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Abstract: We present the concept of a novel thermal power plant process in conjunction with
low-temperature selective catalytic reduction (SCR). This process can be employed to achieve modern
standards for NOx emissions and solve problems related to post-gas cleaning processes, such as
thermal fatigue, catalyst damage, and an increase in differential pressure in the boiler. Therefore,
this study is aimed at evaluating the performance of a novel flue-gas cleaning process for use in a
thermal power plant, where a low-temperature SCR is implemented, along with the existing SCR.
We developed a process model for a large-scale power plant, in which the thermal power plant was
divided into a series of heat exchanger block models. The mass and energy balances were solved by
considering the heat transfer interaction between the hot and cold sides to obtain the properties of each
material flow. Using the process model, we performed a simulation of the new process. New optimal
operating conditions were derived, and the effects that the new facilities have on the existing process
were evaluated. The results show that the new process is feasible in terms of operating stability and
cost, as well as showing an increase in the boiler thermal efficiency of up to 1.3%.

Keywords: low-temperature selective catalyst reduction; thermal power plant; flue gas cleaning;
process model

1. Introduction

Power generation systems using fossil fuels have played an important role in producing electricity,
despite a recent rapid increase in the share of energy produced by renewable sources. The flue gas
generated by combustion in a thermal power generation system contains nitrogen oxides (NOx).
Nitrogen oxides are the main contributors to air pollution, such as acid rain, building corrosion, soil and
water pollution [1], and pollutants that threaten human health [2]. Therefore, NOx must be removed
from the system before discharge from the stack. Among the sources that generate NOx, the percentage
generated by fossil fuel combustion in the United States and Europe is 54.6% and 20%, respectively,
which are relatively high values [3]. Therefore, in a coal-fired power plant system, two methods are
used to remove nitrogen oxides in the flue gas. The first is using a low NOx burner as a primary
removal technology, where NOx formation is prevented by controlling the oxygen concentration
and flame temperature in the combustion zone of the furnace. As per the second method, selective
non-catalytic reduction (SNCR) involves a reducing agent, such as ammonia, which is sprayed into the
flue gas stream to reduce NOx. Meanwhile, selective catalytic reduction (SCR) uses a catalyst to reduce
NOx [4]. As the SNCR method does not have a high NOx reduction efficiency, the low NOx burner
method and SCR are applied simultaneously in large boilers.
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SCR technology has been widely developed and used owing to its efficiency and selectivity,
showing the best reduction efficiency for NOx at approximately 300–400 ◦C [5,6]. As shown in Figure 1,
SCR can be installed at the exit of the boiler system to conform to the optimum operating temperature.
When SCR is installed at the front of the flue gas desulfurization (FGD) unit, problems occur with
thermal fatigue of the catalyst and increases in the differential pressure of the boiler due to changes in
the operating conditions. In addition, the catalyst may be damaged due to the deterioration of the
quality of the coal [7]. Meanwhile, when installing the SCR unit at the rear of the FGD unit, as the
desulfurization process is a wet reaction, there is a significant decrease in the temperature of the flue
gas [6,8]. Accordingly, achieving the optimal SCR operating temperature requires an additional heat
source to heat the flue gas, which increases the operating costs. Moreover, NOx emissions regulations
are gradually becoming stricter and reinforced worldwide. Table 1 lists the current emissions standards
for NOx from power plants in several countries [9,10]. In particular, the emissions standards for
NOx emissions in Korea have recently been restricted to under 15 ppm, which is an aggressive
standard compared with other countries. To conform to this regulation, previous studies have widely
considered adding one more catalyst layer to the existing SCR unit [11]. However, there are growing
concerns with respect to the operational stability, such as problems associated with broken catalysts
and increases in differential pressure, which may be caused by the deterioration of the quality of
the coal introduced to the plants due to supply issues. We must develop a low-temperature SCR
that can be installed at the rear of the FGD unit to solve these problems and conform to enforced
pollutant regulations. Low-temperature SCR technology has recently attracted increasing attention
due to its potential capacity to reduce NOx emission from power plants [12]. Several studies have been
performed to design catalysts with excellent low-temperature activity for low-temperature SCR, such as
MnOx-TiO2 [13–15], CuTiO2 [16,17], and Cu-zeolites [18–22]. Wang et al. [12] reported a comprehensive
mechanism describing the formation, deposition, and reaction of NH4HSO4 on a V2O5/TiO2 catalyst
for applying low-temperature SCR. Previous studies have focused on a low-temperature catalyst
that has an optimal operating temperature of 150–200 ◦C [8,11,23,24]. Therefore, no additional fuel
consumption should be required to increase the temperature of the flue gas at the rear of the FGD.

Table 1. Reinforced emissions standards for NOx from power plants in Korea compared with other
countries. (* The ppm limits have been converted into mg/m3 under the assumption that 1 ppm =

molecular weight of NO + NO2 (46.01 g/mol) divided by a constant (22.41), that is, ppm × 2.05 [9].)

Countries Previous Standard
Reinforced Standard

Limit Value Remark

Korea [9] 50 ppm
(102.5 mg/m3)

15 ppm
(30.7 mg/m3)

After 2020
≥100 MWe

China [10] 200 ppm
(410 mg/m3)

97.5 ppm
(200 mg/m3) After January 2012

Japan [9] - 200 ppm
(410 mg/m3) ≥700,000 m3/h

India [9] 146.3 ppm
(300 mg/m3)

48.7 ppm
(100 mg/m3) New plants installed from 1 January 2017

EU [9] 97.5 ppm
(200 mg/m3)

73.2 ppm
(150 mg/m3)

>300 MWth
After 1 November 2010

U.S.A. [9] 180 ng/J *
(*gross output)

88 ng/J *
(*gross output) After May 2011
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Figure 1. Schematic diagram of the new process for a coal-fired power plant with a low-temperature 
selective catalytic reduction (SCR): (a) existing process and (b) new process. 

