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ABSTRACT China has a large number of coal-fired power plants which are commonly suffered with
many problems like uncertain coal source, frequent variation of coal quality, blended coal combustion and
great fluctuation of the load. It is dire need of a system that can conduct combustion diagnosis, which
can enables new horizon in optimization and to ensure the safety and efficiency of a unit. The contents
of the combustion diagnosis include flame stability evaluation and temperature measurement. The latter
provides quantitative information of the furnace, which can be used for unburnt carbon and pollutant
emissions prediction. Diagnosing techniques are generally based on flame radiation intensity detect, flame
image analysis, acoustic pyrometry and artificial intelligence analysis. The performance and engineering
application of these techniques are reviewed and compared in this study. Artificial intelligence analysis
based on the flame radiation intensity signal is recommended for flame stability evaluation as it is easily
implemented in practical boilers with good accuracy and low cost. The challenge of the method based on
flame image is thought to be that the reliability of the hardware system for flame image collection remains
to be improved as they are easily affected by the high temperatures and fouling in engineering applications.
The particles produced in the furnace is the hinder for application of the acoustic pyrometry in coal-fired
boilers.

INDEX TERMS Combustion diagnosis, coal-fired power plants, stability evaluation, features extraction,
artificial intelligence.

I. INTRODUCTION
The installed capacity of coal-fired power plants in China is
more than 1 billion kilowatts. The limitation of the sources,
coal-fired power plants in China commonly suffered from
problems like uncertain coal source, frequent variation of coal
quality and blended coal combustion. Meanwhile, in order to
meet the requirement of peek load regulation of the electric
grid, coal-fired power plants should frequently adjust the load
substantially. It usually operates at low load (half of the full
load even below) which greatly increased the difficulty to
organize high-quality combustion [1]. Multi pressures of the
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high efficiency, low pollutant emissions, frequent variation
of coal quality and poor operational conditions increases the
labor intensity. It is inevitable to establish a system that is able
to conduct combustion diagnosis and provide guidelines for
smooth and optimum operation.

The combustion diagnosis for coal-fired boilers is different
from a single flame at least in following three [2]–[4]. First,
the subject of the two is different. Combustion diagnosis
for coal-fired boilers was consisted on the study of general
combustion state in the whole chamber, and a single flame
diagnosing extended to detailed study of flame. Second,
the method of the two is different. Combustion diagnosis for
coal-fired boilers collected and extracted some features from
the flames that were used to represent the combustion state,
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but did not specially focus on the direct relationships between
each other. Single flame diagnosing detects radical distribu-
tion during the combustion process. Third, the purpose of the
two is different. Combustion diagnosis for coal-fired boilers
aimed to obtain information about the stability, economic
and environment impacts of the combustion process in the
chamber, and the conclusions are used to guide the operators
to enhance the efficiency of the operating unit and to reduce
NOx, SOx and particles emissions. Single flame diagnosis
aimed to obtain ignition mechanism, chemical reactions and
products evolution characteristics.

In current study, a brief review on engineering appli-
cations of combustion diagnosis techniques in coal fired
boilers for power plants in China has been presented. The
aim was to reveal problems still remained to be solved as
well as to attract more focus to prompt the development of
these methods. Diagnosing techniques are generally based on
detection of flame radiation intensity, flame image analysis,
acoustic pyrometry and furnace pressure measurement. The
basic working procedure and application state of all these
techniques and a summary with critics are presented.

II. COMBUSTION DIAGNOSING TECHNIQUES FOR
BOILERS IN POWER PLANTS
A. FLAME RADIATION INTENSITY METHOD
A direct reflection of the combustion process is the presence
of a flame, which is characterized by sensors that detect
the spectral response in the ultraviolet, visible and infrared
regions or the combination of all of them [5]–[10]. The
characteristics of different sensors applied in engineering are
presented in Table 1.

Based on the flame radiation intensity and some appropri-
ate mathematical processing, combustion stability analysis is
conducted by many researchers. Zhou and Han [11] inves-
tigated the spectrum distribution characteristics of the coal-
fired flame as shown in Figure 1. They conducted fast Fourier
transformation to the sequential signal of the combustion
flame and analyzed the energy distribution characteristic in
the frequency domain. It is qualitatively suggested that the

TABLE 1. Characteristics of different sensors used in the boilers of power
plants.

low-frequency fluctuation energy of the flame and the peak
of the low-frequency spectrum increases when the stability of
the combustion process becomes worse.

