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Abstract: The final feedwater temperature is the temperature of the feedwater supplied to the boiler
in the power plant applied with the Rankine cycle. In thermal power plants adopting a regenerative
cycle, it is generally known that the heat transfer of the boiler is reduced, and the efficiency of the
power plant is increased. However, the output of the power plant is reduced when the final feedwater
temperature is increased. In this study, the net output and efficiency of the power plants depending
on the final feedwater temperature under the condition of constant boiler heat transfer rate were
analyzed for five cases. The results show that there is a final feedwater temperature at which the
net output and the net efficiency are maximized. The additional output of the power plant obtained
by increasing the final feedwater temperature has the effect of reducing CO, emissions. If the final
feed water temperature is below 308.3 °C, the net output and the final feed water temperature are
proportional for all cases. When the final feedwater temperature increases by 1 °C, the net output
increases by 63.02 kW and CO, emissions are reduced by 60.52 kgCO; /h on average.

Keywords: thermal power plant; final feedwater temperature; efficiency; CO, emissions

1. Introduction

To solve global warming and energy problems, the Paris Agreement was signed to
keep the global average temperature rise below 2 °C compared to the industrialization
era and to try to limit the rise to 1.5 °C or less [1,2]. For this purpose, the conversion and
diversification of energy sources from fossil energy to renewable energy such as wind
power, fuel cells, biomass, etc. are being pursued; however, a perfect solution could not be
presented due to the different interests of each country and a lack of suitable technologies.
One of the ways to resolve energy shortage and reduce CO; emissions is to develop a
high-efficiency coal-fired power plant that combines technological advances to reduce
harmful substance emissions [3]. Coal-fired power plants account for one-third of the total
electric power supply in Korea, and among them, 20 units of the 500 MW class of coal-fired
power plants built in the 1990s have been operating for more than 20 years and are aging.
Due to the difficulties of constructing new power plants, the need for life extension and
performance improvement for existing power plants is emerging [4-6]. The CO, emission
factor at the power transmission stage of the domestic supercritical coal-fired power plants
is 1.017 kgCO, /kWh [7]. Steam power plants have already reached capacity limits and
technological developments are focused on improving efficiency [8].

The steam conditions of the power plant influence the performance of the power plant.
Many studies have been conducted on supercritical power plants and ultra-supercritical
power plants with enhanced steam conditions to improve the performance of power plants.
Li et al. [9] performed thermodynamic analysis and optimization of a double reheat system
in an ultra-supercritical power plant. An optimized double reheat system adopting 10-stage
extraction and two outer steam coolers was proposed. Yang et al. [10] provided a basis
for the quantifying proposals of exergy-driven strategies for improving the system by
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performing conventional and advanced exergy analysis on a coal-fired ultra-supercritical
power plant. By increasing the steam conditions, the exergy destruction ratio of the
boiler was significantly reduced, contributing to the system improvement. Bugge et al. [11]
described the development and prospects of high-efficiency coal-fired power plants through
improved steam conditions. A coal-fired power plant with a 700 °C steam temperature was
studied to minimize CO, emissions. Beer [12] compared the efficiency of coal-fired Rankine
cycle steam plants with advanced steam parameters. Efficiency improvement was proposed
as the lowest-cost method to reduce all emissions including CO;. The thermodynamic
efficiency of power generation was enhanced by increasing steam pressure and temperature.
Weitzel [13] investigated a steam generator for advanced ultra-supercritical power plants
to enhance the efficiency of a coal-fired power plant. Stepczynska et al. [14] presented
various configurations of a 900 MW power unit for advanced 700/720 °C ultra-supercritical
steam parameters with a single and double steam reheat. Lukowicz et al. [15] analyzed
various ultra-supercritical power plants to determine the effect of the parameters of live
and reheated steam on the basic thermodynamic and economic indices of the thermal
cycle. However, since steam conditions cannot be infinitely enhanced, other methods for
improving the performance of power plants would need to be considered when steam
conditions reach a certain level. Several measures have been proposed to improve the
performance of power plants. Espatolero et al. [16] suggested a method to improve power
generation efficiency by utilizing heat from boiler exhaust gas in an advanced supercritical
power plant. Salih et al. [17] studied the improvement in energy efficiency of the steam
cycle according to the mass flow rate of air. Espatolero et al. [18] suggested a method for
optimizing feedwater heater configuration, and Srinivas et al. [19] thermodynamically
analyzed the performance of power plants according to the number of feedwater heaters.
Mohammed et al. [20] investigated the effect of using different numbers of feed water
heaters on cycle performance in a 200 MW steam cycle power plant. Khaleel et al. [21]
used an in-house-developed prediction model to simultaneously optimize the pressure of
all feedwater heaters of a coal-fired power plant. This optimization is performed based
on the maximum thermal efficiency, exergy efficiency, and net power of the power plant.
Khaleel et al. [22] investigate the feasibility of using a feedwater heater system with a
coal-fired power plant. Khaleel et al. [23] developed an analysis model to predict the
effectiveness of closed feedwater heaters based on data measured at a coal-fired power
plant and investigated the effect of operating conditions on power plant performance.

