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Abstract: In current power station boilers, fuel burns at a low temperature, which results in low
exergy efficiency. This research combined the second law of t with the boiler structure to maximize
the efficiency of a 350 MW power plant boiler. A three-dimensional simulation of the combustion
process at the power plant boiler is performed. A one-dimensional simulation model of the boiler is
then constructed to calculate the combustion exergy loss, heat transfer exergy loss, and boiler exergy
efficiency. Under the principle of high-temperature air combustion technologies, this paper also
proposes a new structure and improved operating parameters to improve the exergy efficiency of
boilers by reducing the heat exchange area of the economizer and increasing the heat exchange area
of the air preheater. Simulation results show that the exergy efficiency of the boiler increased from
47.29% to 48.35% through the modified model. The simulation outcomes can instruct future optimal
boiler design and controls.

Keywords: power plant boiler; second low of thermodynamics; exergy efficiency; structural development

1. Introduction

Electricity is an indispensable portion of industrial production [1–3]. Renewable
energy power generation technology faces technological dilemmas, such as unstable contri-
bution to power generation, and therefore thermal power generation cannot be entirely
replaced at the current stage [4–6]. Due to the lack of gas in China and its abundance of coal
resources, coal remains the essential energy source [7–9]. At the same time, the proportion
of coal-fired power generation in thermal power generation exceeds 90%, where coal is
burned to provide electricity. One of the main devices in a power station is the boiler, which
has been studied by a number of scholars.

During power generation boiler investigations, the energy analysis method is usually
conducted to determine the energy loss distribution in the devices [10–14]. In order to
achieve higher energy efficiency, using the concept of energy grade to analyze the irre-
versible loss in the operation process, rather than only focusing on the energy quantity, is
also necessary, which is called the exergy analysis method [15–17]. Using the method, the
work potential and energy efficiency of the system can be calculated [18–22]. Therefore, it is
widely used in power system design and boiler improvement [23–27]. Shi [28] determined
the boiler efficiency from soot blowing and proposed a superior model to improve the
boiler performance. Francis Chinweuba eboh etc. proposed that exergy analysis could be
used to evaluate the performance of the system, including coal, biomass, and these raw
materials as a combination of fuel [18]. The model can effectively identify the main parts
of the damage and analyze the exergy losses of various parts. A new method of boiler
exergy calculation for estimating the exergy loss and exergy efficiency was studied by
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Behbahaninia et al. [23]. Gomez set up a model to simulate biomass boilers in a different
environment and analyzed the results, which showed that an increase in oxygen concentra-
tion can reduce CO emissions [29]. In this study, the exergy loss of flue gas is divided into
the physical component and the chemical component. The result showed that the primary
source of exergy loss in the boiler accounted for a significant part of boiler energy loss.
However, none of these studies addresses the distribution of energy loss and the optimiza-
tion of the boiler structure. Furthermore, the current studies use a single software platform
to analyze energy in the boiler. Due to the complex structure and boiler configurations,
some conclusions from the original model may not apply.

In this paper, the proposed model is used to analyze the exergy loss of a 350 MW boiler
in a power station and optimize the structure to minimize exergy loss during combustion.
It is important to note that the critical point of the study introduced in this paper is the
calculation of the exergy loss distribution using Aspen plus to redesign the boiler structure.
The research contents of this article are as follows.

The physical model of the boiler based on boiler specifications is established
with CFD.

Based on the second law of thermodynamics, the combustion model of the boiler
furnace is developed under different load and coal conditions to observe the temperature
field and flue gas distribution.

A one-dimensional combustion and heat transfer model is established with Aspen
plus to simulate the heat transfer in superheater and reheater. The calculated value is
then compared with the operation value to examine the accuracy. A MATLAB model is
developed to calculate the exergy loss of heat transfer. The flow chart of the study is shown
in Figure 1.
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A structural modification scheme is formulated in order to minimize exergy loss. The
heat transfer capacity of the economizer decreases, and the heat transfer capacity of the air
preheater increases in this scheme. As a result, the burning exergy loss of the boiler was
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reduced. The exergy loss of heat transfer was reduced, and the exergy efficiency of the
boiler was improved by improving the steam parameters.