To use low-temperature SCR, the existing flue gas treatment system, with only the high-
temperature SCR, must be modified to enable the optimum operating temperature of each 
component. Figure 1 shows the process diagrams of the existing and new flue gas treatment systems 
with low-temperature SCR in the latter case. In a general boiler system, the exit temperature of the 
boiler system is ~300–400 °C, which satisfies the operating range of the high-temperature SCR. 
However, in a low-temperature SCR unit, there is a risk of damaging the catalyst when exposed to 
these high temperatures and a problem associated with the NOx reduction rate when the temperature 
is too low [7,25]. Therefore, the inlet flue gas temperature of the low-temperature SCR should be 
controlled in the range of 150 to 200 °C to obtain economic efficiency and NOx reduction. As shown 
in the existing process in Figure 1a, the flue gas that passes through the SCR heats the air in the air 
preheater (APH) and is discharged with a temperature of 120–140 °C. The cooler of the gas–gas heater 
(GGH_C) cools the discharged flue gas from the APH to 90 °C, which is the optimum operating 
temperature of the FGD. The cooled flue gas undergoes a desulfurization reaction in the FGD. The 
amount of heat in the flue gas decreases due to the wet reaction, and the flue gas is discharged at 50 
°C. For even dispersion of the flue gas from the stack into the atmosphere, the flue gas discharged 
from the FGD is reheated to ~100 °C in the reheater of the gas–gas heater (GGH_R). Water is used as 
a heat source for the GGH_C and GGH_R, where the water circulates between these two heat 
exchanger systems. The water in the existing process cools and heats the flue gas at a temperature 
difference of ~50 °C in the GGH_C and the GGH_R. 

In the new process shown in Figure 1b, a low-temperature SCR is installed at the exit of the FGD, 
along with the existing high-temperature SCR. The capacity of the GGH_R must be increased to 
support the 150–200 °C optimum operating temperature of the low-temperature SCR. Therefore, to 
heat the flue gas from 50 to 200 °C in the GGH_R, we must increase the heat capacity of the water in 
the GGH. More heat should be transferred to the waterside of the GGH than in the existing process, 
such that reducing the amount of the heat transferred to the airside in the APH 1 (Figure 1b) 
sufficiently secures the required amount of heat. Therefore, in the existing process, the exit 
temperature of the flue gas from the APH is 120–140 °C, while, for the new process, it increases to 
180–250 °C. The flue gas from APH 1 is cooled from 180 to 250 °C to 90 °C in the GGH_C such that 
more heat is transferred to the water in the GGH_C. Meanwhile, the installation of an additional APH 
2 at the rear of the post flue gas flow system provides an insufficient supply of heat to the airside. As 
a result, the new process recovers more heat from the flue gas discharged to the stack than the existing 

Figure 1. Schematic diagram of the new process for a coal-fired power plant with a low-temperature
selective catalytic reduction (SCR): (a) existing process and (b) new process.

To use low-temperature SCR, the existing flue gas treatment system, with only the high-temperature
SCR, must be modified to enable the optimum operating temperature of each component. Figure 1
shows the process diagrams of the existing and new flue gas treatment systems with low-temperature
SCR in the latter case. In a general boiler system, the exit temperature of the boiler system is ~300–400 ◦C,
which satisfies the operating range of the high-temperature SCR. However, in a low-temperature SCR
unit, there is a risk of damaging the catalyst when exposed to these high temperatures and a problem
associated with the NOx reduction rate when the temperature is too low [7,25]. Therefore, the inlet
flue gas temperature of the low-temperature SCR should be controlled in the range of 150 to 200 ◦C to
obtain economic efficiency and NOx reduction. As shown in the existing process in Figure 1a, the flue
gas that passes through the SCR heats the air in the air preheater (APH) and is discharged with a
temperature of 120–140 ◦C. The cooler of the gas–gas heater (GGH_C) cools the discharged flue gas
from the APH to 90 ◦C, which is the optimum operating temperature of the FGD. The cooled flue gas
undergoes a desulfurization reaction in the FGD. The amount of heat in the flue gas decreases due to
the wet reaction, and the flue gas is discharged at 50 ◦C. For even dispersion of the flue gas from the
stack into the atmosphere, the flue gas discharged from the FGD is reheated to ~100 ◦C in the reheater
of the gas–gas heater (GGH_R). Water is used as a heat source for the GGH_C and GGH_R, where the
water circulates between these two heat exchanger systems. The water in the existing process cools
and heats the flue gas at a temperature difference of ~50 ◦C in the GGH_C and the GGH_R.

In the new process shown in Figure 1b, a low-temperature SCR is installed at the exit of the
FGD, along with the existing high-temperature SCR. The capacity of the GGH_R must be increased
to support the 150–200 ◦C optimum operating temperature of the low-temperature SCR. Therefore,
to heat the flue gas from 50 to 200 ◦C in the GGH_R, we must increase the heat capacity of the water in
the GGH. More heat should be transferred to the waterside of the GGH than in the existing process,
such that reducing the amount of the heat transferred to the airside in the APH 1 (Figure 1b) sufficiently
secures the required amount of heat. Therefore, in the existing process, the exit temperature of the flue
gas from the APH is 120–140 ◦C, while, for the new process, it increases to 180–250 ◦C. The flue gas
from APH 1 is cooled from 180 to 250 ◦C to 90 ◦C in the GGH_C such that more heat is transferred to
the water in the GGH_C. Meanwhile, the installation of an additional APH 2 at the rear of the post flue
gas flow system provides an insufficient supply of heat to the airside. As a result, the new process
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recovers more heat from the flue gas discharged to the stack than the existing process and a decrease
in the exit temperature of gas from the stack. This leads to an increase in the thermal efficiency of
the boiler.

As mentioned above, since changing the post-gas flow system is compulsory to support the use
of low-temperature SCR, it is essential to evaluate the feasibility of the new process by showing that
the operating data from the GGH and APH systems conform to the optimum operating temperature
range of each component. In addition, the impacts of the new process on existing equipment should be
evaluated. However, there has been a focus on experimental studies to achieve optimum efficiency of
low-temperature catalysts. As a result, there is no predictive performance model for process simulation
of a large-scale thermal power plant with the application of low-temperature SCR. The objective of this
study is to confirm the feasibility of the new process and propose new optimal performance values for
the post-gas flow system based on various operating conditions from the predictive performance model.
We evaluate the effects that the new facilities have on the existing process, as well as demonstrate
the effectiveness of the new process via improved boiler thermal efficiency. This paper presents
performance models for the existing and new processes for an 870 MWe supercritical pulverized
coal-fired power plant. The performance model consists of a boiler system model and a post-gas flow
system model. The proposed model is a lumped parameter model, where the power plant is divided
into several heat exchanger blocks, with 0-dimensional material flow. Each heat exchanger block is
integrated into the material, heat flow, and heat transfer [26]. In the boiler system, the flue gas flow and
supercritical steam flow are integrated via heat transfer, whereas, in the post-gas flow system, the flue
gas is integrated with the air and water flows via heat transfer. The mass and energy balances are
applied to obtain the flow properties in each heat exchanger block, which are solved by considering the
heat transfer mechanism between the hot and cold sides. For simulations under the various operating
conditions, we perform the process analysis based on five load conditions.