In addition, various studies have been conducted including thermodynamic analysis
and optimization of reheat and double reheat power plants [9,24-29]. Sengupta et al. [30]
conducted a study on exergy efficiency through exergy analysis for a 210 MW thermal
power plant. Khaleel et al. [31] performed a comparative evaluation of the energy and
exergy analysis of coal-fired and gas-fired thermal power plants. Khaleel et al. [32] analyzed
the impact of operating conditions of coal-fired power plants on performance through
exergy analysis. Reddy et al. [33] analyzed a solar-concentrator-aided coal-fired supercrit-
ical thermal power plant, and various other studies using solar energy in power plants,
such as heating feedwater using solar heat, were conducted [34-37]. However, few studies
have been conducted on the relationship between the final feedwater temperature and the
performance of coal-fired power plants.

In this study, a 500 MW class coal-fired power plant was modeled and the correlation
between the final feedwater temperature and the performance of the power plant was
studied under the identical condition of the heat transfer rate in the boiler. The final
feedwater temperature is proposed as a key parameter to improve the performance of the
power plant considering the net output and the net efficiency of the power plant.
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2. Materials and Methods
2.1. Regenerative-Reheat Rankine Cycle
2.1.1. Typical Coal-Fired Power Plant

A coal-fired power plant is based on the regenerative-reheat Rankine cycle. High-
temperature and high-pressure steam with thermal energy is generated by the combustion
of coal. This steam rotates the turbine to generate electric power. Currently, most thermal
power plants raise the steam pressure above the critical pressure to increase efficiency,
which is called a supercritical cycle [38].

Figure 1 shows a block diagram of a typical coal-fired power plant. The power plant
consists of pumps, low-pressure feedwater heaters (hereinafter LP heaters), a deaerator,
high-pressure feedwater heaters (hereinafter HP heaters), a boiler, turbines, and condensers.
Feedwater is the water supplied to the boiler as a working fluid. The feedwater system
consists of feedwater pumps, high-pressure feedwater heaters, and a deaerator. As shown
in Figure 1, to improve the cycle efficiency, some of the steam in the turbine is extracted to
raise the temperature of the feedwater supplied to the boiler. This is called a regenerative
cycle. In modern large-scale power plants, a regenerative cycle using about 7 to 8 or more
feedwater heaters is applied [39]. The final feedwater temperature is the temperature of
feedwater that is supplied to the boiler through the feedwater heater. In Figure 1, the
temperature of point (2) is the final feedwater temperature. Feedwater heater No. 8 uses
steam to heat the feedwater. The steam to heat the feedwater is supplied from the extraction
of the high-pressure turbine (hereinafter HPT) as shown in Figure 1. It is well known that as
the final feedwater temperature increases, the heat transfer of the boiler decreases, thereby
improving the efficiency of the power plant. However, if the final feedwater temperature
is too high, a two-phase flow of steam and water occurs in the economizer of the boiler,
and heat transfer to the feedwater flowing inside the economizer tube is not smoothly
performed, causing problems such as local overheating of the tube. In general, there is a
maximum allowable final feedwater temperature suggested by boiler manufacturers in
consideration of the lifetime and reliability of the boiler.