B. FLAME IMAGE ANALYSIS METHOD
Digital flame image recorded by CCD cameras contains
meaningful information about the combustion process. Based
on image analysis, goals of the flame stability evaluation and
temperature measurement could be achieved. Zhou and his
team [12]–[15] had investigated two methods to obtain the
temperature field in the furnace based on the flame image
analysis. The first one was to integrate the analysis of a
monochromatic flame image with the measurement of a ref-
erence temperature detected by thermocouple. The radiation
intensity calculated by the detected temperature was regarded
as a reference, temperature calculating at other places could
be achieved by comparing the radiation intensity of each pixel
in the flame image to the reference intensity. It is important
to confirm the accurate position of the reference temperature
in the flame image. The second method was to extract the
quantitative color information of red, green and blue from the
flame image recorded by a color CCD camera and to restruc-
ture the temperature field in the furnace by using two-color
method, which is applied in a 300 MW coal-fired power unit.
The schematic of the temperature measuring principle based
on the two-color method is shown in Figure 2. Lu and his
colleagues [16]–[18] achieved 3-D temperature measurement
of a flame by using a single monochromatic CCD camera
which have basic principle also the two-color method.

FIGURE 1. The schematic of the combustion diagnosing procedure based on the analysis of the radiation intensity of a
flame.
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FIGURE 2. The schematic of the principle for temperature reconstruction based on the two-color method.

FIGURE 3. The schematic of the principle for temperature field calculating based on the algebraic reconstruction technique.

Wang and his team [19]–[28] proposed amethod to restruc-
ture the temperature field of a cross section in the furnace
based on the radiation law and the optics response character-
istics of a color CCD camera as shown in Figure 3. A cross
section was chosen and divided into many grids. According to
the radiation attenuation law, equations of radiation transfer
were built. Based on some boundary conditions, substituted a
group of hypothetical temperatures into the equations, solved
the equations by using the algebraic reconstruction technique
to obtain the radiation intensity in each grid. Calculated the
temperature in the grids according to the Planck’s law by
using the calculated intensities. The process was terminated
upon convergence of obtained temperature. The convergent
temperatures were regarded as the measurement results.

C. ACOUSTIC PYROMETRY
Acoustic pyrometry has been developed since 1990s [29].
According to the gas equation and the propagation equation
of acoustic wave, the relationship between the speed of the
wave and the gas temperature can be obtained. Since the

FIGURE 4. The schematic of the principle of acoustic pyrometry.

distance between an acoustic transmitter and a receiver is
easily measured, the speed of the sound wave can be calcu-
lated by recording the time of flight (TOF), based on which
the temperature calculation of the measured path is achieved,
as shown in Figure 4. Moreover, if one want to measure the
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TABLE 2. Temperature measurement methods for combustion flames.

TABLE 3. Characteristics of different diagnosing method in engineering application.

FIGURE 5. The procedure of the diagnosing method using artificial intelligence.

temperature filed of a furnace cross section, distribute many
acoustic transceivers around the perimeter of the furnace
cross section to form a multiple path array. Each transceiver

is commanded to send a sound signal in sequence, and the
TOF of all paths are acquired. Therefore, the two-dimensional
temperature distribution through the furnace cross section can
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TABLE 4. Characteristics of features group for coal-fired flame diagnosing.

be calculated by using a reconstruction algorithm. An and
his team [30]–[33] developed one-path, multi-path acoustic
temperature measurement systems and acoustic computed
tomography (CT) technology and applied them in 300 MW,
200 MW and 600 MW thermal power plants, respectively.
The practical application indicated that the acoustic pyrome-
try is accurate and reliable. The challenge is that, as shown
in Figure 4, the accuracy of the measured temperature is
affected by the particles in the furnace.

Above mentioned temperature measurement techniques
have provided quantitative information about the combustion
process, which appears be convicted for combustion diagno-
sis and optimization. The characteristics of the temperature
measurement methods are summarized in Table 2. Based
on the furnace temperature measurement and some further
mathematical fitting, unburned carbon prediction and NOx
concentration calculation could be achieved [34].

The difference between the flame radiation intensity
method and flame image analysis method is shown in
table 3.

