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Abstract

When increasing steam parameters, the incomplete thermodynamic cycle and large irreversible system losses are bottle-
necks in improving thermal efficiency in ultra-supercritical power plants. In this study, a comprehensive analysis of both
parameter optimization and system cycle analysis is carried out for a 1000-MW double reheat ultra-supercritical thermal
power plant. First, the genetic algorithm is used to optimize the primary and double thermal pressure, as well as the steam
extraction parameters of the steam turbine. Then, a thermodynamic optimization model is proposed to analyze perfor-
mance. Moreover, the exergy analysis method is applied to reveal the irreversibility mechanism in the thermodynamic
cycle. In order to further solve the energy-grade mismatch problem, the performance of a regenerative steam turbine
thermal system is improved based on the optimized system. The results indicate that the power generation efficiency of the
optimized system is 0.31% higher than that of the prototype system, and the heat consumption rate is decreased by
43.67 kJ (kW h)~'. The power generation efficiency in the regenerative steam turbine system is up to 52.42%, which is
1.44% higher than that of the optimized system. Therefore, an effective method to improve the thermal efficiency is
obtained through the thermodynamic cycle analysis and optimization for 700 °C ultra-supercritical double reheats systems.

Keywords 700 °C ultra-supercritical power plant - Thermodynamic cycle optimization - Exergy analysis -
The power generation efficiency - Thermodynamic performance

List of symbols em2 The exergy of low-pressure turbines inlet steam,
w The amount of the work by a steam turbine, kJ kg™
kJ kg ™! e The exergy of intermedium-pressure turbines
nr The efficiency of the steam turbine system exhaust steam, kJ kg~"
€y The specific exergy of the supply system, kJ kg™'  e3 The exergy of low-pressure turbines exhaust
ewl The exergy of feed water, kJ kg™ steam, kJ kg™
Dy The mass flow rate of main-steam, kg s~ dcp The heat consumption rate
Dy, The mass flow rate of steam single reheat steam, n® The exergy efficiency
kg s~ Ae The exergy losses, kJ kg™
Dy,  The mass flow rate of double reheat steam, kg s! emin The specific exergy of inlet, kJ kg7l
Po The main-steam pressure emout The specific exergy of outlet, kJ kg™
D1 The first reheat pressure eq The specific exergy of heat flux, kJ kg™
D2 The second reheat pressure hy The specific enthalpy of the working medium at
Doi No. i the extraction pressure the given state, kJ kg~
€rh1 The exergy of intermedium-pressure turbines inlet  h,,, The specific enthalpy of the working medium at
steam, kJ kg™ the environmental state, kJ kg™
T The average temperature of heat absorption

process of working medium, K
54 Mei Yang Tamp  The environment temperature, K
yangmei @neepu.edu.cn S The specific enthalpy of the working medium at
the given state, kJ (kg K)™'
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Samb  The specific entropy of the working medium at the
environmental state, kJ (kg K)71

Asg The entropy production of irreversible processes,
kJ (kg K)~!

Ocp Heat consumption of power plants, kJ h™'

P. The output power of generator, kW

B The fuel consumption per unit time of boiler,
kg h™!

Oretp The low heat value (LHV) of coal, kJ kg_1

Gep The unit of heat consumption rate, kJ (kW h)_1

w The specific work of the power equipment,
kJ kg™!

q Heat absorbed by the working medium kJ kg™

B Boiler

HP High-pressure cylinder

1P Intermediate-pressure cylinder

LP Low-pressure cylinder

G Generator

C Condenser

CP Condensate pump

Hi No. i regenerative heater

Introduction

According to BP’s Energy Outlook, the global energy
demand will grow nearly a third by 2035. Moreover, fossil
fuels will still account for 75% of the energy mix [1], and
currently are widely used as fuel for utility boilers to
generate electricity through the steam Rankine cycle.
Although the outlook for renewable energy has increased
substantially in the past 3 years, coal is still a significant
source of electricity in parts of Asia in 2040 [2]. Hence,
coal-fired power plants, as the largest energy consumption,
have become the focus of most attention [3, 4]. Therefore,
efficient utilization of coal energy in power plants is of
great significance for energy conservation and environ-
mental protection. For the purpose of energy conservation
and emission reduction, further improvement in thermo-
dynamic cycle in large-scale coal-fired power generation is
a major requirement [5, 6]. Thus, any improvement in the
generation efficiency is worth studying and exploring.