Boiler

\T—L—]—/ Condenser

Deaerator ‘

VRN N

JV\/ " /\f\,——‘f% —/ ) 7__/\/\/ JV\]_‘_JV\/___JM,—_f - /\
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HP Heaters LP Heaters

Figure 1. Typical coal-fired power plant configuration.

A temperature-entropy diagram depending on the configuration of the power plant is
shown in Figure 2 according to Figure 1. As shown in Figure 1, the section from point ) to
point 3 is a boiler and the section from point () to point () is a reheater. In Figure 2, section
@ to (® and section @) to (&) are the sections where heat is transferred through a boiler.
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Figure 2. T—s diagram of the coal-fired power plant in Figure 1.

2.1.2. Final Feedwater Temperature

When the design conditions of the high-pressure feedwater heaters are the same,
relatively high-pressure steam must be extracted from the turbine to raise the final feedwater
temperature. As a result, the turbine work is relatively reduced, and the specific power of
steam (generated power per mass flow rate, kW /(kg-s 1)) is decreased. Therefore, when
the flow rate of steam supplied to the turbine is fixed and the final feedwater temperature
increases, the amount of power output generated by the power plant decreases. With
a target power output, a relatively higher flow rate of steam should be supplied to the
turbine. The flow rate of feedwater supplied to the boiler should be increased, and power
consumption of the feedwater pumps increases, resulting in a decrease in the net output
and the net efficiency of the power plant. When the flow rate of steam and the flow rate
of feedwater increase, it is necessary to increase related facilities such as a boiler and
feedwater pumps.

2.2. Performance Analysis of the Steam Cycle
2.2.1. Theories of Analysis
The definition of performance for the analysis of the power plant is the net output and
the net efficiency. The main theory for analysis of the power plant is as follows [38,39]. The
power required by the condensate pump Wp is
mp (houtS - hin)

W, = o T 1
: 1p M)

where m,, hj,, hoys, and 7p are the mass flow rate of condensate water flowing into
the condensate pump, upstream specific enthalpy, downstream specific enthalpy with
isentropic compression, and the isentropic efficiency of the pump, respectively. The power
consumption of the condensate pump Pp is

_Wp
v’

Pp (2)
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where 77 is the efficiency of the motor. The isentropic efficiency of the turbine 77 is
hin — hout
nr= ®)
hin — houts

where h,,; and h,,;s denote the specific enthalpy of the turbine outlet and the specific
enthalpy of the turbine outlet with isentropic expansion, respectively. The power generated

by the turbine Wr is

WT = mT(hin - hout) = mr X 77T(hin - houtS)/ (4)

where mr refers to the mass flow rate of steam supplied to the turbine. The gross power
output of the power plant Pg is

Po =Y Wr— YW, (5)

where Y Wt and Y W are the sum of the power generated by the turbine and the sum of
the power loss of the turbine and generator, respectively. The total heat transfer rate of the

boiler Qp is
Qp = ZmB(hout - hin)/ (6)

where 11p is the mass flow rate of feedwater supplied to a boiler. The gross efficiency of the
power plant ¢ is defined as follows:
Pe
Qs

The net output of the power plant after subtracting the power consumption of the
condensate pumps Py, is

G = (7)

Puet = P — Pp, 8)

where Pp is the power consumption of the condensate pumps. The net efficiency of the
power plant 7, is defined as follows:

P
Mnet = 'net ’ 9)
B

The terminal temperature difference (TTD), which is the main design condition of the
feedwater heater, TTD is defined as follows:

TTD = Tsut - TFW_outr (10)

where T4t and Try ¢ are the saturated steam temperature at the internal pressure of the
feedwater heater shell and the feedwater temperature at the outlet of the feedwater heater
tube side, respectively. The drain sub-cooler approach (DCA), which is the main design
condition of the feedwater heater, DCA is defined as follows:

