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A B S T R A C T   

Thermal conversion, such as combustion, is the basic utilization of fuel energy. In-situ detection of key pa
rameters (e.g., components of fuel and combustion products, temperature, and pressure) is critical for improving 
the fuel utilization and the efficiency of thermal conversion equipment as well as to gain a full understanding of 
the mechanism of the thermal conversion process. Laser-induced breakdown spectroscopy (LIBS) has been 
verified to be applicable in the relevant industrial environment. In addition, combustion inherently comes with 
spontaneous emission, which contains important information about the process. This review discusses the 
application of atomic emission spectroscopy for monitoring the fuel thermal conversion process, including the 
characterization of raw energy materials (coal, biomass) before combustion, during the fuel combustion process 
(flame) and after combustion (fly ash). The first section is focused on LIBS for the analysis of raw energy ma
terials in different forms like rock, pellets and particle flow. A series of online application instruments for energy 
materials properties analysis have been developed. The second section is focused on the characterization of the 
fuel combustion process with the use of LIBS and spontaneous emission. The third section is on unburned carbon 
detection in fly ash with LIBS. Furthermore, application prospects of LIBS and spontaneous emission techniques 
in the energy conversion field are analyzed and discussed to provide a reference for the development of 
technology.   

1. Introduction 

1.1. Overview 

Energy is an important guarantee for achieving sustainable economic 
development, and it is also the basis for human survival. According to 
the British Petroleum (BP) statistical review of world energy 2022, coal 
is an important energy material and accounted for 29.3% of the world's 
total primary energy consumption in 2021 [1]. Recently, the pro
portions of biomass and other new energy sources have increased, which 
promotes the diversification of energy structure. Clean utilization of 
fuels includes physical conversion, biochemical conversion, and ther
mochemical conversion to convert raw energy materials into electricity, 
heat, gas, liquid fuels or high valued chemicals. Thermochemical con
version is simple and easily controllable because of its fast reaction and 
high energy utilization rate. As such, it is the main mode of energy 
supply in the world. Thermochemical conversion methods mainly 

include combustion, liquefaction, hydrothermal upgrading technology, 
gasification, and pyrolysis [2–5]. Although combustion inherently pro
duces a variety of pollutants, it is still the basic method for fuel heat 
utilization, for example in power production, heating, and 
transportation. 

The boiler is common, high-energy-consumption equipment for en
ergy conversion. It provides a high-temperature and high-pressure 
water/steam for community and industry through fuel combustion, 
which involves the flow field, heat and mass transfer, and chemical re
actions. With the development of large-scale, multiple-parameter, and 
digital energy conversion systems, like supercritical or ultra- 
supercritical thermal power generating units, stringent requirements 
are put forward for their safe and economic operations. Some key pa
rameters are inter-dependent and related. Accordingly, system opera
tion requires continuous real-time monitoring of material compositions 
before and after utilization (e.g., combustion products). In addition, for 
dynamic characterization of the combustion process, it is fundamental 
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to combine advanced measurement methods to better understand the 
combustion mechanism so as to master the underlying physical chem
istry. Research in these aspects is of great significance for improving the 
utilization efficiency of fuel and reducing the generation of pollutants, 
especially under the growing concerns of climate change, low-carbon 
economy, sustainability, and environmental impact of conventional 
fuel usage. 

1.2. The need for monitoring key parameters of an energy conversion 
system 

Figure 1 shows a schematic diagram of a typical energy conversion 
system from fuel to electricity of a thermal power plant with coal 
combustion. The plant can be broken down into several main parts: coal 
conveyor, coal delivery system, boiler combustion system, steam and 
water system, flue gas pollutant treatment system, and power generation 
system. There are five main categories in status monitoring, and various 
sensors are responsible for their measurements: (1) temperature of 
steam and water system, flue gas system, heating surface tube wall; (2) 
pressure of steam and water system; (3) flow of feed water, steam, flue 
gas; (4) material composition of raw fuels, combustion products (fly ash, 
flue gas); and (5) others, for example, fuel particle size, control valve 
position. In this work, we focus on the material composition measure
ment of raw fuels and fly ash, and combustion diagnostics, and where 
indicated the suitable positions of different techniques (Fig. 1). 

A modern distributed control system (DCS) is equipped to realize 
online data acquisition and remote automatic control of the equipment 
operation. However, some key parameters, for example, raw material 
characteristics and combustion products like unburned carbon in fly ash, 
still are obtained mostly through offline analysis and feedback to the 
DCS system through manual data entry. For the offline analysis method, 
the whole process of sampling, sample preparation and analysis usually 
takes several hours. The delayed results seriously lag behind the com
bustion conditions inside the boiler. The operation of coal-fired boilers 
could fail to properly adjust the combustion condition in time when the 
incoming coal or load fluctuates greatly, leading to increased incomplete 
combustion losses. Therefore, there is an urgent need to develop 
advanced and rapid (preferably real-time and online) analytical 
methods for material characterization before and after combustion. 

Nowadays, the relatively mature, fast techniques for coal quality 
analysis mainly include X-ray fluorescence (XRF) [7,8] and prompt 
gamma neutron activation analysis (PGNAA) [9,10]. XRF can measure 
only elements with an atomic mass greater than 23, and its results are 
affected greatly by coal type. The PGNAA instrument is very bulky in 
size, involves the use of radioactive material, and has a high capital cost. 
These limitations hinder PGNAA from being more widely used for online 
field analysis of material quality. For composition analysis of fly ash, 
some common online analysis methods are based on the principles of 
microwave, optical reflection, infrared measurement, weight loss and 
radiation [11]. Although the microwave method is the most commonly 
used one for online measurement of unburned carbon, the analysis re
sults are greatly affected by the fluctuations of power load and the types 
of coal [12,13]. 

Since the late 20th century, laser-induced breakdown spectroscopy 
(LIBS) has flourished rapidly and provides a potential new way for on
line characterization of material composition. Upon the action of a 
strong, focused pulsed laser beam, the specimen is partly evaporated, 
ionized and excited instantaneously. A transient, high-temperature 
plasma generates within the material vapor and the surrounding gas 
atmosphere. The identities of the elements and their concentrations can 
be inferred through measurement of the emission spectrum of the 
plasma [14–17]. Compared with other optical measurement techniques, 
LIBS is developing gradually into a highly competitive online detection 
technology for industrial processes by virtue of its advantages such as 
little sample pretreatment, minimal damage to samples, and simulta
neous rapid detection of multiple elements. It has been developed for the 
quality control or status diagnostics of various industrial processes, for 
example, minerals [18,19], metallurgy [20,21] and nuclear engineering 
[22,23]. The superiority of LIBS over other measurement methods is 
especially highlighted in harsh industrial environments, for example, in 
combustion [24] and metallurgy [25]. This article reviews the diag
nostic studies of LIBS in the energy conversion process, including raw 
energy materials (Section 2) and combustion products (Section 4). 

1.3. The critical issue related to chemical analysis of the fuel thermal 
conversion process 

Although combustion can provide energy for the development of 

Fig. 1. Schematic diagram of a typical thermal power plant with LIBS and spontaneous emission techniques (modified) [6].  
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human society, it also brings with it a series of environmental issues. For 
example, solid fuel combustion generates CO, CO2, NOx, SOx and other 
harmful substances that affect human health and the environment. Al
kali metals (Na and K) in fuels would be released during the combustion 
process and cause slagging on furnace walls and subsequently affect the 
heat transfer efficiency. Therefore, it is essential to fully characterize 
and understand the combustion mechanisms to achieve efficient and 
clean utilization of fuels. 