At present, general methods of improving the energy
conversion efficiency of coal-fired power generation are
mainly divided into three types: The first is to optimize the
thermal systems of coal-fired generating units [7], such as
organic Rankine systems [8—10], the supercritical carbon
dioxide cycles [11, 12], the ultra-supercritical power units
[13, 14], and the regenerative cycle [15]. The second is to
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utilize waste heat efficiently. For the efficient utilization of
waste heat, the grade analysis method is mainly used to
study the energy-saving potential of a typical heat pump
heating system in coal-fired thermal power plants [16].
Moreover, the absorption heat pump can absorb waste heat
effectively to improve system efficiency [17, 18]. The third
is to increase the initial working fluids’ temperature and
pressure [19]. Currently, the unit capacity of generators has
reached 1000 MW in large power plants, and parameters
for pressure and temperature of the main-steam are
25-30 MPa and 600 °C, respectively [20]. Zhou et al. [21]
established the calculation model for the main-steam
parameters to obtain the main-steam pressure and temper-
ature of the unit under THA conditions. This is an effective
measure to obtain higher steam parameters and appropriate
feedwater temperature to improve the efficiency of thermal
power plants [22, 23]. Much ultra-supercritical double
reheat coal-fired thermal power generation can be widely
applied, such as the 1000-MW ultra-supercritical unit of
Guang Dong Jia Hu Wan power plant put into operation
recently. In the foreseeable future, the steam parameters are
expected to further increase to 30-35 MPa and 700 °C
[24, 25] in many countries, such as the European Union
[26, 27], the USA [28] and Japan [29].

In addition, methods to understand and improve energy
systems using energy, exergy and economic analysis are an
effective new approach. Yilmaz F [30] analyzed a novel
hybrid ocean thermal energy conversion system for clean
power production, while Ahmadi MH et al. [31] analyzed a
system comprehensively including energy, exergy, eco-
nomic (3-E) analyses, and their applications were related to
various thermal power plants. Exergy analysis is a pow-
erful method for determining the losses in a system
[32, 33]. Naeimi et al. [34] investigated a waste heat
recovery system and gas engine for power generation in a
Tehran cement factory, while Gargari et al. [35] conducted
energetic, exergetic, economic and environmental analyses
of a biomass based multi-generation plant. Notably, the
thermal efficiency is influenced by the initial working flu-
ids’ parameters and optimization of the thermodynamic
cycle. Most of the studies related to steam parameters and
process design of the steam cycle are focused on single
600 °C supercritical units. Wang [36] found that the opti-
mal pressure ratios of reheating are 0.15-0.25 (for single
reheat), 0.2-0.3 and 0.15-0.3 (for double reheat). Srinivas
[37] presented the effect of steam injection mass ratio,
deaerator pressure (or temperature ratio), steam reheat
pressure ratio, HP steam turbine pressure, compressor
pressure ratio and combustion temperature on the com-
bined cycle’s exergy efficiency. Espatolero [38] analyzed a
strategy for the optimization of the feedwater heaters net-
work and a flue gas heat recovery system design in
supercritical coal-fired power plants. Few researchers have
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conducted comprehensive thermodynamic cycle analyses
and optimization of 700 °C ultra-supercritical double
reheat coal-fired thermal power generation systems.

In view of this, in this paper a study of parameter
optimization and system structure is conducted based on a
conventional 1000-MW double reheat ultra-supercritical
thermal power plant: (1) to carry out parameter optimiza-
tion in a 700 °C ultra-supercritical double reheat system.
(2) To propose an improved thermodynamic cycle based on
exergy analysis. (3) To compare thermodynamic perfor-
mance under various conditions. Based on the above, an
effective method to improve the thermal efficiency is
presented.

System description and simulation
assumptions

Prototype system

A 700 °C high-efficiency ultra-supercritical coal-fired
power plant is taken as the research object. Figure 1 shows
the flow diagram of the prototype system structure.

This unit adopts 10-stage steam extraction, including
4-stage high-pressure heaters, 5-stage low-pressure heaters,
and one deaerator. The deaerator is considered as a
regenerative heater. Other heaters are regarded as the sur-
face heaters. The hydrophobic water flows step by step.
The steam cycle includes high-pressure turbines (HPT),
intermedium-pressure turbines (IPT) and low-pressure
turbines (LPT). Then, the HPT’s exhaust steam is returned
to the boiler for the first reheat process and then sent to the
IPT. The exhaust steam of the IPT is returned to the boiler
for a second reheat process. The main-steam expands and
works in the steam turbine to the condenser at pressure of
0.004 MPa. The capacity of the ultra-supercritical double
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Fig. 1 Thermal system diagram of ultra-supercritical 10-stage regen-
erative double reheat unit

reheat system under the turbine heat acceptance (THA)
load condition is 1000 MW. In the thermal calculation, the
boiler efficiency is 94.5%, the pipeline efficiency is 99.2%,
and the auxiliary power rate is 3.5% [39].