DCA = Tdrain - TFWfin/ (11)

where Tyrain and Trw in are the drain temperature on the shell side of the feedwater heater
and the feedwater temperature at the inlet of the feedwater heater tube side, respec-
tively. The ratio of transmission power output to the gross power output Rryans is defined

as follows:

Pry
RTrans = %/ (12)
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where Pryans is the output of the power plant at the transmission stage. The CO, emission
rate of the power plant 1o, is defined as follows [7]:

mco, = EFco, X Prrans = EFco, X Rtvans X PG, (13)

where EFc(, is the CO, emission factor at the power transmission stage of the power plant.
The general exergy balance equation is represented as follows [40]:

ZEW‘ + Zmiexi = ngexg + W+ Ed, (14)
j i €

where ex indicates specific exergy and W is the work rate and E; is the exergy destruction
rate. E;; is calculated as follows:

. T, .
E;= <1 - T‘;) Q. (15)

where Qj and Ty are the heat transfer rate and the temperature of the dead state, respectively.

2.2.2. Design Conditions and Interpretation

The reference condition for this study was based on the design conditions of an
existing 500 MW class coal-fired power plant. Table 1 summarizes the reference conditions
of performance analysis of the power plant. The assumptions are as follows: (1) The
power plant is a supercritical coal-fired power plant. (2) All turbines are adiabatic. (3) The
isentropic efficiency of each stage of the turbine is constant. (4) Except for No. 8 feedwater
heater shell internal pressure and turbine extraction pressure connected to the feedwater
heater, all other turbine extraction pressures and feedwater heater shell internal pressure
are identical. (5) The ratio between the shell internal pressure of the No. 8 feedwater
heater and the turbine extraction pressure connected to the feedwater heater is constant.
(6) The design conditions of the feedwater heater (TTD and DCA) are identical. (7) The
high-pressure turbine exhaust pressure and the hot reheat steam pressure are constant.
(8) The heat transfer rate of the boiler (including the reheater) is constant. (9) The supplied
exergy of the boiler is constant. (10) The CO, emission factor at the power transmission
stage of a supercritical coal-fired power plant is 1.017 kgCO, /kWh [7]. (11) The ratio of
transmission power output to the gross power output (Rrrans) is 0.94429 [41]. (12) The dead
state temperature is 25 °C.

Table 1. Reference conditions of performance analysis.

Item Conditions
Final feedwater temperature 287.5°C
Heat transfer rate of the boiler 1,195,197 kJ /s
Exhaust pressure of low-pressure turbine 5.1kPa
Isentropic efficiency of condensate pump 80%
Efficiency of condensate pump motor 95%

The performance analysis model was established based on the heat balance diagram
of an existing 500 MW class coal-fired power plant. The pressure of steam supplied to
the No. 8 feedwater heater was changed by the extraction pressure of the high-pressure
turbine. By changing the internal pressure of the No. 8 feedwater heater shell, the final
feedwater temperature was changed. The same value as the mass flow rate of the main
steam was applied to the mass flow rate of the feedwater flowing through the tube side of
the No. 8 feedwater heater.

According to the feedwater heater design conditions (TTD and DCA), the flow rate
of steam extracted from the turbine was calculated under thermal equilibrium conditions,
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and the steam excluding the extracted steam flows to the next stage of the turbine. The
power consumption of the feedwater pumps was calculated by reflecting the flow rate of
feedwater, and the steam consumption of the feedwater pump driving turbines required
to drive the feedwater pumps was calculated according to the power consumption of the
feedwater pumps. The required flow rate of the extraction steam to the deaerator was
calculated considering the thermal equilibrium in the deaerator. The inlet steam flow rate of
the low-pressure turbine was calculated by subtracting the steam demand of the feedwater
pump driving turbines and the flow rate of the deaerator inlet steam from the flow rate of
the medium-pressure turbine exhaust steam.