There are several offline methods for studies on the thermal char
acteristics of solid fuels, such as the thermogravimetric analyzer (TGA/ 
DTG), tube furnace (TF), wire mesh reactor (WMR), dropper furnace 
(DFT), high-temperature one-dimensional furnace (1D-EFR) and 
laminar flow flat flame burner (FFB). These techniques are available for 
a better understanding of the basic characteristics of the pyrolysis, 
gasification, and combustion process through the sampling analysis 
under a certain heating rate or temperature conditions. Recently, the use 
of sampling probes and the combination of other techniques, such as 
Fourier-transform infrared spectroscopy (FTIR) [26,27], mass spec
trometry (MS) [28], and gas chromatography (GC) [29], results in the 
realization of real-time simultaneous analysis of products in the fuel 
thermal conversion process. Through correlations among temperature, 
flue gas compositions and the remaining ash components, a mechanism 
study can be performed to establish a reaction kinetic model, and the 
corresponding kinetic parameters are obtained. However, the detailed 
mechanistic cannot be obtained based on in-situ and intermediate 
product components along the thermal conversion process of fuels. 

As a non-contact technique, optical measurement can provide in-situ 
continuous measurement of multiple parameters, which greatly im
proves the possibility of detecting active components or intermediates in 
complex processes and its adaptability in actual monitoring applica
tions. With the development of computing technologies such as image 
processing and artificial intelligence, the optical measurement tech
nology has been promoted and improved. At present, the common op
tical measurement methods used in the combustion field include 
emission spectroscopy and laser spectroscopy [30–32]. This review also 
focuses on the application of spontaneous emission and LIBS for com
bustion diagnostics (Section 3). 

2. LIBS for raw energy materials 

2.1. General 

Coal and biomass are typical raw energy materials. Their properties 
generally include calorific value (or heat), proximate analysis (volatile 
matter, ash, moisture, and fixed carbon), ultimate analysis (C, H, O, N, 
and S), composition of ash (Al2O, SiO2, Na2O, K2O, CaO, MgO, TiO2, and 
Fe2O3.), and other characteristics related to heat utilization (e.g., slag
ging, ignition, burnout) [33–38]. For traditional offline analysis 
methods, most of the aforementioned properties are measured with 
different methods and with separate instruments. For example, the 
calorific value is obtained with a calorimeter, C and H contents are 
obtained with the combustion method, N content is analyzed via the 
semi-micro Kjeldahl method, S content is analyzed with an infrared 
sulfur analyzer, and proximate analysis indicators (volatile matter, ash, 
moisture) are obtained via industrial analyzers. Furthermore, there are 
multiple empirical correlations expressing the relation among the 
calorific value, primate analysis, and ultimate analysis based on various 
basic assumptions. 

LIBS, as a kind of atomic emission spectroscopy, obviously meets the 
analysis requirement of various elements, including metals and non
metals. Moreover, it has also been developed as a reliable technique for 
proximate analysis. To understand the laser interaction process and 
improve the accuracy of various indicators, relevant studies have been 
carried out, from fundamentals to industrial applications. 

2.2. Fundamental issues of LIBS for detection of energy materials 
properties 

C, H, O, N, and S are the main non-metallic elements and a significant 
part of macromolecular organic matter in energy materials. They are 
closely related to the combustion process. Fig. 2 presents the basic 
structural unit of coal with different coalification degrees (lignite, 
bituminous, and anthracite), which indicates that the molecular struc
ture of coal at different coalification levels is distinct with diverse ways 
of atom connections [39]. During the process of laser ablation, the 
chemical bonds are broken and free atoms are formed and excited, 
which accompany radiative transition of the outer electrons (i.e., atomic 
emission). The different atomic arrangements in the sample would affect 
the excitation of elements and the interaction among the elements. 

C, N, and O have high excitation potentials and low transition 
probabilities so that the intensity of their spectral lines is usually weak. 
Table 1 summarizes the characteristic wavelength and excitation energy 
level of these elements. Moreover, the atomic lines of most non-metallic 
elements are often located in the deep or even vacuum ultraviolet (UV) 
region or the near-infrared region (NIR), which increases measurement 
difficulty, especially for sulfur (S). 

In addition, the forms of these non-metallic elements occurring in 
energy materials are complicated. Most of the hydrogen in coal exists in 
the form of organic matter, and some of it exists as moisture. Carbon is 
present mainly in organic form, with a small amount as inorganic car
bonate. Sulfur content is mostly below 3%, but in three different forms: 
organic sulfur connected with hydrocarbon, inorganic sulfur as pyrite 
sulfide and sulfate, and a small amount as elemental sulfur. Their sum is 
called total sulfur. Likewise, oxygen has three occurrence forms: organic 
oxygen, mineral oxygen, and oxygen as moisture. The existence and 
correlation for all the non-metallic elements of coal are summarized in 
Fig. 3. Each element connected to carbon represents an organic form, 
and the dotted box represents the main composition of minerals. The 
ultimate analysis of solid fuel mainly refers to the content of these ele
ments in organic form. Nevertheless, the plasma spectral information of 
related elements includes the sum of various morphological informa
tion, so that it is necessary to realize the identification of element 
morphology for high-precision quantitative analysis. 

At present, there are only a few LIBS studies focusing on quantitative 
analysis of specific morphological elements in solid fuel. Zhang et al. 
[41] utilized LIBS technology to measure organic oxygen in anthracite 
coal in the atmospheric environment. In their approach, the atomic N 
line was selected as the internal standard line to establish a calibration 
curve for the total oxygen content. The content of inorganic oxygen was 
then acquired according to quantitative analysis of Si and Al by 
assuming that all the inorganic oxygen in coal is in the form of SiO2 and 
Al2O3. Thereafter, the content of organic oxygen was inferred through 
the difference between the total oxygen and the inorganic oxygen. The 
measured relative standard deviation of organic oxygen was 19%. In 
another study, researchers attempted to identify carbon speciation 
based on molecular spectroscopy, and it was found that molecular 
spectra CN emission was strongly correlated with the carbon in organic 
form [42]. 

For the analysis of O and N, because they are the main constituents of 
air, the optical emissions would be significantly affected by interaction 
between the plasma plume and the ambient gas. Therefore, it is 
important to gauge the contribution of air to O and N emissions. Li et al. 
[43] found that the intensity of O I 777.4 nm from the coal sample was 
evidently higher in air than that in N2, indicating that the O emission 
originated from both coal and air. Wang et al. [44] compared the 
emission of three major elements, C, H, and N, in twenty-four bitumi
nous coal samples under argon, helium, and air. The nitrogen emission 
was too weak to be detected in argon, indicating that the stronger N 
emission measured in the air condition was related to ambient N2. 

Moreover, the evolution of plasma species is a complex dynamic 
process. Several studies clarified the formation route of species in 
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organic-containing materials and the environment influences, for 
example carbon molecular emissions [45–50]. Fig. 4 shows the repre
sentative carbon-related emissions from a typical coal sample plasma, 
where molecular C2 emission from the Swan system (d3∏

g → a3∏
μ) and 

CN from the violet system (B2∑+ → X2∑+) are commonly obtained 
together with atomic carbon emission. 

