coefficient of condenser = + + − ×

= +

−U T T T
T T T

(1617.5 0.1537 0.1825 0.00008026 ) 10
( )/2

con con con con

con feed f

2 3 3 (25)

Latent heat of vaporization = − + × − ×− −λ T T T2501.897149 2.407064037 1.192217 10 1.5863 10v v v
3 2 5 3 (26)

Specific heat of seawater = × + + +

= − + ×
= − + × − ×

= × − × + ×
= × + × − ×

−

−

− −

− − −

− − −

C A BT CT DT

A X X
B X X

C X X
D X X

10 ( )
4206.8 6.6197 1.2288 10

1.1262 5.4178 10 2.2719 10
1.2026 10 5.3566 10 1.8906 10
6.8777 10 1.517 10 4.4268 10

p 3 2 3

2 2

2 4 2

2 4 6 2

7 6 9 2

(27)

Table 3
Comparison of the simulated results and the actual data of the objective power
generating unit shown in Fig. 1.

Conditions Simulated results (MW) Reference values (MW) Deviation (%)

VWO 661.472 661.996 −0.07922
100% THA 600.229 600.405 −0.02928
75% THA 451.73 450.179 0.34461
50% THA 302.488 300.8 0.80245
40% THA 242.728 240.083 1.10173
30% THA 184.247 180.127 2.28748
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coal-fired power plant, it is necessary to investigate the power gen-
eration under the maximum extraction amount of the unit and de-
termine the corresponding water production performance if all of the
extraction steam is used for seawater desalination.

3.5. Peak shaving performance of coal-fired power generating unit

When calculating the peak shaving capacity of the power plant, the

core problem is finding the steam and condensation parameters in the
thermodynamic cycles, which is limited by the maximum and minimum
power generation of the unit.

The maximum output of the power plant corresponds to the BMCR
condition, which is the condition assuring the safety and reliability of
the boiler operation. The boiler is not allowed to operate beyond this
condition. However, the minimum amount of main steam corresponds
to the minimum steady combustion load of the boiler, and a 30% THA

Fig. 3. Variations in power generation and coal consumption rate of the power generating unit based on the extraction point and amount.

Fig. 4. Variations in fresh water production and GOR with extraction amount and extraction points.
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operation condition is adopted in the present study. In addition, to
ensure that there is a sufficient flow in the low-pressure cylinder, this
flow varies with the different low-pressure cylinders applied, which is

generally less than 15% of the designed maximum flow rate of the low-
pressure cylinder, or approximately 5%–10% [31]. Under the above-
mentioned limitations, the peak shaving capacity curve of the present
objective power generating unit is as illustrated in Fig. 7.

In Fig. 7, with the changes in the amount of steam extracted from
the turbine, AC and BD indicate the power generation when the boiler is
under BMCR and 30% THA operating conditions, respectively. CD in-
dicates the minimum exhaust steam flow from the low-pressure cy-
linder of the turbine, AB is the peak shaving capacity of a unit without a
desalination system, and EF shows the peak shaving capacity of the unit
with an extraction of 50 ton/h, which is the amount of steam con-
sumption by the original desalination system. In addition, GH indicates
the peak shaving capacity of the unit with an extraction of 75 ton/h,
which is the steam consumption amount of an entire desalination plant
containing the newly proposed desalination system. The area ABCD
represents the peak shaving capacity of the present power generating
unit.

Fig. 8 demonstrates the peak shaving capacity of the unit resulting
from the BMCR and 30% THA curves shown in Fig. 7. By comparing
Figs. 7 and 8, it can be seen that, with an increase in the extraction
amount, the power generation of the unit is reduced but the peak
shaving capacity is basically unchanged initially. The peak shaving
capacity can reach up to 477MW when the amount of steam extraction
is less than 238 ton/h. A single desalination system has no effect on the
peak shaving capacity of the power generation unit, which is consistent
with the analysis described in Section 3.4. When the amount of

Table 4
Initial conditions of the dynamic simulation.

Initial conditions Value

Inlet seawater temperature, Tf , °C 25
Feed seawater temperature, Tfeed, °C 41.8
Feed seawater temperature, Tfin, °C 48.8
Temperature of the first effect, °C 61.7
Temperature of the second effect, °C 58.4
Temperature of the third effect, °C 55.3
Temperature of the fourth effect, °C 52.3
Temperature of the fifth effect, °C 49.3
Temperature of the sixth effect, °C 46
Brine level of the first effect, m 0.8
Brine level of the second effect, m 1.07
Brine level of the third effect, m 1.19
Brine level of the fourth effect, m 1.09
Brine level of the fifth effect, m 0.7
Brine level of the sixth effect, m 0.2
Salinity of the first effect, g/kg 53.2
Salinity of the second effect, g/kg 52.6
Salinity of the third effect, g/kg 52
Salinity of the fourth effect, g/kg 51.5
Salinity of the fifth effect, g/kg 51.4
Salinity of the sixth effect, g/kg 51.5

(a) Mass flow rate of vapor generated in each effect. 