The flow rate at the tube side of the low-pressure feedwater heater was calculated
considering the sum of steam and water flowing into the condenser, such as the drainage
of the low-pressure feedwater heater, the exhaust steam of the low-pressure turbine, and
the exhaust steam of the feedwater pump driving turbine. The amount of steam extracted
from the low-pressure turbine was calculated according to the design conditions of the
low-pressure feedwater heater (ITD and DCA). The steam excluding the extraction steam
flowed into the next stage of the low-pressure turbine. The heat transfer rate of the boiler
changed according to the final feedwater temperature. Under a certain final feedwater
temperature, the flow rate of feedwater was changed until the calculated heat transfer rate
of the boiler was equal to the reference value.

As shown in Table 2, five cases were modeled considering the main steam and reheat
steam conditions of existing coal-fired power plants. The performances of the power plant
according to the final feedwater temperature were analyzed.

Table 2. Modelled cases.

Main Steam Pressure Main Steam Hot Reheat Steam
(bar) Temperature (°C) Temperature (°C)
Case 1 242.33 537.8 537.8
Case 2 242.33 537.8 566
Case 3 242.33 566 566
Case 4 242.33 566 593
Case 5 242.33 593 593

To study the relationship between the final feedwater temperature and the perfor-
mance of the power plant, the extraction pressure of the high-pressure turbine was changed
from 70 bar to 120 bar. Therefore, the pressure of the extraction steam supplied to feedwater
heater No. 8 and the shell internal pressure of feedwater heater No. 8 were changed. The
performance analyses of the power plant were performed under 52 conditions of final
feedwater temperature in the range 284.1 °C to 322.5 °C. Since the heat transfer rate of the
boiler was identical, the flow rate of the HPT exhaust steam changed according to the flow
rate of extraction steam of the HPT, and thus, the flow rate of feedwater and the flow rate
of condensate water changed. Because the feedwater pumps were driven by the steam
turbines, no additional electric power was consumed. However, the power consumption
of the condensate pump changed according to the flow rate of the condensate water. The
power consumption of the condensate pump (Pp) also changes in proportion to the flow
rate of the condensate water. The net efficiency of the power plant (1jnet) was calculated
from the net output of the power plant (Ppet).

3. Results and Discussion

The reference case in each case was the power plant in which the final feedwater
temperature was 287.5 °C. The data increment was defined as the data of the reference case
subtracted from the data of a certain case.
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3.1. Final Feedwater Temperature and Feedwater System

To raise the final feedwater temperature under the condition of the same TTD, which
was the main design factor of the feedwater heater, the saturated steam pressure on the
shell side of the No. 8 feedwater heater was increased. To increase the shell side saturated
steam pressure, the pressure of the HPT extraction steam to the shell side of feedwater
heater No. 8 should be increased. Therefore, to raise the final feedwater temperature, the
HPT extraction steam pressure supplied to feedwater heater No. 8 should be increased.

Figure 3 shows the relationship between the pressure of the HPT extraction steam
and the final feedwater temperature. As shown in Figure 3, under the condition that TTD
and the pressure drop ratio of the extraction steam pipe were constant, the final feedwater
temperature and the HPT extraction steam pressure were proportional. In the definition of
TTD, the final feedwater temperature was a function of the saturated steam temperature
according to the pressure of the feedwater heater shell.

350
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‘s w{}
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o 00’“
E ” “’00’“

S 4

o, 200 .00»0”“
g woo??
'E; . 0"‘
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Figure 3. Final feedwater temperature versus HPT extraction steam pressure.

As shown in Figure 4, the flow rate increment of feedwater supplied to the boiler
and the final feedwater temperature were proportional in all cases. As the temperature of
the main steam or the temperature of reheat steam was increased, the change rate of the
feedwater flow rate increment according to the final feedwater temperature was decreased.