D. COMBINED WITH ARTIFICIAL INTELLIGENCE
Artificial intelligence (AI) systems are widely applied in
many areas because it offers an alternative way to tackle
complex and un-defined problems by learning from exam-
ples [35]. It is used as a combustion diagnosing technique
for coal-fired boilers in power plants since 1990s. The brief
procedure of the method is illustrated in Figure 5. One
should extract features that could be used as combustion
indicators. The featured group usually are different in val-
ues when the combustion state is practically different. After
repeated trial-and-error searches using known-state samples
(called training stage), the chosen algorithm, e.g., artifi-
cial neural network [36], [37], principal component analy-
sis model [38]–[40], fuzzy C-means clustering [41], [42],
obtained the ability to recognize the state of a sample to be
evaluated.

1) FEATURES EXTRACTION
Combustion theory does not provide a theoretical definition
for a stable combustion state but illustrate some properties
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TABLE 5. Application of the algorithms in the combustion diagnosing for coal-fired boilers in power plants.
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TABLE 5. (Continued.) Application of the algorithms in the combustion diagnosing for coal-fired boilers in power plants.

FIGURE 6. The schematic of the working principle of the CSDS.

for a stable flame. These properties are used as features for
combustion diagnosing. The features consist of geometrical
parameters [43]–[45], luminous parameters [46], [47], color
information [47]–[49], pressure signals in the furnace and
spectrum of the flame intensity [50].

Features are proposed according to experimental inves-
tigations and engineering operation experiences. They are
chosen for the reason that the values of them in an image of
stable flame are different from that in an image of unstable
one. In order to accurately supervise the variation of the
combustion state, usually a group of features are combined.
Features group for coal-fired flame diagnosing and their char-
acteristics are shown in Table 4. Features extraction combi-
nation is different from one researcher to another. Generally,
the features group shouldmeet the requirements as follows. a)
contain information that reflects the combustion state asmuch
as possible. b) should be easily distinguished from one to
each other when the combustion state is practically different.
c) the geometrical parameters used as features should be out
of the influence of the installation angle of the detector and
the position of the burner. The luminous and thermodynam-
ics parameters should be out of the influence of the coal
quality.

2) ALGORITHMS
There are number of algorithms including neural network
(including self-organizing network [36] and back prop-
agation neural network [37]), principal component anal-
ysis [38]–[40], support vector machine [40], and fuzzy
C-means cluster algorithm [41], [42] has been employed.
Characteristics of the algorithms in diagnosing the coal-fired
flames in power plants are shown in Table 5. Application
and comprehensive performance of these methods are also
presented.

III. ENGINEERING APPLICATIONS
The schematic of a combustion supervising and diagnos-
ing system (CSDS) applied in a 300 MW coal-fired power
unit [52] and the schematic of a temperature supervising
system applied in a 300 MW coal-fired power unit are shown
in Figure 6 and 7, respectively.

The information of the two engineering application cases
is summarized in Table 6. The operating experience results
that there are some weak points that needs to be improved.
The performance of the flame image collecting system which
is not stable. There is high need to improve the reliability of
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FIGURE 7. A 3-D temperature supervisory system applied in a 300 MW coal-fired power unit [12].

TABLE 6. The information about the two engineering application cases.

the hardware system that being used to collect and transmit
information.

IV. CONCLUSION AND EXPECTATION
The combustion diagnosing method for coal-fired boilers in
power plants is briefly reviewed and following conclusion
and expectation are drawn.

1. Temperature measurement inside the furnace based
on the flame image analysis is useful for the
operators to obtain quantitative information of the

combustion process. It is also possible to achieve the
goal of automatic and real-time optimization based
on the measured temperature field. The reliability of
the image collecting and analyzing system should be
improved. The particles and thermal noise produced
in the furnace affects the accuracy of the acoustic
pyrometry that applied in coal-fired boilers. Since the
radiation intensity is easy to measure and the features
extracted from the radiation intensity performs good
distinguishing ability for stable and unstable flame, it is
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recommended to adopt artificial intelligence algorithm
combining with the flame radiation intensity signals for
combustion stability diagnosing.

2. There are at least two steps for intelligent control of
combustion process which should be the hot spot area
for future studies. Foremost is to develop methods
that automatically analyze the formation regularity of
a poor-quality combustion state, based on which opti-
mized operation guidelines could be provided. Another
important is to develop intelligent learning algorithms
to accumulate experiences from the practical opera-
tion, which can lead to control the combustion pro-
cess without or with least supervisory of the operation
personnel.
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