The temporal evolution of atomic and molecular carbon emissions 
from a coal sample under different ambient gases (air, argon, and heli
um) was reported in our previous work [52]. The rotational temperature 

is derived from C2 band emission, which is different from the excitation 
temperature due to the atoms' recombination processes. It is used to 
correct for plasma fluctuations. Based on this basic understanding, we 
proposed the method of combining atomic and molecular carbon 
emissions for the quantitative analysis of the carbon content in coal and 
achieved better measurement accuracy with R2, RMSECV, and RMSEP of 
0.99%, 0.13%, and 2.46%, respectively [51]. Moreover, Rajavelu et al. 
[53] also presented a method for carbon measurement of raw coal by 
combining the atomic carbon, molecular carbon, and emission from 
other inorganic elements. The temporal C2 emission data were then 
added to improve the analysis accuracy; RMSEP and RSD are reduced 
from 10.8% to 4.1% and from 11% to 6.0%, respectively. 

The contents of moisture and volatile fractions, which vary with the 
environment, are important essential characteristic indicators of coal 
and could affect the laser-coal interaction. Chen et al. [54] performed a 
LIBS study on coal samples with different moisture contents varying 
from 1.2% to 22%. The study demonstrated that moisture evaporated 
earlier than other components of coal and then pushed to the upper layer 
of the plasma, which contributed to stronger atomic H emission at the 
plasma front. Yao et al. [55] investigated the effects of volatile content 
variation, and the matrix changed from coal to char when LIBS detection 
was conducted. The results showed that the volatile matter is easily 
affected by the thermal effect of high-temperature plasma, leading to 
more matter vaporized in coal samples with high volatility. The laser 
energy was consumed and shielded by the volatile matter, thereby 
leading to less efficient vaporization and atomization of the mineral 
elements (Si, Al, and Ca) and hence lowering their emission intensities. 
Furthermore, we carried out temporally and spatially resolved LIBS to 
investigate the mechanism of volatile matter from coal plasma in an 
argon atmosphere. The results indicated that volatile matter would 
result in a diverse plasma morphology and parameter distribution at a 
later stage of plasma [56]. 

Although, at present, the effects of all the major properties of coal on 
LIBS signals have not been fully clarified, quantitative analysis results of 
different types of coal samples have been improved [57,58]. If the coal 
samples are first classified according to specific parameters or criteria 
like volatile matter and ash, the classify-then-analyze approach could be 
extended to other solid energy materials. Systematic fundamental 
studies on LIBS analysis of energy materials are ongoing. The goal of 
fundamental research is to understand the influence of the sample 
properties on the LIBS signal. Thus, it is critical to develop a matrix effect 
correction method and then to create a robust evaluation method 
combined with the development of an information database on the 

Fig. 2. Basic structural unit of coal with different coalification degrees.  

Table 1 
Spectral and physical properties of nonmetal elements [40].  

Spectral 
line 

Wavelength 
(nm) 

Ei –Ek (eV) Transition probability Aki 

(s− 1) 

C I 193.091 1.264–7.685 3.39 × 108 

C I 247.856 2.684–7.685 2.80 × 107 

H β 486.130 10.199–12.749 9.67 × 106 

H α 656.277 10.199–12.087 2.24 × 107 

N I 742.364 10.326–11.996 5.64 × 106 

N I 744.229 10.330–11.996 1.19 × 107 

N I 746.831 10.336–11.996 1.96 × 107 

O I 777.194 9.146–10.741 3.69 × 107 

O I 777.417 9.146–10.740 3.69 × 107 

O I 777.539 9.146–10.740 3.69 × 107 

S I 191.470 0.049–6.524 2.14 × 104 

S I 921.287 6.524–7.870 2.79 × 107  

Fig. 3. Schematic diagram of the main non-metallic elements in solid fuels.  
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quality of energy materials. 

2.3. Analysis of the properties of solid energy materials 

LIBS is a promising technology for fuel properties analysis with a 
large potential market in the energy industry, for example, coal pro
duction and utilization, and biomass and petroleum industries. In recent 
years, the application of LIBS to classify the type of coal led to the 
development of equipment and methods. Overall, taking coal as the 
starting point, a framework and review of strategy and a roadmap for 
solid fuel analysis are summarized and recommended in this section. 

2.3.1. Rock mineral 
In industrial processes, the coal on a conveyor belt is in the form of 

rock mineral. Several LIBS devices have been developed and installed on 
the conveyor belt for online measurements. Gaft et al. [59,60] developed 
a LIBS instrument with 150 × 80 × 130 cm3, 250 kg weight (as shown in 
Fig. 5), for the measurement of different ores. An ultrasonic height 
sensor was employed to adjust the optical focus based on the height of 
the rock on the moving belt. Five laboratory samples with ash content 
varying from 12.5 to 53.9% were utilized to calibrate the system with 
water-influence correction. The LIBS device was evaluated for its per
formance for on-belt operations by measuring the ash content of coal at 
Optimum Colliery. The results were compared with an existing online 
PGNAA instrument and with routine analyses in an analytical labora
tory. The trial was carried out over a period of four months. The best-fit 
linear regression line between the PGNAA and LIBS result was charac
terized by R2 = 0.72 and SD = 0.73. Romero et al. [61,62] not only 
established a laboratory LIBS system to measure slagging propensity but 
also proposed an online system assembled for a full-scale, over-the-belt 
installation at a coal-fired power plant, as described in Fig. 6. The 
ancillary optics components provided enough depth of field to 

compensate for significant changes in the height of the moving coal 
layer. The system worked for seventy-three hours with an emphasis on 
the detection of iron, which was verified by analyzing the reference coal 
sample with the conventional method, with a relative measurement 
accuracy of 6.7% (1.07% absolute). 

As LIBS is a point-measurement technology, it is important to over
come the influence of distance change between the laser focus and the 
sample surface. A variable focal length optical system or a mechanical 
system can be used to keep the collection optics at a constant distance 
from the sample. Alternatively, a mirror-based optical system with a 
sufficiently large depth of field [63,64] can also be used. However, there 
is still a lack of a stable standardized method that is universally appli
cable in all situations. In addition, serious matrix effects arising from the 
influence of surface moisture and impurities as well as differences in 
physical and chemical properties of the energy materials would affect 
the laser-material interaction and hence spectral emissions. For 
example, when the laser hits a pocket of water inclusion, low-quality 
spectra unsuitable for LIBS evaluation are produced. These spectra 
could lead to serious analysis errors. With existing data-analysis 
methods, each spectrum is analyzed for its quality on whether it con
tains adequate information; if not, the spectrum needs to be discarded. 
However, this procedure of spectrum filtering is not without a blind 
spot, and spectrum that is only partially affected may remain unnoticed 
and uncorrected. Furthermore, the sample surface may not represent the 
bulk average because the internal compositions of ores are sometimes 
inhomogeneous. The surface-analysis nature of LIBS is not necessarily an 
advantage in this case. Certainly, there are other issues for coal analysis, 
in particular for a system to be operated outdoors under real environ
mental conditions with dust, rain, extreme temperatures, and mechan
ical vibrations. For example, sealed panels, shock absorbers, and air 
conditioning are necessary. Therefore, future work should include so
lutions or better optimization methods to solve the aforementioned is
sues for raw mineral energy materials analysis with LIBS. 

Fig. 4. Typical LIBS spectra from the coal sample: (a) atomic carbon, (b) molecular CN, and (c) molecular C2 [51].  

Fig. 5. Online LIBS system (LDS) on a moving belt conveyer developed by Gaft 
et al. [60]. 