2. System Parameters and Exergy Analysis Mathematical Model

The 350 MW boiler is a supercritical boiler in a power plant in Changchun, China and
its design parameters are formulated in Table 1 and the coal type parameters are shown
in Table 2.

Table 1. Main parameters of boiler.

Parameter Unit Boiler Maximum
Continuous Rating (BMCR) 75%BMCR 50%BMCR

Superheated steam flow of the boiler t/h 1110 723.72 555
Superheater outlet steam pressure MPa(g) 25.40 19.73 14.49

Superheater outlet steam temperature ◦C 571 571 571
Reheat steam flow t/h 929.17 623.45 484.70

Reheater inlet steam pressure MPa(g) 4.524 3.014 2.296
Reheater outlet steam pressure MPa(g) 4.334 2.885 2.194

Reheater inlet steam temperature ◦C 323 311.6 321.5
Reheater outlet steam temperature ◦C 569 569 569

Economizer inlet feed water temperature ◦C 284.7 258.9 244.3

Table 2. Design coal parameters.

Parameter Notation Unit Design Coal

Total moisture Mar % 27.8
Air dry base moisture Mad % 9.27

Receive base ash Aar % 12.06

Dry ash-free volatiles Vdaf % 45.09
Received base carbon Car % 47

Received base
hydrogen Har % 3.50

Received base oxygen Oar % 8.85
Received base

nitrogen Nar % 0.60

Received base sulfur Sar % 0.19

Low heat value Qnet.ar MJ/kg 17.34

Coal type parameters are shown in Table 2.

2.1. Exergy Efficiency

Exergy efficiency is an index based on the second law of thermodynamics to measure
the energy conversion and thermodynamic perfection of the thermodynamic systems. The
definition expression of exergy efficiency is as follows [30]:

η =
Ax,g

Ax,n
= 1− Ax,L

Ax,n
(1)

where Ax,g is the income exergy, Ax,L is the exergy loss, and Ax,n is the total input exergy.

2.2. Fuel Exergy Calculation

aB = LHV(1.0064 + 0.1519
H
C

+ 0.0616
O
C

+ 0.0429
N
C
) (2)
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where LHV is the low calorific value; C, H, O, N, and S represent the mass fractions of
carbon, hydrogen, oxygen, nitrogen, and sulfur in the fuel, respectively. The Xinze formula
of solid fuel is used to calculate the fuel from coal in this analysis.

2.3. Calculation of the Boiler External Loss

The boiler external loss can be calculated according to the thermal efficiency of the
boiler. The exergy loss of the exhaust gas is calculated with its temperature.

a2 = Vycp(Tpy − T0 − T0 ln
Tpy

T0
) (3)

where Vy is the volume of the flue gas, T0 is the temperature of the environment, cp is the
average constant pressure specific heat of the flue gas, and Tpy is the exhaust temperature,
which is 147 ◦C under BMCR load.

As shown in the following formulae, the exergy loss associated with the incomplete
combustion of gases and solids is calculated:

a3 = aBq3 (4)

a4 = aBq4 (5)

in which aB is the fuel exergy, q3 is the heat loss of the incomplete combustion of the
combustible gas, and q4 is the heat loss of the incomplete combustion of the solid.

q5,ed = 5.82(Ded)
−0.38 (6)

Q5 = q5,ed
Ded
D

(7)

in which Ded is the rated evaporation capacity, q5,ed is the heat loss at rated evaporation, D
is the actual evaporation, Q5 is heat dissipation loss under non-rated operating conditions,
and q5,ed is the heat dissipation loss of the boiler at the rated evaporation volume.

The heat exergy loss can be determined by the following equation:

a5 = Q5(1−
T0

TB
) (8)

where TB is the average temperature of the working fluid in the heat dissipation part of the
boiler. In this project, 400 ◦C was selected for the simplicity of the calculation process.

The exergy loss of ash was determined by the following equation.

a6 =
Ay

100
[
αlz(tlz − t0)clz

100− cc
lz

(1− T0

Tlz
) +

α f h(θpy − t0)c f h

100− cc
f h

(1− T0

Tpy
)] (9)

where Ay is the applied base ash; tlz is the slag temperature discharged from the furnace,
◦C; θpy is the exhaust gas temperature, ◦C; cc

lz and cfh
c are the content of slag and fly ash,

%; and clz and cfh are the specific heat of slag and fly ash, which can be found in the table,
kJ/kg. The external exergy loss is the sum of these losses.