Figure 5 shows the final feedwater temperature and the flow rate increment of the HPT
extraction steam. In all cases, the Pearson product-moment correlation coefficient between
the final feedwater temperature and the flow rate increment of HPT extraction steam was
over +0.9996. As shown in Figure 5, the flow rate increment of the HPT extraction steam
and the final feedwater temperature were proportional and strongly correlated. If the final
feedwater temperature increased by 1 °C, the flow rate increment of the HPT extraction
steam increased by 4.92 t/h in case 1, 4.82 t/h in case 2, 4.53 t/h in case 3, 4.45 t/h in
case 4, and 4.21 t/h in case 5. Considering cases 14, in which the main steam temperature
was identical, the change rate of the flow rate increment of the HPT extraction steam
according to the final feedwater temperature decreased as the reheat temperature increased.
Considering cases 2-5, in which the reheat temperature was identical, the change rate
of the flow rate increment of the HPT extraction steam according to the final feedwater
temperature decreased as the reheat temperature increased. As the temperature of the main
steam or the temperature of reheat steam increased, the change rate of the HPT extraction
steam flow rate increment according to the final feedwater temperature decreased.
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Figure 4. Feedwater flow increment versus final feedwater temperature.
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Figure 5. HPT extraction steam increment flow versus final feedwater temperature.

The heat duty increments in feedwater heater No. 8 versus the final feedwater temper-
ature are shown in Figure 6. The temperature of the feedwater supplied to the tube side of
feedwater heater No. 8 was identical. As the final feedwater temperature and the feedwater
flow rate increased, the heat duty of feedwater heater No. 8 increased. Similar to the change
rate of the HPT extraction steam flow rate increment, the temperature of the main steam or
the temperature of reheat steam increased, and the change rate of the heat duty increment
of feedwater heater No. 8 according to the final feedwater temperature decreased.
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Figure 6. Heat duty increment of No. 8 feedwater heater versus final feedwater temperature.

The specific enthalpy increments in HPT extraction steam versus final feedwater
temperature are shown in Figure 7. In all cases, the Pearson product-moment correlation
coefficient between the final feedwater temperature and the specific enthalpy increment
of HPT extraction steam was +1.0. As shown in Figure 7, the final feedwater temperature
and the specific enthalpy increment of HPT extraction steam were proportional and had
a positive linear relationship. As the final feedwater temperature increased, the specific
enthalpy of HPT extraction steam also increased linearly. In the case where the main
steam temperature was higher, the change rate of the specific enthalpy increment of HPT
extraction steam was relatively higher. When the final feedwater temperature increased,
the increase in the specific enthalpy of HPT extraction steam partially offset the increase
in the heat duty of the feedwater heater No. 8. However, the heat duty of the feedwater
heater increased more rapidly due to the increase in the feedwater flow rate and the final
feedwater temperature. Therefore, the flow rate of the HPT extraction steam increased.
As the temperature of the main steam decreased, the change rate of the specific enthalpy
increments of the HPT extraction steam relatively decreased. Consequently, the flow rate
increment of the HPT extraction steam increased more.

Figure 8 shows the steam flow rate increment supplied to the boiler feedwater pump
driving turbine (hereinafter BFPT) versus the final feedwater temperature. As shown
in Figure 4, in all cases, as the final feedwater temperature increased, the flow rate of
feedwater also increased. Accordingly, the brake horsepower of the boiler feedwater pump
increased, too. As the brake horsepower of the boiler feedwater pump increased, the steam
flow rate supplied to the BFPT also increased. As the flow rate of steam supplied to the
BFPT increased, the flow rate of steam supplied to the low-pressure turbine (hereinafter
LPT) decreased, and the power output of the LPT was reduced.
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3.2. Condensate Water System

Figure 9 shows the flow rate increment of condensate water versus the final feedwater
temperature. Up to a final feedwater temperature of 312.6 °C, the flow rate increment
of condensate water decreased as the final feedwater temperature increased. At a final
feedwater temperature of 312.6 °C, the flow rate increment of condensate water was mini-
mized. If the final feedwater temperature was higher than 312.6 °C, as the final feedwater
temperature increased, the flow rate increment of condensate water increased again.
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Figure 9. Condensate water flow increment versus final feedwater temperature.

The final feedwater temperature versus the power consumption increment of the
condensate pump (hereinafter COP) is shown in Figure 10. Since the flow rate of the
condensate water was a major factor in determining the power consumption of the COP,
the flow rate increment of condensate water and the power consumption increment of the
COP changed in a similar pattern.
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Figure 10. Power consumption increment of condensate pump versus final feedwater temperature.