Model simulation overview and assumptions

In this study, the Ebsilon commercial software is used to
simulate the parametric analysis and energy equilibrium of
a 700 °C ultra-supercritical double reheat coal-fired ther-
mal power generation. This software is widely used in the
modeling and optimization of cycle processes in power
plants [40—42]. Ebsilon Professional offers several calcu-
lation modes to characterize a model, and its applicability
to simulate thermal systems in a power plant at different
conditions has been previously validated [43—45].

The prototype cycle model is based on the heat balance
diagram of the turbine and boiler, and a 100% THA load
was selected as the design point of the model. In the pro-
totype design model, the assumptions for the calculation of
the related definitions were as follows:

1. The pressure drops of HP, LP and IP heaters are 3%,
5% and 5%, respectively;

2. The pressure drops of the first reheater, the second
reheater and the pipeline are 6.4%, 6.4% and 10.2%,
respectively;

3. The constant isentropic efficiencies of HP, LP and IP
are 0.90, 0.915 and 0.89, respectively;

4. Each model’s exergy output (electricity) is set at
1000 MW;

5. The pressure of each model condenser is set to 4.5 kPa.

Model validation

The comparison of the design’s values to the simulation
results of the N1000-25/600/610/610 ultra-supercritical
double reheat plant is listed in Table 1. As indicated in the
table, the simulation results were consistent with the design
values and whose error value was lower than 1%, verifying
the accuracy and reliability of this model.

In this study, pg, p; and p, refer to the main-steam
pressure, the first reheat pressure and the second reheat
pressure, respectively. The p; is dependent on p;/py. Sim-
ilarly, the p, is dependent on the specified p; and p,/p;. In
the analysis of the reheat pressure, the main-steam
parameters of the steam-water cycle were set to 35 MPa
and 700 °C, and the first and second reheat temperatures
were both 720 °C, while the low-pressure cylinder exhaust
pressure was set to 4.5 kPa. A ten-stage regenerative
double reheat unit was selected as the prototype system and
will be referred to as “case 1 (p1/pg = 0.3 po/p; = 0.3).” It
can be seen that the first and second reheat steam pressures
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Table 1 Comparison design

values with simulation results of RHs  Steam pressure/MPa  Steam temperature/°C Extraction mass flow

ult.ra—supercritical double reheat Design values  Simulation values  Design values  Simulation values

unit
#1 7.81 4139 413.7 41.78 41.89
#2 6.01 520.4 520.3 35.86 35.95
#3 4.73 350.61 350.52 23.78 23.68
#4 2.89 283.04 283.17 24.08 24.05
#5 1.17 489.96 489.93 18.76 18.71
#6 0.654 408.53 408.43 20.70 20.63
#7 0.356 330.85 330.91 21.62 21.51
#8 0.166 244.35 244.49 20.75 20.71
#9 0.066 154.43 154.56 20.14 20.19
#10  0.022 66.81 66.89 19.93 19.84

are 10.5 MPa and 3.15 MPa, respectively. The stream-
water parameters of the regenerative heaters of each stage
can be calculated according to the heat balance model, as
shown in Table 2.

The thermodynamic performance evaluation
criteria

In order to evaluate the thermodynamic performance of the
700 °C ultra-supercritical double reheat coal-fired thermal
power generation system, the power generation efficiency
and the heat consumption rate are selected as the evalua-
tion indexes for the thermodynamic performance of the
unit. The power generation efficiency represents the ratio
of the effective energy (electrical energy) output to the
total energy (chemical energy of fuel) input from the power
plant, and is expressed as follows:

_ 3600P, _ 3600P,
To = BOwp  Oep

(1)

The heat consumption rate represents the amount of heat
consumed per unit of electric energy produced by a power
plant, which is defined as follows.