(b) Brine level of each effect. 

(c) Salinity of each effect. 

(d) Temperature of each effect. 

Fig. 5. Dynamic response of LT-MED system to improved steam extraction from steam turbine.
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extraction is sufficiently large to make the exhaust steam from the low-
pressure turbine reach the minimum allowable value, the peak shaving
capacity of the unit sharply decreases. However, for the present power
and water co-generation system, a portion of the extracted steam can be
used to drive the desalination section. For a frequent peak shaving off-
shore power generating unit, it can be considered that excess extraction
steam can be used to provide more desalination systems.

Consider a situation in which extraction is used for seawater desa-
lination. Points A and B in Fig. 7 are cases with no extraction, and no
fresh water production occurs at these points in time. Points E and F
correspond to the original desalination system when the extraction
amount is 50 ton/h, and the fresh water production is 10,000 ton/d.
Points G and H correspond to the entire desalination system when the
amount of extraction is 75 ton/h, and the fresh water production is
22,000 ton/d. Points C and D are the maximum extraction amounts of
the BMCR and 30% THA conditions, respectively, which are used for N

new LT-MED systems in the following calculation. When a new LT-MED
system is operated under the design conditions, the extraction amount
at point C can afford approximately 19 LT-MED systems, and point D,
approximately 3.75 LT-MED systems.

Because points E, F, G, and H involve the original desalination
system, and owing to a lack of operating data, the corresponding GOR
and water production cost cannot be calculated. Therefore, Table 5 lists

Fig. 6. Variations in power generation and coal consumption rate of a power plant under different operating conditions and extraction amounts.

Fig. 7. Peak shaving capacity curve of the power generating unit. Fig. 8. Peak shaving capacity of the power generating unit when extracting
steam from the fourth stage of the steam turbine.

Table 5
Maximum GOR and water production cost of a single LT-MED system.

GOR Water production cost ($/m3)

Point C 9.822 2.152
Point D 10.12 2.123
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only the maximum GOR and water production cost of a single LT-MED
system corresponding to points C and D.

The extraction pressure at point D is slightly lower than that at point
C. The enthalpy of extraction steam at point D is higher than that at
point C. Owing to the need for spray desuperheating, more steam enters
the first effect, thereby increasing the GOR and reducing the water
production cost. This also shows that a proper reduction of the ex-
traction pressure is conducive to reducing the water production costs.

4. Conclusions

The widely-used LT-MED seawater desalination system was selected
to assist a 600MW coal-fired power generating unit in adjusting the
output load. This not only helps reduce the difficulty of engineering but
also benefits the promotion of renewable energy power generation in
the grid system. The effects of the extraction points and extraction
amount on the unit power generation and water production were stu-
died. Depending on the different extraction amounts, the peak shaving
capacity curve was obtained. Thermodynamic and dynamic analyses
were also conducted to analyze the response of an LT-MED system to
the output power variation. The following conclusions can be drawn.

(1) As the amount of steam extraction increases, the power generation
decreases and the coal consumption increases. With the same ex-
traction amount, as the extraction point moves backward, the
power generation increases, the coal consumption decreases, and
the fresh water production is reduced.

(2) With an increase in the extraction amount, the power generation of
the unit is reduced although the peak shaving capacity is basically
unchanged initially. The peak shaving capacity can reach up to
477MW when the amount of steam extraction is less than 238 ton/
h. When the extraction amount is sufficiently large to make the
exhaust steam from the low-pressure turbine reach the minimum
allowable value, the peak shaving capacity of the unit sharply de-
creases.

(3) To couple the step reduction of the output power load of the power
generating unit, the sudden increase of steam into the first effect of
the LT-MED system leads to an increase in the secondary vapor and
salinity in each effect. Simultaneously, a decrease in the tempera-
ture of each effect is observed. The change of the above items
caused by the decrease in the steam pressure is opposite.

(4) The steam consumption in a single LT-MED system is too small to
have a significant impact on the power generation or coal con-
sumption under the different operating conditions. The maximum
extraction amount of the unit under the BMCR can afford ap-
proximately 19 LT-MED systems. The maximum extraction amount
under a 30% THA can afford approximately 3.75 LT-MED systems.
A proper reduction of the extraction pressure is conducive to re-
ducing the water production costs.
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