In this paper, we simulate the performance of the existing process based on various load conditions,
followed by a comparison of the simulation results with the design data for the model verification.
We suggest several main considerations for modeling the new process and a methodology for deriving
the new operating conditions. Operating conditions for the new process, for each load, were derived
through an analysis, followed by an evaluation of the impact of the new process facility via comparisons
with the existing process. In addition, we present and analyze the improved boiler thermal efficiency
that characterizes the new process.

2. Model Descriptions for the Process Analysis

2.1. Target Power Plant

A supercritical pulverized coal-fired power plant was selected as the target plant for the process
analysis. Table 2 summarizes the main operating conditions of the target plant at the boiler maximum
continuous rating (BMCR) load condition. The plant capacity is 870 MWe, and the boiler is operated at
supercritical pressure. The main steam conditions are 2664 t/h, 25.4 MPa, at 569 ◦C while the reheat
steam conditions are 2174 t/h, 4.5 MPa, and 596 ◦C. The boiler heat duty is 1944 MW and the fuel flow
rate is 97.9 kg/s, with an excess air ratio (EAR) of 1.2. The temperature at the boiler exit is 360 ◦C,
and the inlet and outlet temperatures of the FGD are 90 and 50 ◦C, respectively. The exhaust gas
temperature discharged to the stack is 102 ◦C, and the thermal efficiency of the boiler system is 89%.

Figure 2 presents the material flows and components of the target power plant, consisting of
the boiler system and post-gas flow system. In the boiler system, there is a series of heat exchangers,
including a once-through evaporator (EVA) in the furnace, an economizer (ECO), three superheaters
(SH), and two reheaters (RH). The post-gas flow system is composed of the SCR, rotary type APH,
GGH_C, electrostatic precipitator (EP), FGD, and a tube-type GGH_R. The flue gas generated by
combustion in the furnace is discharged from the boiler after transferring heat to the heat exchangers.
In the target boiler, the convective heat exchanger section has a 2-pass gas flow. The discharged flue
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gas flow from the boiler flows into the post-gas flow system. Nitrogen oxides in the flue gas are
removed by the SCR and the flue gas transfers its heat to the air in the APH. The flue gas is then cooled
to conform to the optimum operating temperature of the FGD in the GGH cooler. The cooled flue
gas flows into the EP and FGD, where dust and sulfur dioxide are removed, respectively. Finally,
to disperse the flue gas from the stack to the atmosphere, the flue gas is reheated in the GGH reheater
and is discharged to the stack.

Table 2. Main operating conditions of the target plant at boiler maximum continuous rating (BMCR)
load conditions.

Main Operating Conditions (at BMCR load)

Coal flow rate 97.9 kg/s
Excess air ratio 1.15

Main steam conditions 2664 t/h, 25.4 MPa, 569 ◦C
Reheat steam conditions 2174 t/h, 4.5 MPa, 596 ◦C

Total boiler heat duty 1944 MW
Boiler exit temperature
(SCR inlet temperature) 360 ◦C

FGD Inlet tem temperature/Outlet temperature 90 ◦C/50 ◦C
Stack exit temperature 102 ◦C

Boiler thermal efficiency 89.3%
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Figure 2. Schematic configuration of components and material flows in the target supercritical coal-fired
power plant system (plant capacity: 870 MWe).

2.2. A Lumped Parameter Model for a Power Plant Heat Exchanger Block

Figure 3 presents a model description of a lumped parameter model for a heat exchanger block.
The heat exchanger block model is divided into the hot side of the flue gas and the cold side of the
water-steam or air, where each side is connected via heat transfer. In each material side of a heat
exchanger block, we define the flow rate, pressure, temperature, and properties, such as the density,
specific heat, thermal conductivity, and viscosity. The heat transfer rate between the hot and cold
sides is closely related to these flow properties for each material side. Therefore, to obtain the flow
parameters, such as the mass flow rate, temperature, and pressure, we must solve the mass, momentum,
and energy balances by considering the heat transfer interaction between the hot and cold sides.



Energies 2020, 13, 5558 6 of 23
Energies 2020, 13, x FOR PEER REVIEW 6 of 22 

 

 
Figure 3. Model outline of the lumped parameter model for a heat exchanger block. 

The mass, momentum, and energy balances, as well as the heat transfer equation, in this model, 
are as follows. The mass balance of the gas or airside is calculated as follows: 𝑚ሶ ௢,௞ = 𝑚ሶ ௜,௞ + ∆𝑚ሶ ௞ (1) 

where ∆𝑚ሶ ௞ is the generated (subscript k: CO2, H2O, and SO2) and consumed (subscript k: O2) amount 
of flue gas of each gas species in the furnace or the mass transfer rate due to leaks from the air into 
the flue gas side of the APH. The energy equation of the flue gas or airside is as follows: ሺ𝑚ሶ 𝑐௣𝑇ሻ௚,௢ = ሺ𝑚ሶ 𝑐௣𝑇ሻ௚,௜ + ∆𝑄ሶ௥ െ 𝑄ሶ௧ (2) 

In the energy balance, we consider the inflow and outflow of the heat, the combustion heat rate 
(∆𝑄ሶ ௥), and the heat transfer rate (𝑄ሶ௧). Here, the specific heat (𝑐௣) is assumed based on the linear 
equation for temperature. 

The mass balance (Equation (3)), momentum (Equation (4)), and energy balances (Equation (5)) 
of the water-steam side are as follows: ሺ𝜌𝑢ሻ௪௦,௢ = ሺ𝜌𝑢ሻ௪௦,௜ (3) 𝑃௪௦,௢ = 𝑃௪௦,௜ + ሺ𝜌𝑢ଶሻ௪௦,௜ െ ሺ𝜌𝑢ଶሻ௪௦,௢ െ 𝐹௙௥௜௖. െ 𝜌𝑔𝐿 (4) ሺ𝑚ሶ ℎሻ௪௦,௢ = ሺ𝑚ሶ ℎሻ௪௦,௜ + 𝑄ሶ௧ (5) 

where Ffric (=ఘ௨మଶ ௙஽) is the pressure drop due to friction and f is the friction coefficient, which is 
calculated via the correlation. In this model, we apply the correlation for the friction coefficient, which 
is suitable for supercritical pressure [27]. 