3.3. Exergy Destruction Rate of Power Plant

Exergy analysis was conducted on the boiler, reheater, HPT, IP turbine, deaerator,
feedwater heater No. 6, feedwater heater No. 7, feedwater heater No. 8, BFPT, and
BFP, as these components are significantly influenced by changes in the final feedwater
temperature. A lower sum of exergy destruction rates indicates a more efficient cycle.
Figure 11 illustrates the increment in the sum of the exergy destruction rates for each
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component based on the final feedwater temperature. In all cases, there was a specific final
feedwater temperature at which the exergy destruction rate increment reached its minimum
value. Specifically, for cases 1 and 2, the final feedwater temperature was 310.4 °C; for
cases 3 and 4, it was 309.7 °C; and for case 5, it was 312.6 °C.
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Figure 11. Exergy destruction rate increment versus final feedwater temperature.

3.4. Gross Output, Net Output, and Net Efficiency of Power Plant

Figure 12 shows the final feedwater temperature versus the gross output increment
of the power plant. In all cases, there was a final feedwater temperature at which the
gross output increment reached its maximum value. In cases 1 and 2, the final feedwater
temperature was 310.4 °C and the maximum gross output increments of the power plant
were 1176.4 kW and 1147.2 kW, respectively. When the final feedwater temperature was
309.7 °C in cases 3 and 4, the maximum gross output increments of the power plant were
1222.3 kW and 1193.7 kW, respectively. In case 5, the final feedwater temperature was
312.6 °C and the maximum gross output increment of the power plant was 1215.6 kW.
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Figure 12. Gross output increment versus final feedwater temperature.



Appl. Sci. 2024, 14, 6999

14 of 18

Figure 13 presents the final feedwater temperature versus the net output increment
of the power plant. Similar to the gross output increment, there was a final feedwater
temperature at which the net output increment reached its maximum value. In cases 1 and
2, the final feedwater temperature was 310.4 °C and the maximum net output increments
of the power plant were 1179.2 kW and 1149.9 kW, respectively. When the final feedwater
temperature was 309.7 °C in cases 3 and 4, the maximum net output increments of the
power plant were 1225.2 kW and 1196.5 kW, respectively. In case 5, the final feedwater
temperature was 312.6 °C and the maximum net output increment of the power plant was
1218.5 kW. The maximum value of net output increment is higher than the maximum value
of gross output increment in all cases. This is because the power consumption increment of
the condensate pump decreases as shown in Figure 10.
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Figure 13. Net output increment versus final feedwater temperature.

Figure 14 depicts the relationship between the final feedwater temperature and the
net efficiency increment of the power plant. In all cases, the boiler heat transfer rate was
assumed to be the same, so the net efficiency increment of the power plant had a similar
pattern as the net output increment of the power plant. There was a final feedwater tem-
perature at which the net efficiency increment reached its maximum value. In cases 1 and 2,
the final feedwater temperature was 310.4 °C and the maximum net efficiency increments
of the power plant were 0.099%p and 0.096%p, respectively. When the final feedwater
temperature was 309.7 °C in cases 3 and 4, the maximum net efficiency increments of
the power plant were 0.103%p and 0.100%p, respectively. In case 5, the final feedwater
temperature was 312.6 °C and the maximum net efficiency increment of the power plant
was 0.102%p. If the final feed water temperature is no higher than 308.3 °C, the net output
increment and the final feed water temperature are proportional for all cases.



Appl. Sci. 2024, 14, 6999

15 of 18

0.2

¢ Casel = Case2
Case3 e Cased
o Case5

'0-1 | ] | |
280.0 290.0 300.0 310.0 320.0 330.0
Final feedwater temperature [°C]

Net efficiency increment [%p]

Figure 14. Net efficiency increment versus final feedwater temperature.