2.4. Calculation of the Combustion Exergy Loss in Boiler

According to the national standard GB/T140909-2005 Energy System Exergy Analysis
Technical Guidelines, the expression for the exergy loss of combustion is shown below:

Ir = M f aB −M f Vg

Th∫
T0

Cp(1−
T0

T
)dT (10)
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where Mf is the amount of fuel, kg/h; Vg is the volume of flue gas produced per kilogram
of fuel, m3/kg; Cp is the average constant pressure specific heat of the flue gas, kJ/(m3·K);
and Th is the maximum temperature of the flue gas when the boiler burns.

2.5. Calculation of Boiler Heat Transfer Exergy Loss

The formula for heat transfer exergy loss is shown below:

Ac = δQT0(
1

Tc
− 1

Th
) (11)

where δQ is the unit heat transfer, kJ/kg; T0 is the ambient temperature, K; Tc is the average
temperature of the cold fluid, K; Th is the average temperature of the hot fluid, K.

Tc = (Tc1 − Tc2)/ ln
Tc1

Tc2
(12)

Th = (Th1 − Th2)/ ln
Th1
Th2

(13)

where Tc1 is the inlet temperature of the cold fluid, K; Tc2 is the outlet temperature of
the cold fluid, K; Th1 is the inlet temperature of the hot fluid, K; and Th2 is the outlet
temperature of the hot fluid, K.

The exergy loss of each heat exchanger in the tail flue can be calculated according to the
exergy analysis and calculation formula mentioned. The exergy loss of the heat transfer was
programmed in Matlab to calculate the heat transfer. On the basis of Power Station Course
Design Instructions, the boiler combustion calculation formula is established. The exergy
loss of each heat exchanger in the boiler flue was calculated. The exergy loss distribution
of each part can be clearly analyzed by this procedure. The flow of the program is shown
in Figure 2.
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2.6. Physical/Chemical Model
2.6.1. Gas Turbulence Equation

The realizable turbulence model was adopted in this simulation. The term “realize”
means to ensure that there are mathematical constraints in Reynolds pressure, so as to
ensure the continuity of turbulence. The equation is as follows:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xi
[(µ +

µi
σk

)
∂k
∂xi

] + Gk + Gb − ρε−YM + Sk (14)

∂

∂τ
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi
[(µ +

µε

σε
)

∂ε

∂xj
] + ρC1Eε− C2ρ

ε2

k +
√

vε
(15)

where σε = 1.2, C1 = max
[
0.43, η

η+5

]
, C2 = 1.9, η =

(
2EijEji

)1/2 k
ε , Eij =

∂µi
∂xj

+
∂µj
∂xi

.

2.6.2. Gas Solid Two-Phase Flow Equation

Pulverized coal combustion belongs to the gas–solid two-phase flow. The Lagrangian
stochastic particle trajectory model is adopted, which is more consistent with the actual
situation in the furnace and is suitable for volatilization and heterogeneous reactions. The
force equation of particles is as follows:

dup

dt
= FD(u− up) + g

(ρp − ρ)

ρp
+ F (16)

where u is the fluid phase velocity, m/s; u − up is the difference between fluid phase ve-
locity and particle velocity, m/s; FD

(
u− up

)
is the force on particles per unit of mass;

ρp is the density of particles, kg/m3; and g (
ρp−ρ)

ρp
represents the buoyancy force on

the particle.

2.6.3. Pulverized Coal Combustion Model

The pulverized coal combustion model can be divided into three models, which are
volatilization analysis, gas phase combustion, and coke burning models. The equations of
these three models together constitute the pulverized coal combustion model.

The volatilization analysis model of pulverized coal is a two-path model, as follows:

M0
k1→ (1−Y1)(M1) + Y1H (17)

M0
k2→ (1−Y2)(M1) + Y2H (18)

M0 represents pulverized coal and M1 represents coke. The first equation is preferred for
low-temperature reactions, and the second equation is chosen for high-temperature reactions.

The gas-phase combustion model is applied to the non-premixed simulation method.
If the simulation includes small droplets or coal particles, the non-premixed model is
applied. The formula is:

f =
Zi − Zi,ox

Zi, f uel − Zi,ox
(19)

where Zi refers to the mass fraction of the element; Zi,ox refers to the content at the inlet of
the oxidant; and Zi,fuel refers to the value at the inlet of the fuel.