The heat transfer rate between the hot and cold sides is calculated using the following equation: 𝑄ሶ௧ = 𝑈 × 𝐴 × 𝑇௅ெ்஽ (6) 

where A is the heat transfer area and TLMTD is the logarithmic temperature difference between the hot 
and cold sides. The conduction resistance of the tube is neglected in this model. Here, U is the overall 
heat transfer coefficient (HTC), calculated as follows: 𝑈 = 1 ሺ1 ℎ௢⁄ + 1 ℎ௜⁄ + 𝑓୭ሻ⁄  (7) 

where ho is the outer HTC from the flue gas side to the wall side, hi is the inner HTC from the wall 
side to the steam side, and fo is a fouling factor, which generally represents a decrease in the heat 
transfer rate due to fouling, but was used here as a tuning parameter to match the HTC of the design 
data in the model. The outer HTC includes radiation and convective heat transfer mechanisms. In the 
furnace, the radiation heat transfer is dominant and is calculated using Hottel’s equation [28]. In the 
convective heat exchanger section, including the ECO, SH, RH, and GGH, the radiative heat transfer 
equation for the flame gas [29] and the convective heat transfer equation for the tube bank [30] were 

Figure 3. Model outline of the lumped parameter model for a heat exchanger block.

The mass, momentum, and energy balances, as well as the heat transfer equation, in this model,
are as follows. The mass balance of the gas or airside is calculated as follows:

.
mo,k =

.
mi,k + ∆

.
mk (1)

where ∆
.

mk is the generated (subscript k: CO2, H2O, and SO2) and consumed (subscript k: O2) amount
of flue gas of each gas species in the furnace or the mass transfer rate due to leaks from the air into the
flue gas side of the APH. The energy equation of the flue gas or airside is as follows:( .

mcpT
)

g,o
=
( .
mcpT

)
g,i
+ ∆

.
Qr −

.
Qt (2)

In the energy balance, we consider the inflow and outflow of the heat, the combustion heat rate
(

.
∆Qr), and the heat transfer rate (

.
Qt). Here, the specific heat (cp) is assumed based on the linear

equation for temperature.
The mass balance (Equation (3)), momentum (Equation (4)), and energy balances (Equation (5)) of

the water-steam side are as follows:
(ρu)ws,o = (ρu)ws,i (3)

Pws, o = Pws,i +
(
ρu2
)
ws,i
−

(
ρu2
)
ws,o
− F f ric. − ρgL (4)( .

mh
)
ws,o

=
( .
mh
)
ws,i

+
.

Qt (5)

where Ffric (=ρu2

2
f

D ) is the pressure drop due to friction and f is the friction coefficient, which is
calculated via the correlation. In this model, we apply the correlation for the friction coefficient, which
is suitable for supercritical pressure [27].

The heat transfer rate between the hot and cold sides is calculated using the following equation:

.
Qt = U ×A× TLMTD (6)

where A is the heat transfer area and TLMTD is the logarithmic temperature difference between the hot
and cold sides. The conduction resistance of the tube is neglected in this model. Here, U is the overall
heat transfer coefficient (HTC), calculated as follows:

U = 1/(1/ho + 1/hi + fo) (7)

where ho is the outer HTC from the flue gas side to the wall side, hi is the inner HTC from the wall side
to the steam side, and fo is a fouling factor, which generally represents a decrease in the heat transfer
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rate due to fouling, but was used here as a tuning parameter to match the HTC of the design data in
the model. The outer HTC includes radiation and convective heat transfer mechanisms. In the furnace,
the radiation heat transfer is dominant and is calculated using Hottel’s equation [28]. In the convective
heat exchanger section, including the ECO, SH, RH, and GGH, the radiative heat transfer equation
for the flame gas [29] and the convective heat transfer equation for the tube bank [30] were applied
to calculate the outer HTC. The inner HTC was determined by separating the supercritical pressure
and subcritical pressure. In this model, the Dittus–Bolter equation [30] was applied at subcritical
pressure. At supercritical pressure, we used the Swenson equation [31], which is an improved form
of the Dittus–Bolter equation that accounts for a rapid change in the water-steam properties at the
pseudo point of the supercritical pressure.

There is a correlation for the HTC of a rotary APH, but there are limitations on the information
concerning the geometry of the APH for the calculation of the HTC using the correlation with a physical
meaning. Table 3 summarizes the design HTC of the APH for the target plant according to the flue gas
flow rate. As listed in Table 3, the HTC of the rotary APH has a linear relationship with the flue gas
flow rate. Therefore, in this model, the HTC of the rotary APH is calculated using the fitting equation
based on the flue gas flow rate as follows:

ho = a×
.

mgas + b = 0.0146×
.

mgas + 0.4392 (8)

where the unit of a is s/kg ×W/m2/◦C and that of b W/m2/◦C.

Table 3. Design values of heat transfer coefficient (HTC) for the air preheater (APH) according to the
boiler load.

Parameters BMCR
TMCR

(Turbine Maximum
Continuous Rating)

NR
(Normal
Rating)

75% TMCR 50% TMCR 30% TMCR

Flue gas flow rate
[kg/s] 916 878 872 669 466 364

HTC
(W/m2/◦C) 13.6 13.1 13.2 10.4 6.8 5.9

Table 4 summarizes these heat transfer mechanisms and related references. To solve the mass,
energy balances, and heat transfer rate, we applied these mechanism calculation models. The properties
of the flue gas were calculated using the Refprop code [32] developed by the National Institute of
Standards and Technology, and the properties of water-steam from supercritical pressure to subcritical
pressure were calculated using a calculation model [33], which is based on the correlations of the
IAPWS-IF97 [34].

Table 4. Calculation methods for the heat transfer mechanism and properties.

HTC and Properties Mechanism Reference

ho
(outer HTC)

Furnace Radiation [28]
Convective heat

exchangers and GGH
Radiation [29]

Convection [30]
Air preheater Fitting equation based on the flue gas mass flow rate -

hi
(inner HTC)

Subcritical Dittus–Bolter equation [30]
Supercritical Sallevelt equation [31]

Properties Air-flue gas side Refprop code [32]
Water-steam side In-house code based on IAPWS-IF 97 [33,34]

2.3. Modeling Methodology for the New Process

Figure 4 shows the flow diagram of the flue gas and water in the heat exchange system, including
the GGHs. The main purpose of the GGH is to match the required temperature of the cooled gas of the
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GGH_C and the heated gas of the GGH_R. To control the flue gas temperature of each GGH, the water
inlet conditions are controlled according to the flue gas flow conditions for each load. During the
operation of the GGH, as the water circulates through the GGH_C and GGH_R, the outlet conditions
of one should be nearly identical to the inlet conditions of the other for efficient and stable operation.
However, when the required amount of heat in the GGH_C and GGH_R vary because of changes in
the operating conditions, the inlet flow rate of the water must be controlled via the flow valve while
the inlet temperature must be increased and decreased via the heater. Therefore, based on the process
simulation, we must derive new operating conditions for each load to conform to the required flue gas
temperature of the GGH_C and GGH_R in the new process. The model will allow us to suggest the
degree of the flow control of the valve and the required heat duty of the heater.
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Figure 4. Schematic configuration for flue gas and water flow in a general gas–gas heater, cooler,
and reheater.