Fig. 6. Schematic of an online LIBS system developed by Romero et al. [62].  
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2.3.2. Pellet samples 
As mentioned above, raw coal is a sedimentary rock with heteroge

neous composition, diverse shape, and complex physicochemical prop
erties upon which the laser–material interaction depends. Subsequently, 
multiple sources of uncertainty exist in the plasma and its spectral 
emission. Thus, for accurate results, the plasma signal needs to be 
measured in a stable environment with a well-defined procedure. For 
example, raw coal mineral would be crushed, sieved, processed prior to 
the analysis, and pressed into pellets for a flat, rigid, and relatively ho
mogeneous surface. To maintain a relatively stable laser interaction 
process, particle size parameters [65] and pressure for pellet pressing 
and binder were optimized. The collection optics could easily match the 
plasma plume position for optimized collection efficiency [66,67]. 
Furthermore, based on sample conditions, researchers have reported 
parametric optimization on laser parameters [68–70], optical configu
ration [43,69], and environmental conditions [44,52]. 

With the development of data-mining algorithms and artificial in
telligence, most quantitative analyses nowadays are performed with 
chemometrics, machine learning, and various spectral data preprocess
ing methods. Application of LIBS for coal analysis is mainly promoted by 
continuous development in mathematical, statistical modeling, and 
equipment hardware. They can provide intelligent optimization, data 
extraction, and automated correction for the spectral signal. In 2018, 
Wang et al. [36] summarized the process details of quantitative analysis 
of coal, including data pretreatment (e.g., signal accumulation and 
averaging, data filtering, normalization, and spectrum standardization) 
and classification model (e.g., univariate calibration, multivariate cali
bration, and calibration-free methods). On this basis, in addition to a 
review of the literature from 2018 to the present, the reported data 
preprocessing, modeling, and results of quantitative analysis of coal are 
listed in Table 2. Abbreviation details are all listed in Table 3. 

In addition to coal, biomass is a commonly used solid fuel that is 
mainly retrieved from agriculture and forestry by-products, bamboo, 
and wood processing waste. It is considered as a source of clean energy 
because of its renewability [40]. Recently, the use of LIBS for biomass 
analysis has attracted increasing attention. The performance of LIBS has 
demonstrated the potential for industrial application in timely moni
toring of biomass fuel qualities [37,38,109,110]. For heat and electricity 
utilization, biomass is usually pressed into pellets. The matrix effects of 
the pelletizing conditions (e.g., pelletizing pressure and temperature, its 
moisture content, and particle size) on the spectral quality were inves
tigated, and spectral pretreatment and modeling methods were pro
posed [111]. The research that was conducted on coal quality analysis 
was well extended to biomass detection. It is worthy of mentioning that 
the source of biomass fuels is complex; it faces additional serious matrix 
differences compared to coal due to the diverse types as well as pro
duction and transportation processes. The reliability and extensiveness 
of the utilization of LIBS in biomass needs further improvement. 

Until now, the better scheme is to take the online produced pellet as 
the measurement sample, which gives higher representativeness and 
more stable LIBS signals and thus a higher-quality analysis. However, 
the processes of operation and control for the sample collection and 
loopback need several mechanical devices. In the energy industry mar
ket, companies have launched highly automated LIBS instruments for 
different energy materials. In this context, common automation includes 
sample pretreatment, measurement, and return after testing. 
Commonly, the LIBS device is mounted beside the main conveyer belts 
for coal sampling. The samples then are subjected to a series of pre
processing, such as grinding (if required), mixing, and pressing into 
pellets and finally are returned back to the belt to save fuel and to not 
generate waste. 

2.3.3. Pulverized particle sample 
The purpose of LIBS measurement is to characterize the properties of 

input material of an industrial process, where a range of particle 
morphology and the state of gas-solid two-phase flow exist. For thermal 

Table 2 
Analytical results of coal properties for the coal pellet samples.  

Spectral pretreatment & 
calibration method 

Validation set results Reference 

PLS using data uncertainty Ash: RMSEP = 1.15%, AAE =
0.91%, R2 = 0.98. 

[71] 

PCR 

Calorific value: RMSEP = 0.09%, 
MSE = 0.09, R2 = 0.99; 

Ash: RMSEP = 0.25%, MSE =
0.06, R2 = 0.99; 

Volatile: RMSEP = 0.69%, MSE 
= 0.44, R2 = 0.99; 

Fixed carbon: RMSEP = 0.66%, 
MSE = 0.41, R2 = 0.99; 

Moisture: RMSEP = 0.25%, MSE 
= 0.06, R2 = 0.99. 

[72] 

ANN Volatile: R2 = 0.99. [73] 
Adaptive subset 

matching (ASM) & PLSR 
Calorific value: RMSEP = 0.62 

MJ/kg, RSD = 2.7%, R2 = 0.98. 
[74] 

Histogram of oriented gradient 
(HOG) and k-means & PLSR 

Ash: RMSEP = 1.84%, R2 = 0.82; 
Volatile: RMSEP = 1.09%, R2 =

0.98; 
Calorific value: RMSEP = 0.84 

MJ/kg, R2 = 0.83. [75] 
Ensemble variable selection (least 

absolute shrinkage and 
selection operator (LASSO) & 

competitive adaptive 
reweighted sampling (CARS) & 
recursive weighted partial least 

squares (rPLS) & PLS 

Fixed carbon: RMSEP = 1.17%; 
Volatile: RMSEP = 0.95%; 

Ash: RMSEP = 1.76%; 
Calorific value: RMSEP = 0.84 

MJ/kg. 

[76] 

WTD, distance correlation 
(DC) and recursive feature 

elimination with cross- 
validation (RFECV) & SVR 

Calorific value: RMSEP = 0.58 
MJ/kg, RSD = 0.22%, ARE =

2.27%, R2 = 0.99. 
[77] 

ANN 

Calorific value: RMSEP = 0.69 
MJ/kg, RSD = 0.22%, 
AAE = 0.56 MJ/kg; 

Ash: RMSEP = 1.09%, RSD =
2.2%, AAE = 0.69%; 

Volatile: RMSEP = 1.12%, RSD 
= 1.4%, AAE = 0.87%. 

[78] 

WTD & SVR (calorific value and 
ash) 

WTD & PLSR (volatile) 

Calorific value: RMSEP = 0.80 
MJ/kg, RSD = 0.26 MJ/kg, ARE 
= 1.82%, AAE = 0.47 MJ/kg, R2 

= 0.99; 
Ash: RMSEP = 0.60%, RSD =
0.57%, ARE = 2.99%, AAE =

0.55%, R2 = 0.99; 
Volatile: RMSEP = 0.76%, RSD 
= 0.79%, ARE = 3.63%, AAE =

0.67%, R2 = 0.99. 

[79] 

Classification (SVM and GA) & 
PLSR 

Calorific value: RMSEP = 0.41 
MJ/kg, R2 = 0.99; 

Ash: RMSEP = 0.91%, R2 = 0.99; 
Volatile: RMSEP = 0.77%, R2 =

0.99. 

[57] 

Classification (SVM) & PLSR Calorific value: RMSEP = 1.08 
MJ/kg, ARE = 3.93%, R2 = 0.97. 

[58] 

PSO&K-ELM 

Calorific value: RMSEP = 0.70 
MJ/kg, R = 0.99; 

Ash: RMSEP = 1.90%, R = 0.99; 
Volatile: RMSEP = 1.09%, R =

0.99. 