The reaction rate of coke combustion is:

D0 = C1

[(
Tp + T∞

)
/2
]

dp

0.75

(20)

where T∞ is the ambient temperature, K; C1 is the diffusion rate constant; Tp is the tempera-
ture of the particle; and dp is the average particle diameter of coke, m.
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2.6.4. Radiation Model

The P-1 radiation heat transfer model is adopted in this study. This model not only
considers the scattering effect of radiation, which is suitable for the actual situation of the
boiler, but is also a relatively simple model, which greatly reduces the calculation time, so
this model is preferred.

qr = −
1

3(α + σs)− Cσs
∇G (21)

where σs is the diffusion coefficient, α is the absorption coefficient, G is the amount of
incident radiation, and C is the coefficient of the linear anisotropic phase function. When
using this model, strict attention should be paid to the optical thickness. In order to obtain
the best convergence effect, the optical thickness (α + σs)L must be 0.01–10.

2.6.5. Model of Coupling of Velocity and Pressure

In the solver setting, the coupling model of pressure and velocity is formulated in the
form of the Navier–Stokes equation:

p
(

∂u
∂t + u · ∇u

)
= ρf−∇p + µ∇2u

u(x) = ubx ∈ ∂V1

n · u(x) = 0, µ
∂ut(x)

∂n = −βpu, x ∈ ∂V2

where p is the macroscopic pressure and u is the velocity.

3. Description of the Model

The boiler in this paper is a 350 MW supercritical boiler from a power plant in
Changchun, which is a single-furnace boiler with single intermediate reheating. The
designed coal is lignite. The main structure size is 14.6 m × 58.3 m(length × height), and
the aspect ratio is 1.

In this study, FLUENT was first used to simulate the distribution of exergy, and then
Aspen Plus was used to calculate the temperature of each part of the boiler. Finally, heat
transfer exergy was calculated in MATLAB.

3.1. Model of the Boiler Furnace

CATIA software was used to make a general assembly 3D model, and the analysis of
the coal combustion process was carried out using FLUENT. Different grids were set up in
each region by ICEM software. As a result, combustion characteristics and temperature
distributions could be accurately determined. There were four main areas in ICEM for the
boiler mesh. As shown in Figure 1a, the lowest part is the dry bottom hopper area, where
the grid does not need to be encrypted, followed by the main burner area, the separate
over-fire air (SOFA) area, and the horizontal flue and flare Angle area. As shown in Figure 3,
the mesh with maximum density is located in the SOFA burner area. The horizontal flue
and furnace arch are located at the top of the boiler. The inlet boundary conditions are
shown in Table 3.

In this paper, the temperature difference between the inlet and outlet was used as the
test index, that is, the temperature difference of the simulation will not change with the
increase in the number of grids. At this time, the number of grids can ensure the accuracy
of the simulation on the one hand, and the simulation time will not be too long on the
other hand. The variation of temperature differences with the number of grids is shown
in Table 4.
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Table 3. The temperature difference varies with the grid numbers.

Name Unit Number

Primary air temperature K 338
Secondary air temperature K 653
Burnout air temperature K 653
Primary wind velocity m/s 25
Secondary air velocity m/s 48
Burnout wind velocity m/s 48

Pulverized coal fineness (R90) % 37
Pulverized coal mass flow rate kg/s 2.542

Table 4. The variation of temperature difference with the grid numbers.

N Number of Grids Temperature Difference(K) Error

1 1,862,248 0.842 -
2 2,421,385 0.910 2.4%
3 3,342,675 0.931 3.2%
4 4,769,510 0.934 0.5%
5 6,102,687 0.935 0.2%

3.2. Comparison Analysis of Flue Gas in the Furnace under Different Load Conditions

In this study, we use the Realizable turbulence model. Regarding the combustion
process, the model adopted in the study is a non-premixed combustion model, which is
often used in boiler simulation. The simulation process is carried out after the coal type
parameter is input.