As shown in Figure 1, as the mass and heat flows of the flue gas, water, and air, in the post
gas flow model, are mutually connected by heat transfer, the process simulation must be performed
by considering these heat transfer interactions. The new heat transfer area of the GGHs should be
determined to match the increase in the GGH capacity required in the new process. To obtain the
operating conditions for the new process, the mass and heat balances of the APH 1, APH 2, GGH_C,
and GGH_R were calculated, which are presented in Appendix B. The main assumptions of these
calculations are described as follows.

(1) The energy balances for the APH 1, APH 2, GGH_C, and GGH_R were calculated in the post-gas
flow system model. The exit temperature of the FGD has a constant value based on the design
data of 50 ◦C for all load conditions.

(2) The newly added APH 2 has the identical heat transfer area as the existing APH 1 and uses the
suggested fitting equation for the HTC. The air leak rate from the design data was used for APH
1 and APH 2, and is listed in Table A2.

(3) The exit temperature of the flue gas in the GGH_C should be near 90 ◦C, which is the optimum
operating temperature in the FGD. The flue gas temperature at the exit of the GGH_R should range
from 150 to 200 ◦C, which is the optimum operating temperature of the low-temperature SCR.

(4) To minimize the use of the heat medium heater in the GGH, the operating conditions of the
waterside of the GGH ensure the minimization of the temperature difference in the circulating
water through the GGH_C and GGH_R. The water temperature of the GGH should be maintained
below the saturation temperature at the working pressure to prevent steam generation.

(5) The heat transfer area in the GGH for the new process was calculated using the required heat
duty, TLMTD, and HTC values from the existing design data.
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Based on the assumptions above, Figure 5 shows the derivation of the GGH operating conditions
for the new process. The calculation process for the GGH_C to obtain the new operating conditions
is as follows. We set Tg,GGH_C,in to the calculated exit temperature of the APH 1. Then, Tw,GGH_C,in
and

.
mw,GGH_C_in were initialized to calculate the energy balance of the GGH_C. The calculations of the

HTC and energy balances of the flue gas and water in the GGH_C were iterated until they satisfied the
convergence conditions shown in Figure 5. The variables (φ) of the convergence condition were the
exit temperature of the flue gas and water. When the convergence condition of the energy balance for
the GGH_C was satisfied, Tg,GGH_C,out and Tw,GGH_C,out were obtained. The above calculation process
was repeated while adjusting Tw,GGH_C,in and

.
mw,GGH_C_in until Tg,GGH_C,out was approximately 90 ◦C.

Once the required flue gas temperature of the GGH_C was satisfied, the calculation of the GGH_R was
performed to obtain the new operating conditions for the GGH_R. Here, Tg,GGH_R,in was entered as
the FGD outlet temperature of 50 ◦C, such that Tw,GGH_R,in receives Tw,GGH_C,out, which was obtained
from the calculation of the GGH_C. In the calculation of the GGH_R,

.
mw,GGH_C_in was initialized.

The calculations of the HTC and energy balances of the flue gas and water in the GGH_R were iterated
until they satisfied the convergence condition shown in Figure 5. When the convergence condition
of the energy balance of the GGH_R was satisfied, both Tg,GGH_R,out and Tw,GGH_R,out were obtained.
The above calculation process was repeated while adjusting

.
mw,GGH_R_in until Tg,GGH_R,out was in

the range of 150 to 200 ◦C and Tw,GGH_R,out was near Tw,GGH_C,in, which is the adjusted value of
the calculated GGH_C. These calculation processes were performed for each load. Finally, the new
operating conditions were derived through these calculation processes. Therefore, we can determine
the degree of the valve flow control and the required heat duty for the heater in the GGH.
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and reheater in the new process.

2.4. Process Analysis Model for the Existing and New Processes for the Target Power Plant

The target plant was divided into the boiler system model and the post gas flow model, where the
heat exchanger block models of each component in the target thermal power plant were developed
based on the lumped parameter model described in the previous section. Figure 6 shows the model
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outline of the target power plant system, with the developed heat exchanger blocks. In the boiler
system model, there are six lumped models for the flue gas flow (i.e., FUR(Furnace), RH2, SH3, RH1,
SH1, and ECO) and eight lumped models for the water-steam flow (i.e., ECO, EVA, SH, SH1, SH2, SH3,
RH1, and RH2). In the post gas flow model, there are nine lumped models for the flue gas flow (i.e.,
SCR, APH 1, GGH_C, EP, FGD, GGH_R, Low temp. SCR, APH 2, and Stack), four lumped models
for the airflow (i.e., APH 1_PA (Primary Air) and APH 1_SA (Secondary Air), APH 2_PA, and APH
2_SA), and two lumped models for the water flow (i.e., GGH_C and GGH_R). These heat exchanger
blocks are integrated with the mass and heat flows. As shown in Figure 6, each model is connected
by the material flow while the flue gas side and water-steam side are integrated with heat transfer
rates of

.
QECO,

.
QEVA,

.
QSH ∼

.
QSH3, and

.
QRH1 ∼

.
QRH2. In the post gas flow model, the flue gas side is

integrated into the airside with heat transfers of
.

QPA and
.

QSA while the waterside is integrated with
.

QGGH_C and
.

QGGH_R. The simulation input conditions for this integrated model are the inlet conditions
of the fuel, air, feedwater, and reheat steam. With these input conditions, this model calculates the flue
gas flow rate; flue gas composition; overall heat transfer coefficient; heat transfer rate; water-steam
pressure; and temperatures of the flue gas, air, and water-steam. Appendix A presents descriptions of
the calculation process for the integrated model.
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Figure 6. Process simulation model outline of previous and new processes in the target power plant
(including post-gas flow and boiler system models).