O, 3600
q = = —
PP Hep

(2)

Exergetic evaluation

Based on the first and second laws of thermodynamics, the
method of exergy focuses on the changes in functional
forces in various dynamic processes. It evaluates the effect
of the energy system from the aspect of energy quality,
whose index is efficiency, i.e., the ratio of available energy
for effective utilization. As far as the power plant is con-
cerned, exergy efficiency can be calculated as follows:

A
R (3)
€y €y
The exergy losses of the thermal equipment can be
determined using the exergy equilibrium equation:

Table 2 Extraction parameters of the prototype system of the super-supercritical double reheat unit

RHs Steam pressure/MPa Steam temperature/°C Saturation temperature/°C Extraction superheat/°C
#1 8.51 484.26 299.39 184.87
#2 5.95 616.38 275.08 341.3
#3 3.51 528.01 242.76 285.25
#4 1.54 593.25 199.57 393.68
#5 0.8 488.55 170.44 318.11
#6 0.47 411 149.55 261.45
#7 0.26 333.78 128.74 205.04
#8 0.13 253.87 107.14 146.73
#9 0.064 176.03 87.6 88.43
#10 0.024 87.57 64.06 23.51
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Ae = (em,in =+ eq) - (em,out + W) (4)
€m = (hl - hamb) - Tamb(sl - Samb) (5)
eo=a1-72) ©)

The exergy losses of the unit working fluid caused by a
certain irreversible thermal process or equipment in a
temperature of Ty, environment can be expressed as:

Ae = TympAs, (7)

Optimization of steam pressure of 700 °C
ultra-supercritical double reheat system

Effect of main-steam pressure to exergy
efficiency of the steam turbine

The second law is introduced to predict the thermodynamic
performance of the unit, which is further analyzed with the
efficiency of the unit as the evaluation standard. The effi-
ciency of the steam turbine system is as follows:

w
"~ Do(eo — ew1) + Dini(emi — €2) + D (ema — €3)

Uky
(8)

The effect of main-steam pressure and temperature on
the exergy efficiency of the steam turbine is shown in
Fig. 2. From the relationship between the efficiency of the
turbine and the temperature under different main-steam
pressures, given a main-steam pressure, the exergy effi-
ciency of a steam turbine thermal system increases with
increasing temperature. That is because as the steam tem-
perature is growing, the enthalpy rises and the work energy
increases. At a given temperature, there is a fixed pressure
at which the enthalpy of water vapor is maximized. This
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Fig. 2 Effect of steam parameters on steam turbine exergy efficiency

pressure can be considered as the optimum pressure for that
main-steam.

When the main-steam temperature is 600 °C, the exergy
efficiency at 25 MPa is basically the same as the exergy
efficiency at 30 MPa, which is obviously higher than that
for a steam pressure of 35 MPa, Therefore, the steam
pressure should be 25 MPa. When the steam temperature
rises to 650 °C, the steam pressure is 30 MPa, which is
significantly more efficient than when the steam is at
25 MPa and 35 MPa. Hence, the main-steam pressure
should be 30 MPa. When the steam temperature increases
to 700 °C, the exergy efficiency is higher than that
obtained at 25 MPa or at 30 MPa, Thus the main-steam
pressure should be chosen to be 35 MPa. Consequently, a
high-efficiency ultra-supercritical generator at 700 °C
should have a main-steam pressure of 35 MPa.

Influence of parameter optimization on thermal
thermodynamics of 700 °C ultra-supercritical
double reheat system

In order to optimize the thermal economy of the 700 °C
ultra-supercritical double reheat system, the reheat pressure
and extraction parameters should be optimized and adjus-
ted to maximize the thermal economy of the system. We
firstly established the mathematical description of the
parameter optimization problem. Then, we wrote the pro-
gram interface of a MATLAB genetic algorithm and sub-
sequently created an Ebsilon model. The GA method, a
stochastic global search method first presented by Holland
to simulate natural biological evolution [46—48], was
adopted to optimize the parameter and obtain the maximum
exergy efficiency.

When the genetic algorithm is optimized for the
extraction parameters of the regenerative system, the
absolute internal efficiency of the unit cycle is taken as the
objective function, and the outlet temperature of each
regenerator is optimized as a function variable. The heat
consumption rate of the unit can be expressed as the
objective function of heat consumption rate by Eq 9 under
the boundary conditions of the determined main-steam
pressure pg, temperature £, reheat temperature #,;,, and back
pressure pr. According to the basic laws of thermody-
namics, the extraction pressure at all levels should be
reduced successively, and the ratio between the optimal
reheat pressure and the main-steam pressure or the previ-
ous reheat pressure should be within a certain range. Based
on this, the boundary conditions of the model were
obtained, as shown in Eq 10.

h = f(p1,P2,P01,P02, - - -Pon) 9)
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Po > Po1 > Ppo2 >+ > Pon—1 > Pon
Pl/Po = k; (k =0.2— 06) (10)
p2/p1 = k; (k=02 —-0.6)

In order to prevent the algorithm from local optimum
convergence, the boundary conditions of the extraction
parameter population of each stage need to be determined.
The optimization parameters were set as shown in Table 3:

The stochastic global optimization genetic algorithm
was used to optimize the reheat pressure and the extraction
parameters of the double reheat plant at the tenth stage.
When the first reheat pressure and the second reheat
pressure were determined, the parameters of each stage of
the reheat extraction steam can be obtained. The influence
of p1/po and p,/p; on power generation efficiency is shown
in Fig. 3.