The distribution of smoke and gas in the furnace under different loads is shown in
Figure 4. Figure 4a–c show that the maximum value of flue gas decreases as the load is
reduced. The overall flue gas distribution has a certain regularity despite subtle differences,
which is explained by the component distribution. Figure 4d shows that the flue gas exergy
also rises with height. In the burner, flue gas has a higher value. In addition, flue gas exergy
peaks at the same position under different loads, which indicates that this region still has
the potential to reduce loss before reaching the peak value. Combustion exergy loss could
be reduced by increasing the air temperature at the inlet when the air enters the furnace.

3.3. Power Plant Boiler Model Construction

This article presents a boiler model built by Aspen Plus using the RYield module,
the RGibbs module, and the SSplit module. RYIELD is suitable for reactions in which the
reaction relationship is unknown, the reaction kinetic parameters are unknown, but the



Energies 2022, 15, 8133 9 of 19

product distribution ratio is known. The flow rates of various products can be calculated
by inputting product yields or Fortran subroutines. RGibbs is a reactor that simulates
single-phase chemical equilibria, phase equilibria without chemical reactions, and multiple
components simultaneously in phase and chemical equilibria using the Gibbs free energy
minimization principle. The HeatX module simulates the heat exchange between the
two logistics. The heatx model determines the state of the export logistics according to
the conservation of energy and mass. As shown in Figure 5, the RYield module is used to
pyrolyse coal. RGibbs represents the Gibbs reaction. The heat flow Q-DECOMP generated
during the pyrolysis process is connected to the RGibbs module to ensure the balance of
heat in the system. Q-LOST determines the heat dissipation of the boiler and excludes it.
The SSplit module separates the flue gas and ash, allowing the ash to be discharged and
the flue gas to continue exchanging heat.
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Figure 5. Combustion system module.

As shown in Figure 6, the HeatX module is used to carry out the design calcula-
tion according to the boiler design manual. The flue gas is divided into two streams,
among which one flows through the low-temperature reheater (L-RH), and the other flows
through the low-temperature superheater (L-SH) and the economizer (ECONOM). Then the
two streams pass through the air preheater (PHAIR) and merge into the air. Before they can
be discharged into the environment, these exhaust gases must be dedusted and reduced.
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Figure 6. Heat exchange system module.

The feed water (TO-WATER) is heated by the economizer and turned into hot wa-
ter (OUTWATER). Meanwhile, the heat exchange temperature in the water-cooled wall
increases. Afterwards, it is heated by a roof superheater (TOPH), low-temperature su-
perheater, partition screen superheater, and high-temperature superheater and turned
into superheated steam. In the final step, superheated steam is transferred to a steam
turbine. The reheated steam (IN-RH) is heated by a low-temperature reheater and a high-
temperature reheater and supplied to the steam turbine. The airflow is cold air (COLD-AIR)
in the air preheater, and heat is exchanged with the tail flue gas and turned into hot
air (HOT-AIR). Combustion and heat transfer system flow charts are combined to form
a closed cycle, which constitutes the entire system of the boiler. That is, the flue gas sepa-
rated from the SSplit module passes through the water wall, and the hot air from the air
preheater participates in the combustion. The overall model diagram is shown in Figure 7.

3.4. Model Input Parameter Settings

There are some input parameters for the module, which are shown in Table 5.

3.5. Model Simulation Results

As shown in Tables 6 and 7, the accuracy of the model can be verified based on the
simulation results and the operation data provided by the power plant. The full names of
BMCR, DIVIDSH, H-SH, H-RH, L-RH, L-SH, and ECONOM are shown in the nomenclature
at the end of the article.
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Table 5. Input parameter settings of model.

Environment Temperature 25 ◦C. Pressure 101,325 Pa

Air Under BMCR condition, oxygen 289,686 kg/h, nitrogen 1,089,769 kg/h
To-water Temperature 284.7 ◦C, pressure 28.87 MPa, flow 1,110,000 kg/h

Main steam Temperature 571 ◦C, pressure 25.40 MPa, flow 1,110,000 kg/h

Reheat steam inlet Temperature 323 ◦C, pressure 4.524 MPa, flow 929,170 kg/h
Reheat steam outlet Temperature 569 ◦C, Pressure 4.334 MPa

Amount of fuel 183,040 kg/h
Mar 27.8%
Mad 9.27%
Aar 12.06%
Vdaf 45.09%
Car 47%
Har 3.5%
Oar 8.85%
Nar 0.60%
Sar 0.19%

Table 6. Comparison table of working fluid simulation calculation results.