3. Process Simulation Results and Discussion

3.1. Validation of the Model for the Existing Process

To evaluate the existing process in the target plant under various operating conditions,
we conducted the performance simulation using five load conditions, i.e., the BMCR (Boiler Maximum
Continuous Rating), TMCR (Turbine Maximum Continuous Rating), 75% TMCR, 50% TMCR, and 30%
TMCR. We compare the calculation results with the design data to verify the model. For each load
condition, Table A1 summarizes the simulation input conditions. The simulation input conditions
of the post-gas flow model are the air leak rate of the rotary type APH, the inlet conditions of the
primary and secondary air in the APH, and the inlet conditions of the water in the GGH_C and GGH_R.
The water flow rate in the GGH was obtained via the energy balances based on the temperature
information from the design data. Table A2 summarizes these simulation input conditions for the
post-gas flow model.
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Figure 7 represents the simulation results of the existing process based on the input load conditions.
The simulation results for the BMCR, 75% TMCR, and 30% TMCR are shown and compared with
available design data. The main simulation results are for the flue gas temperature, steam temperature,
and heat transfer rate of each heat exchanger component. As shown in Figure 7, the furnace exit
temperature for each load is 1293 ◦C (BMCR), 1208 ◦C (75% TMCR), and 978 ◦C (30% TMCR). This shows
that the furnace exit temperature decreases with a decrease in the boiler load (a decrease in the fuel
supply rate). The flue gas transfers the heat energy to the heat exchanger inside the boiler, such that the
flue gas temperatures at the boiler exit are 381 ◦C (BMCR), 348 ◦C (75% TMCR), and 382 ◦C (30% TMCR),
which are the simulation input conditions for the flue gas of the post-gas flow model. The feedwater
receives heat from the flue gas side, where the main and reheat steam temperatures are 573 and 593 ◦C
(BMCR), 577 and 600 ◦C (75% TMCR), and 571 and 574 ◦C (30% TMCR), respectively. Therefore,
the total boiler heat duties, including the APH, are 1935, 1438, and 639 MW for each load. As shown in
Figure 7, the heat duty of the EVA is the greatest in the boiler system model while the heat duties for
the SH2, RH1, and RH2 also have significant values. We consider these heat exchanger blocks as the
most important components of performance prediction. The APH is also an important heat exchanger
block because its heat duty accounts for approximately 10–12% of the total heat load. When comparing
the simulation results with the design data for the verification of this model, a maximum of 5.6% error
occurs in the flue gas temperature for the 30% TMCR load. Other calculation points for the flue gas
temperature, steam temperature, and heat transfer rate for each load show similar values as the design
data. We can therefore confirm the validity of the proposed model.
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Figure 7. Representative simulation results (flue gas temperature, steam temperature, and heat duty)
for mass and heat balances in the target power plant system, using the load conditions: (a) BMCR,
(b) 75% Turbine Maximum Continuous Rating (TMCR), and (c) 30% TMCR (black color indicates
calculated values, red color indicates design data).

The simulation results for the GGH_C and GGH_R are as follows. As specified in the design
data, the heat transfer surface areas of the existing GGH_C and GGH_R are 68,600 and 44,600 m2,
respectively. Figure 8 shows the heat transfer coefficient and the water outlet temperature for the
GGH_C and GGH_R at each load point. In the GGH, the convective heat transfer mechanism is
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dominant because the flue gas temperature is relatively low. As shown in Figure 8a, the heat transfer
coefficients are 30–50 W/m2/◦C for the GGH_R and 20–35 W/m2/◦C for the GGH_C. The gas velocity in
the GGH_R is greater than that in the GGH_C. As shown in Figure 8, the water exit temperature of the
GGH_R is nearly identical to the design data, but that of the GGH_C has an error of ~5% based on the
design value. Despite this minor discrepancy, our model accurately represents the operation of the
existing process with good accuracy.
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3.2. New Process Simulation Results

Based on the proposed new process model and the derivation approach for the new operating
conditions, we perform the process simulation at five load conditions (BMCR, TMCR, 75% TMCR,
50% TMCR, and 30% TMCR). We compare the simulation results for the new process with the existing
process to evaluate the impact of the low-temperature SCR on the existing process.

The calculation results for the APH 1 and APH 2 in the new process are as follows. Figures 9 and 10
show the exit temperatures of the flue gas and air, the mass flow rate of the flue gas and air, and the oxygen
concentration. The calculated exit temperatures of the flue gas are 180–207 ◦C, which is within the range
of 180 to 250 ◦C, as proposed for the new process concept in Figure 1. Therefore, the heat energy can be
assured to conform to the increased heat that is transferred to the water in the GGH_C. The exit temperature
of the flue gas in the APH 2 ranges from 60 to 82 ◦C, which is within the target value range of 60 to 85 ◦C in
the new process. The primary and secondary air flows through the two APHs and enters the furnace at a
temperature of 320 to 360 ◦C, which is similar to the values of the existing process, such that there is no loss
in the boiler thermal efficiency. Meanwhile, as shown in Figure 10, since the new process uses two APHs,
there is an increase in the amount of air leakage, increasing the flue gas flow rate. This leads to an increase
in the oxygen concentration at the exit of the stack.
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Figure 10. Mass flow rate of flue gas and air, and the oxygen concentration in the new process based
on the five load conditions: (a) flue gas mass flow rate, (b) air flow rate, and (c) oxygen concentration.

The calculation results for the GGH are as follows. As a result of calculating the required heat
transfer area based on the increased heat duty of the GGH, the required heat transfer area increased
2.7-fold compared with the existing GGH heat transfer area. The required heat transfer areas for the
GGH_C and GGH_R are 185,220 and 120,420 m2, respectively. Tables 5 and 6 list the representative
simulation results for the GGH. The exit temperature of the flue gas in the GGH_C is nearly 90 ◦C
for all load conditions, which satisfies the optimum operating temperature of the FGD. In addition,
the exit temperature of the flue gas in the GGH_R is between 150 and 168 ◦C, also satisfying the target
range of 150 to 200 ◦C. This quantitatively shows the feasibility of the new process. The temperature
difference between the inlet and outlet flue gas in each GGH is approximately 110 ◦C such that the heat
duty of the GGH is approximately 120 MW for BMCR and 40 MW for 30% TMCR. The results for the
inlet flow rates of the water in the GGH_C and GGH_R are as follows. At the BMCR and TMCR load
conditions, the water flow rates in the GGH_C and GGH_R are nearly identical, but below the 75%
TMCR, where the water flow rate of the GGH_C is ~20 kg/s more than that of the GGH_R, we must
control the flow rate of the circulating water through the valve. It should also be noted that relatively
small water flow rates of 130 to 170 kg/s are required for 50% and 30% TMCR load conditions.

Table 5. New operating conditions for the GGH cooler in the new process based on the load conditions.

GGH
Cooler

BMCR TMCR 75% TMCR 50% TMCR 30% TMCR

Gas Water Gas Water Gas Water Gas Water Gas Water

Ti (◦C) 207.3 77.3 203.3 81 188 87 194.5 85 183.9 88
To (◦C) 89.8 181.2 90.3 173.7 91.2 156.3 90.8 172.1 90.7 158.7
.

m (kg/s) 950.8 272.1 913.5 282 705.8 250 497.7 150 392.1 130
TLMTD (◦C) 18.47 17.53 13.61 12.29 10.07

U (W/m2/◦C) 35.25 34.25 29.12 24.472 20.87
.