[80] 

Multipoint smoothing and second- 
order derivation & PLS 

Calorific value: RMSEP = 0.28 
MJkg− 1, R = 0.99. 

[81] 

PCA & PLS Volatile: R2 = 0.99, RMSEP 
=0.66%, ARE = 1.96%. 

[82] 

WTD and PCA & WNN 
R2 > 0.93 and RMSE <0.26 for 7 

Ash related oxides. [83] 

Spectrum standardization and 
identification & dominant 

factor PLSR 

Measurement errors: Calorific 
value:0.07 MJ/kg; 

Ash: 0.07% (<15% range); 
0.17% (15%–30% range); 0.23% 

(>30% range); 
Volatile: 0.03% (<20% range), 

0.11% (20%–40% range). 

[84] 

(continued on next page) 
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Table 2 (continued ) 

Spectral pretreatment & 
calibration method 

Validation set results Reference 

PCA & SVM 
Ash: Measurement accuracy =

0.31%, R = 0.99, AAE =2.36%. [69] 

PCA &SVR 

Calorific value: RMSEP = 0.85 
MJ/kg, R2 = 0.91, ARE = 3.68%, 

AAE = 0.65%; 
Ash: RMSEP = 1.82%, R2 = 0.96, 

ARE = 5.48%, AAE = 1.77% 
(>30% range); 1.37 (<30% 

range); 
Volatile: RMSEP = 1.69%, R2 =

0.95, ARE = 4.42%, AAE =
1.02% (>20% range), 1.11% 

(<20% range). 

[85] 

Dominant factor based PLS 
(calorific value, volatile and 

ash) 
conventional PLS model 

(moisture) 

Calorific value, RMSEP = 1.33 
MJ kg− 1, ARE = 2.71%, R2 =

0.97; 
Volatile, RMSEP = 1.41%, ARE 

= 5.47%, R2 = 0.97; 
Ash, RMSEP = 3.49%, ARE =

12%, R2 = 0.93; 
Moisture: RMSEP = 0.87%, ARE 

= 26.2%, R2 = 0.97. 

[86] 

Multivariate model Ash: R = 99% [87] 

PCR 
Volatile: R = 0.991, AAE =

1.13%, ARE = 4.54%. [88] 

PLS Ash: R = 0.97. [89] 

PLS Carbon: RMSEP = 4.1%, RSD =
6%, R2 = 0.82. 

[53] 

Classification (adaptive subset 
matching (ASM)) & PLSR 

Carbon: RMSEP = 1.59%, RSD =
2.5%, R2 = 0.98; 

Hydrogen: RMSEP = 0.10%, RSD 
= 4.3%, R2 = 0.98; 

Nitrogen: RMSEP = 0.07%, RSD 
= 6.6%, R2 = 0.94. 

[74] 

Ensemble variable selection (least 
absolute shrinkage and 

selection operator (LASSO) & 
competitive adaptive 

reweighted sampling (CARS) & 
recursive weighted partial least 

squares (rPLS)) & PLS 

Sulfur: RMSEP = 0.12%. [76] 

Internal reference self-absorption 
correction (IRSAC) and the 

density correction & 
calibration-free LIBS (CF-LIBS) 

Carbon: ARE<1%. [90] 

Normalization over the whole 
spectral area & SVR 

Carbon: RMSEP = 1.08%, RSD =
0.47%, ARE = 1.39%, AAE =

0.94%, R2 = 0.99; 
Hydrogen: RMSEP = 0.21%, RSD 
= 0.08%, ARE = 1.39%, AAE =

0.19%, R2 = 0.98. 

[79] 

PLSR 

Carbon: 
R2 = 0.67, RMSEC = 5.71%, 

RMSEV = 4.84%, 
RSD = 2.8% (Air); 

R2 = 0.58, RMSEC = 5.82%, 
RMSEV = 4.21%, 
RSD = 4.6% (N2); 

R2 = 0.85, RMSEC = 5.57%, 
RMSEV = 4.22%, 
RSD = 3.9% (Ar). 

[91] 

SPA & PLS 

Nitrogen: R2 = 0.98, RMSEP =
2.08%; 

Sulfur: R2 = 0.95, RMSEP =
20.82%. 

[92] 

Univariate calibration (DP-LIBS) Sulfur: RMSECV = 0.14%, R2 =

0.99, LOD = 0.04% (He). 
[93] 

MLR & SVR (correct the residue 
errors) 

Carbon: RMSEP = 1.43; R2 =

0.99. 
[51] 

Internal reference line self 
absorption correction & 

calibration-free LIBS (CF-LIBS) 

Carbon: ARE = 3.32%, RSD <
5%. 

[94] 

Univariate model Carbon: R2 = 0.98. [67] 

K-ELM Sulfur: R2 = 0.98, RMSE = 0.77 
wt%. 

[95]  

Table 2 (continued ) 

Spectral pretreatment & 
calibration method 

Validation set results Reference 

PCA & PLS 
Carbon: R2 = 0.99, RMSEP 
=0.68%, ARE = 1.17% [82] 

Spectrum standardization and 
identification & dominant 

factor PLSR 

Measurement errors: Carbon: 
0.42%; 

Hydrogen: 0.05%. 
[84] 

Spectrum standardization & 
dominant factor based PLSR 

(spatial confinement) 

Carbon: RMSEP = 1.35%, R2 =

0.99, ARE = 1.66%, AAE =
1.08%. 

[96] 

PLS 

Carbon: RMSEP = 1.55%, R2 =

0.99 (1064 nm laser); 
RMSEP = 1.64%, R2 = 0.99 (266 

nm laser). 

[70] 

Dominant factor based PLS Carbon: RMSEP = 1.51%, R2 =

0.99. 
[97] 

WTD & PLS 

Carbon: RMSEP = 1.94%, R2 =

0.98, ARE = 1.67% (He); 
RMSEP = 2.67%, R2 = 0.99, ARE 

= 1.71% (Ar); 
RMSEP = 3.44%, R2 = 0.99, ARE 

= 1.88% (Air). 

[98] 

Spectrum standardization & 
dominant factor based PLSR 

Carbon: RMSEP = 1.63%, ARE =
1.82%, R2 = 0.99. 

[99] 

PLS 

Carbon: RMSEP = 4.25%, ARE =
4.96%, R2 = 0.87, RSD = 9.8% 

(Air); 
RMSEP = 3.32%, ARE = 2.81%, 

R2 = 0.96, RSD = 13% (He); 
RMSEP = 3.49%, ARE = 2.98%, 

R2 = 0.95, 
RSD = 8.5% (Ar); 

Hydrogen: RMSEP = 0.48%, ARE 
= 6.69%, R2 = 0.82, RSD = 6.8% 

(Air); 
RMSEP = 0.27%, ARE = 4.56%, 

R2 = 0.91, RSD = 9.8% (He); 
RMSEP = 0.24%, ARE = 2.78%, 

R2 = 0.98, 
RSD = 6.2% (Ar). 

[44] 

Internal calibration & univariate 
model 

Carbon: RMSEP = 6.25%, ARE =
10.14%, R2 = 0.76. [100] 

Univariate model (DP-LIBS) 
Sulfur: SD = 0.11, R2 = 0.88, 

ARE = 7.5%. [101] 

Univariate model (DP-LIBS) Sulfur: R2 = 0.99. [102] 
Optimal analytical line selection, 

internal normalization and 
temperature correction & multi- 

line analysis 

Organic oxygen (anthracite coal): 
accuracy of 1.15–1.37%, ARE =

19.39%. 
[41] 

Spectral normalization & 
univariate model 

Al: RMSE = 6.7%, R2 = 0.99; 
Si: RMSE = 9.97%, R2 = 0.98; 
Ca: RMSE = 2.8%, R2 = 0.98; 
Fe: RMSE = 16.3%, R2 = 0.96; 
Mg: RMSE = 6.1%, R2 = 0.99. 