The power generation efficiency first increases sharply
and then decreases gradually with the increase in the first
reheat steam pressure. The impact of the second reheat
pressure on the power generation efficiency is similar in
tendency to first reheat steam pressure. The power gener-
ation efficiency is higher when p,/p, is greater than 0.35
and the p,/p; ratio is fixed at 0.25. When p,/p, is less than
0.35 and p,/p; is fixed at 0.35, the expected value of the
power generation efficiency is higher than other conditions.
The main reason is that the main-steam parameters in this
paper are at 35 MPa and 700 °C, the enthalpy and the
exergy of the main-steam increase sharply. The first reheat
steam has done work in high-pressure turbines, which
results in an increase in the steam extraction parameters of
the regenerative system.

It is evident that the highest figure of the power gener-
ation efficiency is at p,/p; and p,/p, equal to 0.25 and 0.45,
respectively, which represent the optimal values. This is
consistent with the parametric analysis trend by Zhou et al.
[49], whose peak point of power generation efficiency
appears at pi/py = 0.4 and p,/p; = 0.3 for the conventional
conditions of 600 °C. The optimized reheat system (p,/
Po = 0.45 and p,/p, = 0.25) will be referred to as “case 2.”

Table 3 Parameters of GA

Boundary conditions Parameter setting

= 10 °C
Number of population 250

Temperature rise per stage
Population initial value Randomly generated
Population parent selection Random uniform distribution
Hybrid probability 0.8
Migration probability 0.2

Convergence condition An; <1076
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Fig. 3 Effect of reheat pressures on the power generation efficiency
of the double reheat system

The same optimization method is adopted to obtain the
optimal extraction parameters, which are shown in Table 4.

The following observations can be made according to
Tables 2 and 4: (1) For the optimized regenerative system,
the extraction steam pressure of the regenerative system is
no less than the steam pressure of the extraction steam in
case 1, due to the increase in the steam pressure for primary
reheating. (2) The added enthalpy of feed water in the
optimized double reheat plant is greater than that of case 1.
Because the steam pressure of the reheat system increases
in case 2, and the final feedwater temperature increases
accordingly, resulting in a significant increase in the feed
enthalpy.

Thermodynamic performance analysis of 700 °C
ultra-supercritical double reheat system

The thermodynamic performance pairs of the 700 °C pro-
totype system and the 700 °C optimized system are shown
in Table 5. Since the regenerative extraction parameters
are optimized for p,/py, and p,/p;, the first reheat steam
pressure increases from 10.5 to 15.72 MPa in the prototype
system, and the double reheat steam pressure is separated
from the prototype system. The second reheated steam
pressure increases from 3.15 to 3.999 MPa. Compared with
the feedwater temperature of the prototype system at
301.07 °C, the optimized system feedwater temperature is
as high as 331.03 °C. This is because the extraction
parameters of the regenerative system increase after the
reheat pressure of the optimized system increases. The
main-steam flow rate of the optimized system is
2234.5 t h™', which is higher than that of the main-steam
flow of the prototype system. This is because the optimized
feedwater temperature rises after the optimization, and
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Table 4 Extraction parameters of the regenerative system of ultra-supercritical double reheat plant in case 2

RHs Steam pressure /MPa Steam temperature/°C Saturation temperature/°C Extraction superheat degree/°C
#1 12.75 549.59 329.38 220.21
#2 8.66 609.76 300.63 309.13
#3 4.45 499.05 256.79 242.26
#4 1.7 569.84 204.35 365.49
#5 0.8 452.54 170.44 282.1
#6 0.48 379.06 150.34 228.72
#7 0.26 302.8 128.74 174.06
#8 0.13 226.62 107.14 119.48
#9 0.064 152.8 87.6 65.2
#10 0.024 68.77 64.06 4.71

Table 5 Comparison of thermodynamic performance of prototype system and optimization system