Q (MW) 120.7 111.46 73.59 55.65 39.1

Table 6. New operating conditions for the GGH reheater for the new process based on the
load conditions.

GGH
Reheater

BMCR TMCR 75% TMCR 50% TMCR 30% TMCR

Gas Water Gas Water Gas Water Gas Water Gas Water

Ti (◦C) 50 182.1 50 175.1 50 155.8 50 169 50 157.5
To (◦C) 168 77.8 163.5 79.4 151.3 87.6 163.4 81.6 155.1 87.7
.

m (kg/s) 967 280 928.5 282 715.4 275 504.3 170 397.1 155
TLMTD (◦C) 21 20 16 16 14

U (W/m2/◦C) 50.42 49 41.09 32.91 28.1
.

Q (MW) 124.79 115.12 79.69 63.29 46.03

Figure 11 shows the HTC as well as inlet and outlet temperatures of the water in the GGH.
As shown in Figure 11a, since the temperature of the circulating water is nearly identical, there is a
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significant decrease in the heat duty of the heater. This can ensure stability during GGH operation.
As shown in Figure 11b, the HTC is 20–35 W/m2/◦C in the GGH_C and 28–50 W/m2/◦C in GGH_R,
which are similar values to the existing process. In addition, the TLMTD shows similar values as the
existing process.
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3.3. Comparison of the Existing and New Process

As the boiler system in the new process is identical to that in the existing process, we compare
the simulation results for the post-gas flow systems in this section. We will focus on the simulation
results for the maximum BMCR load and minimum 30% TMCR load cases. In Figure 12, we compare
the flue gas temperature, heat transfer rate, flue gas flow rate, oxygen concentration, and inlet and
outlet temperatures of the water in the GGH for the BMCR load condition. As the heat transfer rate of
the APH 1 in the new process decreases by ~25%, the exit temperature of the flue gas in the APH 1
increases by ~60 ◦C, as compared with the existing process. Due to the increased flue gas temperature,
the heat transfer rate to the waterside of the GGH_C increased by ~124%. Therefore, even though the
inlet temperature of the flue gas in the GGH_C is high in the new process, the exit temperature of
the flue gas remains at 90 ◦C due to the increase in the heat transfer to the waterside of the GGH_C.
The water receives more heat in the GGH_C in the new process, which is then transferred to the flue
gas side of the GGH_R. Therefore, the exit temperature of the flue gas in the GGH_R is 172 ◦C, which
is ~80 ◦C higher than the existing process. This temperature satisfies the operating temperature range
for the low-temperature SCR. The discharged flue gas from the GGH_R transfers 70 MW of the heat to
the airside of the APH 2. As shown in Figure 12c,d, the exit gas temperature of the stack is ~30 ◦C
lower than the existing process. In the new process, the flue gas flow rate increases by 3.6% while the
oxygen concentration increases by 0.7% due to the two rotary type APHs. As shown in Figure 12e,
the inlet temperature of the GGH_C is similar to the existing process while the outlet temperature of
the GGH_C is ~80 ◦C higher due to the increased heat transfer. Therefore, the inlet temperature of the
GGH_R also increased by 80 ◦C.

Figure 13 shows a comparison of the results for the new and existing process at the 30% TMCR
load. As the heat transfer rate decreases by ~16% in the APH 1 for the new process, the exit temperature
of the flue gas in the APH 1 increases by ~40 ◦C. Due to the increased temperature of the flue gas,
the heat transfer rate of the GGH_C increases by ~60%. Therefore, the inlet temperature of the FGD is
~90 ◦C in both processes. Like the BMCR load, the flue gas receives 150% more heat in the GGH_R
than the existing process due to the increased water temperature. Therefore, the exit temperature
of the flue gas in the GGH_R is 151 ◦C, which satisfies the minimum operating temperature of the
low-temperature SCR. The flue gas discharged from the low-temperature SCR transfers 79 MW of heat
to the airside of the APH 2, such that the exit gas temperature of the stack is ~14 ◦C lower than the
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existing process. As with BMCR, there is an increase in the flue gas flow rate and oxygen concentration.
The flow rate of the flue gas increases by ~7.1% and the oxygen concentration increases by 1.0%.
As shown in Figure 13e, the inlet temperature of the GGH_C is similar to the existing process while
the outlet temperature of the GGH_C is ~60 ◦C higher. Therefore, the inlet water temperature of the
GGH_R increased by 60 ◦C.Energies 2020, 13, x FOR PEER REVIEW 15 of 22 
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In the new process, the exit temperature of the flue gas in the stack decreased by 30 ◦C at the
BMCR and 14 ◦C at the 30% TMCR due to heat recovery in the additional APH 2. Therefore, as there
is a reduction in the heat loss of the flue gas discharged to the stack, with a corresponding increase
in the thermal efficiency of the boiler. Figure 14 presents the boiler thermal efficiency of the existing
and new processes as a function of boiler load. The boiler thermal efficiency is calculated using the
bottom ash heat loss, unmeasured heat loss, radiation of the convective heat loss, and the sensible heat
of the discharged flue gas from the stack. The thermal efficiency increases by 1.3% at the BMCR and
0.4% at the 30% TMCR. Therefore, this plant can save 5.1 tons of coal per hour under the BMCR load
condition. At the same time reducing its NOx emissions by 10 ppm, because of the addition of the low
temperature SCR.
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4. Conclusions

In this study, we presented the concept of a new thermal power plant process with the addition of
low-temperature SCR. This process can be used to achieve the reinforced standards of NOx emissions
and solve problems related to existing post-gas cleaning processes. To achieve stable and efficient
operation of the new process, we proposed a method for deriving new operating conditions and
performed a process simulation of the new process. The performance model was developed by
integrating a number of heat exchanger blocks, in which a lumped parameter model is applied and
the mass and heat balances are solved by considering the heat transfer interaction between the hot
and cold sides. A process analysis of the new and existing processes was performed to evaluate the
various operating conditions under five load conditions. A comparison of the calculated results with
the design data for the existing process yielded a range of error of up to 5.6%, confirming the validity
of the model. To conform to the optimum operating temperatures of the FGD and low-temperature
SCR in the new process, we proposed a method to derive the new operating conditions for the GGH,
followed by an evaluation of the flow rate and inlet temperature of the water in the GGH. We verified
the feasibility of the new process by obtaining a temperature of 90 ◦C at the FGD inlet and 150–200 ◦C at
the low-temperature SCR inlet, within the optimal operating parameters for both units. The proposed
operating conditions for the water in the GGH exhibited negligible differences in the flow rate and
temperature of the circulating water through the GGH_C and GGH_R, representing the stability of the
GGH operation. We presented the flow rate, oxygen concentration, and temperatures of the primary
and secondary air in the APH 1 and APH 2 for the new process. The inlet temperature of the air as
it passes into the furnace for each load was calculated at 320–360 ◦C, which is in the range of the air
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temperature used for the existing process, representing the feasibility of heat distribution between
the two APHs in the new process. The boiler thermal efficiency increased by 1.3% with the new
process, and there was a decrease in the gas temperature discharged to the stack by up to 30 ◦C due to
additional heat recovery from the flue gas in the APH 2. Based on this process analysis, we derived the
optimal operating conditions for various boiler loads. Based on our evaluation, the new process is
viable with increased thermal efficiency, decreased NOx emissions, and relatively minor additional
equipment. This study proves that a coal-fired power plant can contribute to electricity production
while also achieving good environmental outcomes and improved economic efficiency.
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Nomenclature:
A Heat transfer surface area [m2]
cp Specific heat [kJ/kg/◦C]
F f ric. Pressure drop [MPa]
f Friction coefficient [-]
fo Fouling factor [-]
g Gravity [m/s2]
h Enthalpy [kJ/kg]
ho Outer heat transfer coefficient [kW/m2/◦C]
hi Inner heat transfer coefficient [kW/m2/◦C]
k Thermal conductivity [kW/m-◦C]
L Tube length [m]
.