[103] 

Internal reference self-absorption 
correction (IRSAC) & 

calibration-free LIBS (CF-LIBS) 

Ca, Si, Fe, Ti, Mg, Na, K, Li, Al: 
ARE<10%, RSD < 5%. 

[94] 

‘Bode Rule/DC 
Level’ normalization and 
spectral data screening & 

univariate model 

Ca: R = 0.99, LOD = 0.01%, RSD 
= 8.2%, ARE = 7.30%; 

Mg: R = 0.98, LOD = 0.02%, RSD 
= 6.4%, ARE = 5.80%; 

Al: R = 0.96, LOD = 0.02%, RSD 
= 5.2%, ARE = 6.17%; 

Fe: R = 0.97, LOD = 0.02%, RSD 
= 7.8%, ARE = 4.40%; 

Si: R = 0.97, LOD = 0.08%, RSD 
= 5.8%, ARE = 5.12%. 

[104] 

Univariate model Mg: R2 = 0.99; 
Ca: R2 = 0.98. 

[43] 

Univariate model 

Al: R = 0.98, RSD = 8.6%; 
Ca: R = 0.99, RSD = 5.0%; 
Fe: R = 0.99, RSD = 8.6%; 
Mg: R = 0.98, RSD = 12%; 
Si: R = 0.0.99, RSD = 3.9%. 

[68] 

Normalization, spectral data 
screening and spectral 

Al: ARE = 5.93%, RSD = 5.9%; 
Ca: ARE = 16.52%, RSD = 20%; 
Fe: ARE = 7.86%, RSD = 3.9%; 

[105] 

(continued on next page) 
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power plants, pulverized coal enters the furnace mainly in the form of a 
gas-solid flow [112] and can be sampled from the transmission pipes 
before entering the furnace. Because LIBS directly analyzes the flow of 
coal particles, it simplifies significantly the sample detection process and 
reduces the measurement time. Moreover, the measurement results 
directly reflect the fuel characteristics in the furnace and provide the 
benefit of real-time combustion control. By contrast, it would take more 
than four hours for the raw fuel on the belt to turn into pulverized coal 
and enter the furnace. As such, LIBS is appropriate for continuous on-site 
monitoring of coal properties. 

In the early 1980s, Loree et al. [113] applied LIBS for the detection of 
atomic constituents of gases and gas-entrained particulates in different 

field conditions. For the coal gasifier product stream in hostile envi
ronments, the detection includes Be in the form of powdered BeF2 in free 
air and P, S, and Cl in the samples prepared by filling a cell with the 
background gas and vapor. Subsequently, Ottesen et al. [114] proposed 
the use of LIBS for semi-quantitative measurements of Mg, Ca, Al, Si, Fe, 
and Ti in different coal particles entrained by a vertically flowing col
umn of gases from a premixed flat-flame burner of circular symmetry. 
Subsequently, it was applied to a practical coal-fired flow facility (CFFF) 
at the University of Tennessee Space Institute (UTSI)’s magnetohydro
dynamics (MHD) test facility in the 1995s [115]. The spectral intensity 
in different observational directions was investigated to evaluate the 
most suitable configuration for large-scale applications. Accordingly, it 
has successfully achieved simultaneous measurements of multiple ele
ments (Ca, Fe, AI, Ti, and Sr) in a harsh, turbulent, and highly luminous 
combustion environment. 

Our research group is committed to the direct detection of coal 
particle flow by using LIBS and has carried out multiple systematic 
research works (e.g., spectral data preprocessing methods [116], 
quantitative analysis methods [117], and detecting system design 
[118]). The developed prototype LIBS device for the detection of par
ticle flow samples is shown in Fig. 7a, including sampling, measuring, 
and returning systems. A gas/solid system is established to produce 
particle flow for direct LIBS analysis. The system of producing particle 
flow contains an ejector, cyclone separator, measuring chamber, pipes, 
and the other accessories (Fig. 7c). The developed software operating 
interface is shown in Fig. 7b. The mechanical complexity of the overall 
system is simple, although interpretation of the measurement data could 
be challenging. 

When applying LIBS for direct particle-flow detection, because the 
breakdown of some particles is not fully but only partially complete, 
some acquired spectra do not contain emission lines of the most signif
icant elements. The partial-breakdown spectra are not considered 
analytically useful [116,117]. As such, schemes are proposed to identify 
representative spectra and reject those from partial breakdown, 
including the signal-to-noise ratio (SNR) method, the absolute intensity 
method, and standard deviation (SD) [116]. Recently, we proposed an 
image information-assisted screening method for particle flow spectral 
data identification to improve the LIBS quantitative measurement on 
variable coal particle flow. It exhibits superior analytical performance 
compared with SD and the SNR method [118]. Fig. 8 shows typical 
plasma images of three excitation scenarios (effective breakdown, par
tial breakdown, and invalid breakdown) and the corresponding spectra 
for the coal particle flow. The brightness of the central part of the plasma 
images is an effective indicator for data screening. As depicted in Fig. 8, 
a relationship between the plasma area and the spectrum exists. 

The hardware for laser focusing specifically designed and optimized 
for coal particle analysis was reported. For example, Yao et al. [119] 
proposed the use of tapered tubes with different diameters for the coal 
particle flow for laser ablation, as shown in Fig. 9. The results showed 
that the tube with a diameter of 5.5 mm was suitable to enrich the coal 
particles for beam-focusing and subsequently to obtain further strong 
effective spectra. On this basis, they developed a rapid coal particle flow 
analyzer based on LIBS, which included a pulverized coal feeding 
module, a spectral measurement module, and a control module, as 
shown in Fig. 10. After the identification of the valid data and the 
spectral correction, the quantitative analysis of ash, volatile matter, 
fixed carbon, and gross calorific value of coal was done with, respec
tively, average absolute errors of 0.82%, 0.85%, 0.96%, and 0.48 MJ/ 
kg, which offer similar accuracy levels compared to PGNAA [120]. In 
their subsequent works, they focused on enhancing and stabilizing the 
plasma for direct analysis of particle flow [121] and optimization of the 
focusing system by using dual lenses [122]. 

There is a correlation between particle composition and diameter in 
actual industrial processes. In the laboratory, the experimental objects 
(coal particles) have been ground and screened with a certain diameter 
range. During the grinding process, some of the mineral matter is 

Table 2 (continued ) 

Spectral pretreatment & 
calibration method 

Validation set results Reference 

deconvolution & univariate 
model 

K: ARE = 7.59%, RSD = 11%; 
Mg: ARE = 11.18%, RSD = 11%; 
Si: ARE = 3.60%, RSD = 2.4%; 

Na: ARE = 18.82%, RSD = 25%; 
Ti: ARE = 11.43%, RSD = 7.7%. 

Univariate model 

Mg: R = 0.91, LOD = 200 ppm; 
Na: R = 0.98, LOD = 70 ppm; 
Ca: R = 0.91, LOD = 60 ppm; 
Fe: R = 0.91, LOD = 90 ppm; 
Al: R = 0.99, LOD = 60 ppm; 
Si: R = 0.93, LOD = 200 ppm. 