Parameter

BMCR 75%BMCR 50%BMCR

Simulation
Results (◦C)

Operation
Results (◦C)

Simulation
Results (◦C)

Operation
Results (◦C)

Simulation
Results (◦C)

Operation
Results (◦C)

Inlet of DIVIDSH 466 482 442 465 425 442
Outlet of DIVIDSH 526 540 512 538 505 529

Inlet of H-SH 526 540 512 538 505 529

Outlet of H-SH 571 571 571 571 571 571
Inlet of H-RH 473 472 461.6 477 461.5 481

Outlet of H-RH 569 569 569 569 557.5 545.8
Inlet of L-RH 323 323 311.6 311.6 321.5 321.5

Outlet of L-RH 473 472 461.6 477 461.5 481
Inlet of L-SH 418 428 394 408 377 380

Outlet of L-SH 466 482 442 465 425 442
Inlet of ECONOM 284.7 284.7 258.9 258.9 244.3 244.3

Outlet of ECONOM 309 307 284 280 269 267
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Table 7. Comparison table of flue gas simulation calculation results.

Parameter

BMCR 75%BMCR 50%BMCR

Simulation
Results (◦C)

Operation
Results (◦C)

Simulation
Results (◦C)

Operation
Results (◦C)

Simulation
Results (◦C)

Operation
Results (◦C)

Inlet of DIVIDSH 1201 1210 1103 1100 997 1002
Outlet of DIVIDSH 1068 1069 975 973 873 918

Inlet of H-SH 1068 1069 975 973 873 918

Outlet of H-SH 977 986 878 894 778 842
Inlet of H-RH 977 971 878 879 778 827

Outlet of H-RH 864 859 759 781 676 737
Inlet of L-RH 864 821 759 742 676 697

Outlet of L-RH 415 387 390 373 384 374
Inlet of L-SH 864 821 759 742 676 697

Outlet of L-SH 568 560 530 510 505 475
Inlet of ECONOM 568 560 530 510 505 475

Outlet of ECONOM 415 442 390 389 384 358

The accuracy of the model is demonstrated by comparing the calculated and plant
values of BMCR, 75% BMCR, and 50% BMCR loads. Consequently, the model can be used
to calculate other boiler load conditions, and the calculation method is similar to how the
boiler operates.

4. Exergy Analysis Calculation Result Comparison

Matlab software is used to calculate heat transfer exergy loss according to the exergy
analysis method mentioned above, and then the heat transfer exergy loss of each heat
exchanger under different loads is calculated, as depicted in Tables 8–10.

The overall exergy efficiency of the boiler is shown in Figure 8. As the load decreases,
the exergy efficiency decreases gradually, and the overall exergy loss increases. Hence, it is
necessary to avoid reducing the load to use energy effectively.

The heat transfer exergy losses under various loads are depicted in Figure 9. There
is almost no difference in the distribution of heat transfer exergy losses by the different
loads. WALL and L-RH have significant heat transfer exergy losses. One of them only flows
through the low-temperature reheater, while the other flows through the L-RH and the
economizer, resulting in a large heat transfer difference in the L-RH. It is possible to reduce
exergy loss by improving the arrangement of heating surfaces in these two positions.

Table 8. Distribution of heat transfer exergy loss of boiler under BMCR load.

Parameter Notation Unit Percentage of
Fuel Exergy (%)

Total 3667.52 kJ/kg standard coal 20.53
Water wall and roof superheater 1222.07 kJ/kg standard coal 6.84

Platen superheater 319.54 kJ/kg standard coal 1.79

High temperature superheater 162.67 kJ/kg standard coal 0.91
High temperature reheater 189.09 kJ/kg standard coal 1.06

Low temperature reheater 646.95 kJ/kg standard coal 3.62
Low temperature superheater 433.95 kJ/kg standard coal 2.43

Economizer 253.14 kJ/kg standard coal 1.42

Air preheater 440.11 kJ/kg standard coal 2.46
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Table 9. Distribution of heat transfer exergy loss of boiler under 75% BMCR load.