m Mass flow rate [kg/s]
P Pressure [MPa]
.

Q Heat transfer rate [kW]
T Temperature [◦C]
U Overall heat transfer coefficient [kW/m2/◦C]
u Velocity [m/s]
Greek
µ Viscosity [N·s/m2]
ρ Density [kg/m3]
Subscript
g Gas side
i In
k Gas species (CO2, N2, O2, H2O, and SO2)
o Out
w Water side
ws Water-steam side
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Abbreviation
APH Air preheater
BMCR Boiler maximum continuous rating
BUF Booster up fan
EAR Excess air ratio
ECO Economizer
EP Electrostatic precipitator
FGD Flue gas desulfurization
FUR Furnace
FW Feedwater
GGH_C Gas–gas heater cooler
GGH_R Gas–gas heater reheater
LMTD Logarithmic mean temperature difference
HTC Heat transfer coefficient
NR Normal rating
PA Primary air
RH Reheater
SA Secondary air
SCR Selective catalyst reduction
SNCR Selective non-catalyst reduction
SH Superheater
TMCR Turbine maximum continuous rating

Appendix A. Calculation Process and Simulation Input Conditions

This model consists of a boiler system model and a post-gas flow system model. First, the heat
exchanger block models of the flue gas side and water-steam side of the boiler system model were
evaluated. The RH2, SH3, RH1, SH1, and ECO block models of the flue gas side were calculated in
order such that the calculation result of each block was the input value of the next block. When the
calculation of the flue gas side was complete, the ECO, EVA, SH, SH1, SH2, SH3, and RH1 block models
of the water-steam side were calculated. As the flue gas side was connected to the water-steam side in
terms of heat transfer, the heat exchanger models for the flue gas and water steam sides were frequently
calculated until the exit temperature of each heat exchanger block satisfied the convergence condition,
as shown in Figure A1. Once the calculation of the boiler system model was complete, the post-gas
flow system model was evaluated. In the post-gas flow model, the heat exchanger blocks of the flue
gas, air, and water were calculated. The SCR, APH, GGH_C, EP, FDG, and GGH_R block models were
determined for the flue gas while the APH_PA and APH_SA block models were calculated for air,
followed by the calculation of the GGH_C and GGH_R for the water block. Similar to the boiler system
model, as the flue gas, air, and watersides were connected via heat transfer, the above calculations
were repeated until the temperature of each block model satisfied the convergence condition, as shown
in Figure A1. The right side of Figure A1 shows the balance calculation process of each heat exchanger
block model. First, the properties, such as the density, viscosity, specific heat, and thermal conductivity,
were calculated based on the temperature and pressure, while the heat transfer coefficient was calculated
via the correlation based on the calculated properties. Subsequently, the mass, momentum, and energy
balances were calculated, which was repeated until the exit temperature satisfied the convergence
condition shown in Figure A1.
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Figure A1. Calculation process for the entire process simulation model including each heat exchanger
block model.

The input conditions for the simulation of the boiler system model were the fuel flow rate,
excess air ratio, and inlet conditions of the feedwater and reheat steam (the mass flow rate, pressure,
and temperature). Table A1. lists these input conditions for the five load conditions. In the target
system, the boiler was operated at a subcritical pressure under the 50% TMCR load.

Table A1. Input conditions for the boiler system based on the five load conditions.

Operating Conditions BMCR TMCR 75% TMCR 50% TMCR 30% TMCR

Fuel [kg/s] 97.93 93.87 71.53 49.80 32.54
EAR 1.15 1.15 1.15 1.15 1.4

FW (Feed Water) mass flow [kg/s] 710.5 674.2 488.8 320.2 201.5
FW Temperature [°C] 294 290 269 245 220
FW Pressure [MPa] 28.89 28.36 22.35 10.35 9.15
RH mass flow [kg/s] 604 574.6 428.2 287.7 184.4
RH Temperature [°C] 326 321 319 327 331
RH Pressure [MPa] 4.76 4.53 3.35 2.21 1.36

The simulation input conditions for the post-gas flow system model were the air leak rate of
the APH, the inlet temperature and mass flow rate of the primary and secondary air, and the inlet
temperature of the water in the GGH_C and GGH_R. Table A2 lists these input conditions for the five
load conditions in the existing process.
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Table A2. Input conditions for the APH and GGH based on the five load conditions in the
existing process.

Operating Conditions. BMCR TMCR 75% TMCR 50% TMCR 30% TMCR

Air leakage rate of APH [%] 3.9 4.1 5.5 6.9 7.8

Air inlet Temperature [◦C] PA 50 50 50 49 51
SA 45 44 43 51 43

Air flow rate [kg/s] PA 162 160 145 111 82
SA 645 614 461 313 263

Water inlet Temperature [◦C] GGH_C 73 73 74 80 79
GGH_R 112 110 101 100 94

Water flow rate [kg/s] GGH_C 282 280 282 289 202
GGH_R 279 277 279 286 219

Appendix B. Governing Equations for the New Process in the Post-Gas Treatment System

In the post-gas flow system model, we solved the energy balances for the APH 1, GGH_C, GGH_R,
and APH 2. Figure A2 shows the material flows of the flue gas, air, and water in the post-gas flow
system. The flow properties of each material were determined by connecting each flow via heat transfer.
The energy balances of each material flow in each component are as follows.

• APH 1 energy balance
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• APH 2 energy balance
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