Items 700 °C prototype system (case 1) 700 °C optimization system (case 2)
Exergy output (electricity)/MW 1000 1000
Main-steam pressure/MPa 35 35
Main-steam temperature/°C 700 700
Main-steam flow rate (t h™!) 2061.5 2234.5
First reheated steam pressure/MPa 10.5 15.72
First reheated steam temperature/°C 720 720
Pi/po 0.3 0.45
Second reheated steam pressure/MPa 3.15 3.999
Second reheated steam temperature/°C 720 720
Dalps 0.3 0.25
Rated back pressure/MPa 0.004 0.004
Feedwater temperature/°C 301.07 331.03
Heat consumption rate/(kJ (kW h)_l) 7105.42 7061.75
Decrement/(kJ/(kW h)") - 43.67
Power generation efficiency/% 50.67 50.98
Increment (%) - 0.31

more extraction steam is needed to heat the feed water to
achieve higher enthalpy.

In summary, the optimized power generation efficiency
of the 700 °C ultra-supercritical ten-stage double reheat
system is 0.31% higher than that of the prototype system
and the corresponding heat consumption rate reduces from
7105.42 to 7061.75 kJ (kW h)fl. The heat consumption
rate decreases by 43.67 kJ (kW h)fl.

Exergy analysis of ten-stage regenerative
double reheat plant

The exergy analysis aims to reveal the main components of
the parameters optimization that will improve the power
generation efficiency. Table 6 illustrates the detailed

exergy destruction of the prototype system and the opti-
mized system.

It is clear that the exergy losses of the boiler in the
optimized system are lower than those of the prototype
system (case 1) by 0.57% point, which is mainly due to the
higher temperature of the feed water in the optimized
system (case 2). The exergy losses of the condenser in the
optimized system are a little higher than those of the pro-
totype system, namely by 0.05%. This is chiefly due to the
increased main-steam mass flow rate of the optimized
system, which leads to an increase in condenser depletion.
In addition, the exergy destruction of the optimized sys-
tem’s regenerative heaters is higher than those of the pro-
totype system by 0.22%, while the reheat steam pressure is
increased. The energy utilization level of the optimized
system will be weakened to a certain extent, which limits
the capacity to further improve power generation
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Table 6 Exergy analysis comparison of prototype system and optimization system

700 °C optimization system case 2 (MW/%)

Items 700 °C prototype system case 1 (MW/%)
Exergy input (coal) 1973.55 100.00
Exergy output (electricity) 1000.00 50.67
Exergy destruction
Boiler 814.89 41.29
Turbines 86.15 4.37
Regenerative heaters 25.36 1.28
Condenser 27.92 1.41
Generator 10.31 0.52
Other parts 8.02 0.41
Exergy result check
Exergy output and destruction 1972.65 99.95
Calculation deviation 0.90 0.05
Exergy efficiency 50.67

1961.55 100.00
1000.00 50.98
798.67 40.72
85.09 4.34
28.61 1.46
28.66 1.46
10.31 0.53
8.91 0.45
1960.25 99.93
1.30 0.07
50.98

efficiency. In general, the exergy efficiency of the ten-stage
double reheat optimized system is increased by 0.31%, as
shown by the exergy analysis comparison of the prototype
system and the optimized system, which is consistent with
the thermal efficiency improvements shown in Table 4. As
noted above, the ratio of the exergy destruction of the
regenerative heaters to the total exergy destruction in the
optimized system is 0.26% higher than that of the proto-
type system, which will have a negative impact on any
further improvement in the power generation efficiency.

The above analysis of Tables 4 and 6 reveals that the
superheating degree of extraction steam in H2 and H4
heaters in the 700 °C optimized system reached 300 °C.
This is because the double reheat makes the main-steam
temperature rise markedly, and the temperature of the
regenerative extraction steam after reheating also increases
significantly. The superheating degree of H3 to H7 heaters
is much higher than that of the other heaters, which results
in an energy-grade mismatch problem. In other words, the
energy is not fully utilized, and additional exergy losses are
generated.

A 700 °C regenerative steam turbine
thermal system

Reducing the superheating degree of the extraction steam
can lead to better thermal performance of the whole cycle.
In order to achieve this goal, a 700 °C super-supercritical
double reheat regenerative steam turbine thermal system is
proposed, as shown in Fig. 4.

A portion of the exhaust steam of the IP turbine is sent
to a regenerative steam turbine instead of the reheater, and,
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as a result, the extraction steam in H2 to H7 originates from
the extraction steam and exhaust steam of the regenerative
steam turbine instead of being extracted from the IP and LP
turbines. In this configuration, the superheating degree of
the extraction steam in RH2 to RH7 is significantly reduced
because this portion of extraction steam is not reheated.
Consequently, the temperature difference between the heat
transfer processes is also dramatically declined. Likewise,
the quantity of steam entering the first and second reheaters
of the boiler drops obviously, and, as a result, the heat
absorption of the boiler decreases.