Parameter Notation Unit Percentage of
Fuel Exergy (%)

Total 3602.38 kJ/kg standard coal 20.17
Water wall and roof superheater 1612.94 kJ/kg standard coal 9.03

Platen superheater 294.24 kJ/kg standard coal 1.65

High temperature superheater 151.55 kJ/kg standard coal 0.85
High temperature reheater 164.36 kJ/kg standard coal 0.92

Low temperature reheater 451.35 kJ/kg standard coal 2.53
Low temperature superheater 307.81 kJ/kg standard coal 1.72

Economizer 244.12 kJ/kg standard coal 1.37

Air preheater 376.01 kJ/kg standard coal 2.10

Table 10. Distribution of heat transfer exergy loss of boiler under 50% BMCR load.

Parameter Notation Unit Percentage of
Fuel Exergy (%)

Total 3438.39 kJ/kg standard coal 19.25
Water wall and roof superheater 1915.10 kJ/kg standard coal 10.72

Platen superheater 259.71 kJ/kg standard coal 1.45

High temperature superheater 119.96 kJ/kg standard coal 0.67
High temperature reheater 109.73 kJ/kg standard coal 0.62

Low temperature reheater 275.58 kJ/kg standard coal 1.54
Low temperature superheater 208.91 kJ/kg standard coal 1.17

Economizer 220.74 kJ/kg standard coal 1.24

Air preheater 328.66 kJ/kg standard coal 1.84
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5. Comparison between Improved Scheme and Original Scheme

The boiler system is improved by increasing the heat transfer area of the air preheater
and decreasing the heat transfer area of the economizer. The economizer and air preheater
are located in one of the dual tail flues in the original scheme. In addition to changing the
heat transfer area, the economizer is placed behind the flue to enhance the heat transfer
effect of the air preheater. This reduces the heat absorption of the flue gas of the economizer,
and the waste heat is given to the air preheater. Thus, the furnace heat transfer temperature
difference and the combustion exergy loss are reduced. The improved process is shown in
Figure 10. Blue lines indicate water vapor routes, while red lines indicate smoke routes.
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In addition, this caused the working fluid temperature in the economizer to decrease
as well. The amount of fuel should be adjusted accordingly, resulting in changes in the
main steam and reheat steam temperatures. The input parameters of the model after
transformation are shown in Table 11.
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Table 11. Model parameters of improved scheme.

Environment Temperature 25 ◦C. Pressure 10,325 Pa

Air Under BMCR condition, oxygen 289,686 kg/h, nitrogen 1,089,769 kg/h
To-water Temperature 284.7 ◦C, pressure 28.87 MPa, flow 1,110,000 kg/h

Main steam Temperature 576 ◦C, pressure 25.40 MPa, flow 1,110,000 kg/h

Reheat steam inlet Temperature 323 ◦C, pressure 4.524 MPa, flow 929,170 kg/h
Reheat steam outlet Temperature 574 ◦C, pressure 4.334 MPa

Amount of fuel 184,070 kg/h

Figure 11 shows the comparison between the improved and the original heat transfer
exergy loss distributions. A change in economizer location and structure resulted in
a decrease in economizer exergy loss while an increase in air preheater exergy loss. In
addition, the furnace must be adjusted to compensate for the low working fluid temperature
at the exit of the economizer. The arrangement of the double flues at the rear was changed,
resulting in a reduction in the heat transfer exergy loss of the low-temperature superheater
and the low-temperature reheater. Due to the higher temperature of the main steam and
the reheated steam, the heat transfer exergy loss also increased. However, the total heat
transfer exergy loss was less than initially estimated at 20.17%.
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Figure 11. Comparison of heat transfer exergy loss distribution between the improved scheme and
the original scheme.

Figure 12 shows a detailed comparison of exergy loss distributions between the im-
proved and original schemes. Exergy efficiency is increased to 48.35%, and combustion
exergy loss is significantly reduced. It is obvious that increasing the air preheating temper-
ature has a significant impact on improving combustion and reducing the exergy loss of
combustion, as well as slightly reducing the exergy loss of heat transfer. Due to the un-
changed exhaust temperature, the external exergy loss remains the same. Thus, increasing
the air preheat temperature and steam parameters will increase exergy efficiency. This
paper provides a theoretical basis for the improvement plan of the power plant by adjusting
the process and structure.
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6. Conclusions