[106] 

Classification (SVM) & SVR 

Softening temperature: RMSECV 
= 4.88 ◦C, RMSEP = 8.15 ◦C, R2 

= 0.99; 
Hemisphere temperature: 

RMSECV = 9.11 ◦C, RMSEP =
11.3 ◦C, R2 = 0.99. 

[107] 

ANN 

Initial deformation ash fusion 
temperature: RMSEP = 56 ◦C, 
measurement reproducibility =

±14 ◦C 

[108]  

Table 3 
Abbreviations of analytical methods and indicators.  

Abbreviation of 
methods 

Full name Abbreviation of 
indicators 

Full name 

ANN Artificial Neural 
Network 

RMSE Root Mean Square 
Error 

AAE Average Absolute 
Error 

RMSEP Root Mean Square 
Error of Prediction 

ARE Average Relative 
Error 

RMSEC Root Mean Square 
Error of Calibration 

GA Genetic Algorithm RMSEV Root Mean Square 
Error of Validation 

K-ELM Kernel Extreme 
Learning Machine 

RMSECV Root Mean Square 
Error of Cross 

Validation 
LOD Limit of Detection RSD Relative Standard 

Deviation 
MLR Multiple Linear 

Regression 
SVR Support Vector 

Regression 
PLS Partial Least 

Square 
SVM Support Vector 

Machine 
PLSR Partial Least 

Square Regression 
SPA Successive 

Projections 
Algorithm 

PSO Particle Swarm 
Optimization 

WTD Wavelet Threshold 
De-noising 

PCR Principal 
Component 
Regression 

WNN Wavelet Neural 
Network 

R2 Coefficient of 
Determination 

/ / 

R Correlation 
coefficient 

/ /  
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released from the coal matrix, while some remains within the organic 
particles, resulting in size-dependent compositions [123]. Wang et al. 
[124] developed a LIBS device for particles size classification and size- 
segregated particles detection (Fig. 11) in order to understand and 
overcome the spectral signal differences caused by particle size varia
tion. The measured results show that the relative contents of Fe, Al, and 
Ca are almost constant in coal particles with different diameters. How
ever, the carbon content decreases with the particle diameter, which 
displays a good agreement with the actual situation of coal particle flow, 
and supports the correlation between particle diameter and its 

composition. 
In the research process of gradually applying LIBS to actual particle 

flow, the measurement shows superior convenience and acceptable ac
curacy. More importantly, the influence of the matrix effect on ablative 
quality in particle flow is relatively small compared to that of pellet 
analysis. The lesser degree of matrix-induced spectral fluctuation is 
because the effect of varying laser thermal conduction is milder in 
particle flow [125]. After further solving the negative influence caused 
by the inevitable fluctuation of particle flow, it will become a convenient 
and fast coal quality analysis style based on LIBS. The best reported 

Fig. 7. Principle prototype of online fuel particle flow detection based on LIBS: (a) overview of the principle prototype, (b) software operating interface, and (c) coal 
particle flow simulation powder pipe. 

Fig. 8. Correlation analysis between spectrum and corresponding plasma image (200 pixels × 200 pixels) of coal particle flow under different excitation sce
narios [118]. 
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performance in particle flow detection [122] was comparable to that of 
analysis on the form of pellet or solid. The generation and signal 
collection of plasma in gas-solid flow is a complex process involving 
particle ablation under the influence of gas and mixing. A more in-depth 
understanding of the process interaction between the laser and particle 
flow would be a basis for designing satisfactory improved methods. 

3. Spontaneous emission and LIBS for combustion diagnostics 

Fuel combustion usually undergoes a series of complex, inter-related 
physical and chemical processes, including chemical reactions, fluid 
flow, and heat and mass transfer. The combustion flame is the most 
direct reflection of the combustion state. However, conventional flame 
detection technology (e.g., thermocouple) presents major limitations in 
practical applications due to its single function. With an in-depth un
derstanding of the characteristics of combustion flame and the emer
gence of new industrial technology, optical-based methods of flame 
detection have also developed rapidly. At present, the main combustion 
diagnostics are image monitoring and laser spectroscopy. This section 
reviews the application of atomic spectroscopy in combustion 

diagnostics, including spontaneous emission spectroscopy (Section 3.1) 
and LIBS (Section 3.2). 

3.1. Spontaneous emission for combustion diagnostics 

3.1.1. General 
Spontaneous emission is a common method of combustion di

agnostics. During the combustion process, fractions of atoms, molecules, 
and free radicals in the flame are in their excited states. When these 
excited states undergo radiative decay to their ground state or a lower 
energy level, a photon corresponding to the energy difference between 
the upper and lower energy levels is emitted. The spontaneous emission 
spectrum is closely related to the characteristic parameters (e.g., tem
perature distribution and structure of the flame). It can be readily 
measured by a spectrometer or an imaging device and can be applied in 
severe detection conditions. A series of investigations have been con
ducted on the measurements of temperature (Section 3.1.2), free radi
cals (Section 3.1.3), and the release of alkali metals (Section 3.1.4) from 
a combustion flame. 

Fig. 9. A set of tapered tubes with different diameters to produce coal particle flow for laser ablation (the laser strikes horizontally from the right, and the bright 
parts are plasmas) [119]. 

Fig. 10. A rapid coal particle flow analyzer: (a) appearance, (b) schematic composition, and (c) sectional view of the LIBS equipment [120].  
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3.1.2. Temperature measurement 
Temperature is the most important parameter in combustion di

agnostics. It directly relates to combustion efficiency [126], degree of 
fuel burnout [127], flame stability [128], and pollutant generation 
[129], and thus is the basis of combustion mechanism research 
[130,131]. There are various well-established or emerging methods for 
flame temperature measurement. These methods can be further divided 
into two categories: contact and non-contact measurements. The former, 
for example through thermocouple or thermistor, has a limitation on the 
upper measureable temperature and is invasive on the combustion field 
[132,133]. For the latter, optical detection schemes have been devel
oped to effectively overcome the shortcomings of contact measurement 
techniques. Among them, radiative emission has been widely applied as 
a simple and effective method in flame temperature measurement. 

The basic principle of temperature measurement based on radiative 
emission is based on Planck's law, which describes the spectral intensity 
distribution of blackbody radiation: 

Ib(λ, T) = C1λ− 5 1

exp
(

C2
λT

)

− 1
(1) 

where Ib(λ,T) is the monochromatic radiation intensity of an abso
lute blackbody in W/m3, λ stands for the wavelength in m, T stands for 
the thermodynamic temperature in K, C1 and C2 are respectively called 
first and second radiation constants, with C1 = 3.742×

10− 16 W • m2and C2 = 1.4388× 10− 2 m • K. For an actual object with 
an emissivity ε(λ), its monochromatic radiation intensity is: 

I(λ, T) = ε(λ)C1λ− 5 1

exp
(

C2
λT

)

− 1
(2) 

If the product of wavelength λ and temperature T is far less than the 
second radiation constant C2 (this condition is satisfied if the tempera
ture is between 800 K and 2000 K and wavelength ranges from 300 nm 
to 1000 nm [134], which applies to the most practical application), 
Formula (2) is simplified to the Wien's radiation law: 

I(λ, T) = ε(λ)C1

λ5 exp
(

−
C2

λT

)

= ε(λ)Ib(λ, T) (3) 

The above formula describes the relationship between radiation in
tensity and temperature, and the unknowns are only temperature and 
emissivity. Therefore, a suitable emissivity model (for example, the gray 
emissivity or the Hottel-Broughton emissivity model) is selected to solve 
the temperature. It is worthy to mention that the temperature mea
surement method based on the Planck equation is applicable only to a 
flame containing solid particles or soot, the radiation of which is really 
close to that of a blackbody. Otherwise, plasma radiation is very far from 
blackbody radiation. 