Due to the difference between the regenerative steam
turbine thermal system and the conventional system, the
optimized reheat pressure will be different. The maximum
value of the generation efficiency is obtained by coupling
the primary reheat pressure with the double reheat pressure.
Using the method presented earlier, and optimizing the
parameters of extraction steam, the highest point of the
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Fig. 4 Thermal system diagram of 700 °C regenerative steam turbine
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power generation efficiency can be found. A modified
optimized regenerative steam turbine system (where p,/
po = 0.24 and p,/p, = 0.18) is referred to as “case 3.” The
thermodynamic performance comparison of optimized
system and regenerative steam turbine system is presented
in Table 7.

Table 7 shows a comparison between the major thermal
parameters of the 700 °C optimized system (case 2) and
700 °C regenerative steam turbine system (case 3). The
main-steam flow rate is decreased in the 700 °C regener-
ative steam turbine system, which is attributed to the
energy cascade utilization of the regenerative process as
the related extraction steam temperature is reduced,
resulting in a decrease in the feedwater temperature.
Adopting a regenerative steam turbine system, the
146.75 t h™' exhaust from the HP cylinder enters the
regenerative turbine, instead of reheating. Thus, the ratio of
the first reheat steam to main-steam is decreased from
0.915 to 0.685 in the regenerative steam turbine system.

In general, the heat consumption rate of the regenerative
steam  turbine system plant is decreased by
194.66 kJ (kW h)~!, from 7061.75 kJ (kW h)™' in the
optimized system (case 2) to 6867.09 kJ (kW h)~! in the
regenerative steam turbine system (case 3). The power
generation efficiency of the regenerative steam turbine
system goes up to 52.42%, which is 1.44% higher than that

of the optimized system. The regenerative steam turbine
system can be used as an effective means to improve the
thermal efficiency of the 700 °C ultra-supercritical double
reheat cycle.

In order to analyze the efficiency improvement realized
by adopting a regenerative steam turbine system, two types
of system circulation process lines are drawn. The T-S
diagram of the optimized system (case 2) and the
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Fig. 5 T-S diagram of the double reheat unit in case 2

Table 7 Comparison of thermodynamic performance of the optimization system and regenerative steam turbine system

Items

700 °C optimization
system (case 2)

700 °C regenerative steam
turbine system (case 3)

Exergy output (electricity)/ MW
Main-steam flow rate/(t h™ %)

First reheat steam flow rate/(t h’l)
Second reheat steam flow rate/(t h™")
Ratio of first reheat steam to main-steam
Ratio of second reheat steam to main-steam
Main-steam pressure/MPa

Main-steam temperature/°C

First reheated steam pressure/MPa

First reheated steam temperature/°C
Pi/po

Second reheated steam pressure/MPa
Second reheated steam temperature/°C
p2/pi

Rated back pressure/MPa

Feedwater temperature/°C

Heat consumption rate/(kJ (kW ™
Decrement/(kJ (kW h)~")

Power generation efficiency/%

Increment (%)

1000 1000
2234.5 2013.8
2045.3 1379.0
1716.4 1379.0
0.915 0.685
0.768 0.685
35 35

700 700
15.72 8.23
720 720
0.45 0.24
3.999 1.48
720 720
0.25 0.18
0.004 0.004
331.03 301.32
7061.75 6867.09
- 194.66
50.98 52.42
- 1.44
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Fig. 6 T-S diagram of the double reheat plant in case 3

regenerative steam turbine system (case 3) are shown in
Figs. 5 and 6, respectively.

It can be seen that an additional regenerative steam
turbine expansion line is present in Fig. 6. This is because a
part of the exhaust gas of the high-pressure cylinder of the
regenerative steam turbine thermal system flows directly
into the small steam turbine to do work, which results in a
decrease in the portion of reheat under the original condi-
tions. In case 2, the main-steam flow is 2013.8 t h™!, while
the steam flow into the regenerative steam turbine is about
634.8 t ™!, which causes the steam flow to the reheater to

be reduced. This is equivalent to reducing the additional
cyclic dynamic coefficient of the conventional reheat cycle.
The amount of heat that needs to be absorbed by reheating
is reduced, leading to an improvement in power generation
efficiency.