Table 3 shows the average change rate of the net output increment and the net efficiency
increment limited to the section in which the final feedwater temperature and the net output
of the power plant were proportional. According to the final feed water temperature in
the proportional section, where the main steam temperature and the hot reheat steam
temperature were identical in case 1, case 3, and case 5, as the main steam temperature and
the hot reheat steam temperature increased, the change rate of the net output increment and
the change rate of the net efficiency increment according to the final feedwater temperature
increased. Where the main steam temperature was the same and only the hot reheat
steam temperature was different in cases 1 and 2, cases 3 and 4, as the hot reheat steam
temperature increased, the change rate of net output increment and the change rate of the
net efficiency increment according to the final feedwater temperature decreased.

Table 3. The average change rate of the net output increment and the net efficiency increment for
different final feedwater temperatures.

Net Output Net Efficiency
Increment Ratio (kW/°C) 1 Increment Ratio (%p/°C) !
Case 1 63.05 0.00528
Case 2 61.50 0.00515
Case 3 63.99 0.00535
Case 4 62.49 0.00523
Case 5 64.06 0.00536
Average 63.02 0.00527

! Limited to the section in which the final feedwater temperature and the net output of the power plant
were proportional.

As the final feedwater temperature increased, the flow rate of HPT extraction steam
increased, the flow rate of steam flowing inside the HPT after the extraction decreased and
the flow rate of HPT exhaust steam decreased. The heat exchange rate of the reheater of
the boiler decreased according to the decrease in the HPT exhaust steam flow rate. The
feedwater flow rate was increased to keep the heat exchange rate of the boiler constant.
According to the increased feedwater flow rate, the main steam flow rate supplied to
the HPT increased, and consequently, the output of the HPT increased. When the final
feedwater temperature and the net output increment of the power plant were proportional,
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with an increase of 1 °C in the final feedwater temperature, the net output increment of
the power plant increased by 63.02 kW on average in the five cases. This increased net
output of the power plant was the added power output without CO, emissions due to
the improvement in power plant efficiency without additional heat supplied to the boiler.
The increased net output has the same effect as the increased gross output at the power
transmission stage. Therefore, considering the CO, emission factor of a supercritical coal-
fired power plant at the power transmission stage and Equation (13), if the final feedwater
temperature was raised by 1 °C, CO, emissions were reduced by 60.52 kgCO, /h on average
in the five cases. Considering the maximum value of the net output increment of the power
plant according to the final feedwater temperature, the CO; emission reduction effect
was 1132.44 kgCO, /h in case 1, 1104.30 kgCO, /h in case 2, 1176.61 kgCO, /h in case 3,
1149.05 kgCO, /h in case 4, and 1170.17 kgCO, /h in case 5.

4. Conclusions

In this study, 500 MW class supercritical coal-fired power plants were studied. The
following conclusions were obtained by analyzing the performance of the power plants
depending on the final feedwater temperature under the five main steam and hot reheat
steam temperature conditions.

There is a final feedwater temperature that maximizes the net output and net efficiency
of the power plant. When the boiler heat transfer rate and the temperature and pressure of
the main steam and hot reheat steam are identical, the final feedwater temperature was
310.4 °C for cases 1 and 2, 309.7 °C for cases 3 and 4, and 312.6 °C for case 5.

In case 1, which applies the same main steam and hot reheat steam conditions as
the reference power plant, the net output of the power plant increased by 1179.2 kW, and
the CO, emissions of the power plant were reduced by 1132.44 kgCO,/h compared to
the reference power plant at a final feedwater temperature of 310.4 °C. When the final
feedwater temperature is 308.3 °C or under, if the final feedwater temperature increases by
1 °C, the net output of the power plant increases by 63.02 kW on average in the five cases
and the CO, emissions of the power plant are reduced by 60.52 kgCO, /h on average in the
five cases. The higher the temperature of the main steam, the net output and net efficiency
of the power plant increase more as the final feedwater temperature increases. If only the
temperature of hot reheat steam is increased, the net output and net efficiency of the power
plant increase relatively less as the final feedwater temperature increases. Considering the
net output and net efficiency of the power plant and the CO, emissions of the power plant,
it is recommended that the final feedwater temperature be raised only to 312.6 °C.
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