In this paper, a one-dimensional model of a 350 MW power plant boiler was established
by Aspen Plus. Based on the comparison between simulation results and operation data,
the error in working fluid is within 5%, and the error in flue gas value is within 9%, proving
the accuracy and feasibility of the one-dimensional model. Then, the efficiency of the boiler
is maximized by changing the internal structure. The conclusions are as follows:

(1) The power plant boiler has an exergy efficiency of approximately 50%. Among
the exergy losses, combustion exergy losses account for the most significant proportion,
accounting for approximately 30%. In addition to the heat transfer exergy loss, approxi-
mately 20% of the energy is lost through external exergy losses. The exergy efficiency of
the power station boiler also decreases as the load decreases, and the overall exergy loss
gradually rises. Therefore, avoiding low-load operation can improve energy efficiency.

(2) The calculation and comparison of heat transfer exergy losses are carried out
for each superheater and reheater in the rear flue. Due to the significant heat transfer
temperature difference and exergy loss value, the heat transfer exergy loss value of the
water wall and low-temperature reheater are relatively large.

(3) An improved scheme is proposed in this paper, which plays a role in reducing the
heat exchange capacity of the economizer and increasing the heat exchange capacity of the
air preheater. The combustion temperature of the boiler is increased, and the combustion
exergy loss of the boiler is reduced. By improving the steam parameters, the exergy loss of
heat transfer is reduced, and the exergy efficiency of the boiler is improved.

(4) The simulation results indicate a 48.35% increase in boiler exergy efficiency when
the boiler’s preheated air temperature and steam parameters are increased. The exergy loss
of combustion is significantly reduced, as is the exergy loss of heat transfer. Results of the
improvement plan show that the aim of improving exergy efficiency and saving energy
was achieved, as well as providing a theoretical basis for improving the power plant.
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Nomenclature

BMCR Boiler Maximum Continuous Rating Unit
COLD-AIR Cold Air
DIVIDSH Divider Superheater
ECON Economizer
ECONOM Economizer
H-RH High-Temperature Reheater
H-SH High-Temperature Superheater
HOT-AIR Hot Air
IN-RH Reheated Steam
L-RH Low-Temperature Reheater
L-SH Low-Temperature Superheater
PHAIR Air Preheater
SOFA Separate over Fire Air
TOPH Roof Superheater
WALL Water Cooled Wall
aB Fuel Exergy Calculation kJ/mol
a2 Boiler External Loss kJ/mol
Aar Received base ash %
Ac Heat Transfer Exergy Loss kJ/mol
Ax,g Income Exergy kJ/mol
Ax,L Exergy Loss kJ/mol
Ax,n Total Input Exergy. kJ/mol
Ay Applied Base Ash %
clz Specific Heat of Slag kJ/kg
clz

c Content of Slag %
cfh

c Content of Fly Ash %
cfh Specific Heat of Fly Ash kJ/kg
cp Average Constant Pressure Specific Heat of Flue Gas kJ/kg
Car Received base carbon %
Cp Average Constant Pressure Specific Heat of Flue Gas kJ/(m3·K)
Har Received base hydrogen %
Ir Exergy Loss of Combustion kJ/mol
Mar Received base moisture %
Mad Air drying base moisture %
Mf Amount of Fuel kg/h
Nar Received base nitrogen %
Oar Received base oxygen %
q4 Heat Loss of Incomplete Combustion of Solid %
q3 Heat Loss of Incomplete combustion of Combustible Gas %
δQ Unit Heat Transfer kJ/kg
Qnet.ar lower heating value kJ/kg
Sar Received base sulphur %
tlz Slag Temperature Discharged from the Furnace K

TB
Average Temperature of the Working Fluid in the Heat Dissipation

K
Part of the Boiler

Tc Average Temperature of the Cold Fluid K
Tc1 Inlet Temperature of the Cold Fluid K
Tc2 Outlet Temperature of the Cold Fluid K
Th Average Temperature of the Hot Fluid K
Tpy Exhaust Temperature K
T0 Ambient Temperature K
Th1 Inlet Temperature of the Hot Fluid K
Th2 Outlet Temperature of the Hot Fluid K
Vg Volume of Flue Gas Produced Per Kilogram of Fuel m3/kg
Vy Flue Gas Volume m3/kg
Vdaf Dry ash-free basis volatile m3/kg
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