In another aspect, the additional power factor of the
regenerative steam turbine thermal system decreases more
quickly as the reheating pressure decreases, since the first
reheat steam pressure of the regenerative steam turbine
system is reduced from 15.72 to 8.23 MPa in the optimized
system, and the second reheated steam pressure drops from
3.999 to 1.48 MPa.

Thermodynamic performance of 700 °C unit
under variable working conditions

In order to meet the needs of modern power supply con-
dition, large-scale ultra-supercritical coal-fired generating
units need to undertake peak-shaving tasks. We therefore
further analyze the thermodynamic characteristics of cases
3 under different loads. Four typical working conditions
(THA (design conditions), 75% THA, 50% THA and 40%
THA) were selected for the ultra-supercritical double
reheat unit in this study. Table 8 shows the main parame-
ters of the 700 °C double reheat system under these four
typical conditions.

Table 8 Main parameters of

700 °C double reheat system Items 100%THA 75%THA 50%THA 40%THA

under variable working Main-steam flow rate/(t h~') 22345 1615.5 1057.6 839.9

conditions
Main-steam pressure/MPa 35 26.82 23.83 13.75
Main-steam temperature/°C 700 700 700 700
First reheated steam pressure/MPa 15.72 11.76 7.92 6.31
First reheated steam temperature/°C 720 720 720 720
Second reheated steam pressure/MPa 3.999 3.02 2.06 1.65
Second reheated steam temperature/°C 720 720 720 720
Feedwater temperature/°C 331.03 311.65 285.37 271.04
Exergy output (electricity)/MW 1000 750 500 400

Table 9 Comparison of the heat generation rate between case 2 and case 3 under variable working conditions

Unit load Double reheat unit (case 2) The regenerative steam turbine system (case 3)
85% the relative internal efficiency 90% the relative internal efficiency
THA 7061.75 6965.9 6957.1
75%THA 7101.0 7057.0 7048.2
50%THA 7346.5 7294.9 7286.1
40%THA 7513.9 7418.8 7410.0
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From Table 8, we see that the steam pressure decreases
with the decrease in load, while the steam temperature
generally levels off. This is caused by the use of sliding-
pressure operation in large coal-fired generating units at
variable loads. Furthermore, the use of sliding-pressure
operation leads to a rapid increase in the superheat of the
extraction steam, the problem of extraction steam over-
heating is more serious than at low load operation.
Therefore, it is more meaning to examine the utilization of
steam energy cascade in the regenerative system.

To that end, a comparative analysis of the heat recovery
rate of the double reheat unit (case 2) and the regenerative
steam turbine system (case 3) under different loads was
carried out. Table 9 shows the heat generation rates of case
2 and case 3 under variable working conditions shown.

It can be seen that with the decrease in load, the heat
generation rates of the 700 °C double reheat system and the
700 °C regenerative steam turbine system gradually
increase, and the coal consumption of the regenerative
steam turbine system is always lower than that of the
double reheat system. When the relative internal efficiency
of the regenerative steam turbine rises from 85 to 90%, the
heat generation rate of the unit further reduces under dif-
ferent load conditions.

Conclusions

In this study, a comprehensive analysis of parameter
optimization and system structure is conducted for a
700 °C ultra-supercritical double reheat cycle to obtain an
effective method to improve thermal efficiency.

For the 700 °C ultra-supercritical ten-stage regenerative
double reheat unit, when the p,/p; and p,/pg ratios are 0.25
and 0.45, respectively, the power generation efficiency
reaches an optimal value which is 0.31% higher than that
of the prototype system. To decrease the energy-grade
mismatch, a regenerative steam turbine thermal system is
presented based on the optimized system. The heat con-
sumption rate of the regenerative steam turbine system unit
is declined by 194.66 kJ (kW h)_l, from 7061.75 to
6867.09 kJ (kW h)~'. The power generation efficiency of
the regenerative steam turbine system rises up to 52.42%.
In order to study the large-scale ultra-supercritical coal-
fired generating units’ behavior under peak-shaving tasks,
the thermodynamic characteristics were further analyzed
under different loads. Under variable working conditions,
the heat generation rates of the 700 °C double reheat sys-
tem and the 700 °C regenerative steam turbine system
gradually increase with the decrease in load. Meanwhile,
the coal consumption of the regenerative steam turbine
system is always lower than that of the double reheat
system. When the relative internal efficiency of the

regenerative steam turbine increases from 85 to 90%, the
heat generation rates of the unit further reduce under dif-
ferent load conditions.

The optimized designs for 700 °C ultra-supercritical
double reheat coal-fired power generation provide a new
effective approach to improve energy utilization efficiency.
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