Based on the detection device, emission radiation thermometry is 
further divided into two categories: imaging and spectroscopy. Image 
thermometry is usually grouped into monochrome thermometry, two- 
color thermometry, and multi-color thermometry. It is generally 
necessary to install a filter with a specific wavelength or band to assist 
the detection. In monochrome thermometry, the flame temperature of a 
specific location is first measured by a thermocouple or a pyrometer to 
set up a reference, and subsequently, the temperature distribution in two 
or three dimensions is determined using the radiation images according 
to the formula [135]: 

I(x, y)
I(x0, y0)

= exp
[

−
C2

λ

(
1

T(x, y)
−

1
T(x0, y0)

)]

(4)  

where 
(
x0, y0

)
is the coordinate of the reference point, (x, y) is the co

ordinate of the other spatial locations in the image, and λ is the wave
length from the filter parameters. From the above equation, T(x, y) can 
be solved as: 

T(x, y) =
1

1
T(x0 − y0)

− λ
C2

ln I(x,y)
I(x0 ,y0)

(5) 

The application of the monochrome thermometry method is limited 
due to the need for a reference-temperature measurement. By contrast, a 
reference is not required in two-color or multi-color thermometery, 
whose principles are as follows [136]: 

Fig. 11. The size-segregated particles system for LIBS measurement [124].  
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IR

IG
=

∫ λe
λs

[

ε(λ)ηR(λ)
C1λ− 5

exp(C2/λT)

]

dλ

∫ λe
λs

[

ε(λ)ηG(λ)
C1λ− 5

exp(C2/λT)

]

dλ
(6)  

where subscript R and G stand for red band and green band, respectively; 
λs and λe are the starting and ending wavelengths of the corresponding 
wavelengths of the image detector in m, respectively, which can be 
obtained according to filter parameters; η(λ) is the experimentally cali
brated response efficiency of the image detector channel. The Hottel and 
Broughton emissivity model or other assumed emissivity models are 
usually used to acquire the emissivity characteristics of the flame. 

Based on the integral median theorem, it is obtained that: 

IR

IG
=

ε(λα)ηR(λα)
C1λ− 5

α
exp(C2/λαT)

ε
(
λβ
)
ηG

(
λβ
) C1λ− 5

β

exp(C2/λβT)

(7)  

where α and β are derived from the integral median theorem; then 
colorimetric thermometry can be described as: 

T =

C2

(
1
λβ
− 1

λα

)

lnIR
IG
− ln ηR(λα)

ηG(λβ)
− 5lnλβ

λα
− ln ε(λα)

ε(λβ)

(8) 

Spectral thermometry, which includes two-color thermometry, 
multi-wavelength thermometry, and continuous spectrum thermometry, 
is analogous to two-color or multi-color image thermometry because the 
emissivity characteristics of the flame are needed. As an example, 
temperature can be calculated by the two-color method of spectral 
thermometry through the relationship between the radiation intensity at 
two adjacent wavelengths, as in Formula (9) [137]: 

I(λ,T)
I(λ + Δλ, T)

=
ε(λ)

ε(λ + Δλ)
.
(λ + Δλ)5

λ5 .exp
[

C2

T

(
1

λ + Δλ
−

1
λ

)]

(9) 

where Δλ represents the interval between adjacent wavelengths in m. 
The emissivity at adjacent wavelengths is usually assumed to be about 
equal (i.e., grey-body hypothesis), so that Formula (9) can be further 
simplified with only unknown T, which can be directly calculated as: 

T = C2

(
1

λ + Δλ
−

1
λ

)/

ln

[
I(λ, T)

I(λ + Δλ, T)
⋅

λ5

(λ + Δλ)5

]

(10) 

Based on the above-mentioned basic theory of spectral temperature 

measurement, some researchers have applied it to the measurement of 
flame temperature in the actual fuel combustion process [138–140]. The 
research group of Zhou [141–144] has carried out a series of systematic 
studies on the detection and reconstruction of temperature and soot 
volume measurement based on radiation emissions for different types of 
flame. Furthermore, they applied the method to a pulverized-coal-fired 
boiler furnace of a 200 MW power generation unit. Further, a 3-D 
temperature distribution of combustion was visualized (Fig. 12). A 
simultaneously reconstructed, three-dimensional temperature and 
radiative properties distribution in a pilot tubular furnace [145] and a 
600 MW supercritical arch-fired boiler [146] were reported. The results 
show that online temperature detection based on flame image process
ing technology performs satisfactorily, and it is used for industrial 
combustion diagnostics. 

Radiative emission is a great non-contact technique for temperature 
measurement. Not only is it used in high-temperature and other harsh 
environments, but it also offers advantages in constructing a multi- 
dimensional temperature field and reflecting combustion process char
acteristics. These are of great significance for the diagnostics of boiler 
furnaces and internal combustion engines. On the other hand, these 
methods generally rely on emissivity models, and their accuracy and 
reliability under different radiation conditions need to be investigated. 
Also, the existence of fly ash and other particles in the actual detection 
environment has a major impact on the target temperature measure
ment. Given the application value in the field of combustion process 
diagnostics, the development of a relatively simple and low-cost way to 
reconstruct a multi-dimensional temperature field is worthy of more 
investigation. 

3.1.3. Measurements of free radicals and alkali metals 
The emission spectrum produced from free radicals is able to reveal 

the combustion chemical reaction, and therefore, is another major in
dicator of the combustion process. Free radicals are unstable structures 
that readily react with other free radicals or molecules to form stable 
chemical bonds. Overall, they are short-lived and are challenging to 
detect. Some free radicals (e.g., OH, CH, and C2) emit relatively strongly 
in the UV–Vis range and are used to characterize flame intensity and 
structural distribution [147] and even to predict ignition time and to 
distinguish the type of fuels [148]. For example, CN and OH are usually 
used to characterize the generation of NOX [149], and the intensity ra
tios of HCO/C2 and OH/C2 can establish a certain relationship with CO 
emissions [150]. 

Alkali metals are widely present in a variety of fuels (e.g., coal and 
biomass). During the combustion process, the alkali metals are released 

Fig. 12. Example of the 3-D temperature distribution inside a furnace [144].  
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in various forms, directly causing equipment issues such as scaling, 
slagging, and high-temperature corrosion of burners [151]. Therefore, it 
is of great significance to detect the release of alkali metals during the 
combustion process. It is well known that, owing to their low excitation 
potentials, alkali metals are easily excited in a flame. Details about the 
measurement of free radical and alkali metals in different flames 
through the radiative emission are summarized in Table 4. 

In our previous work based on flame emission radiation, a series of 
investigations were conducted to reveal the release pattern of alkali 
metals during combustion. Different types of coal were prepared into a 
single coal pellet for experiments in different ambient conditions [163]. 
Ignition with a CO2 laser was applied in this measurement. The emission 
spectrum of alkali metals was collected directly through a narrow slit of 
the spectrometer coupled with an ICCD. The temporal and spatial 
release behaviors of the alkalis were acquired. The results indicated that 
the release of the alkali metals is related to factors like the degree of coal 
carbonization, combustion atmosphere, and temperature. Also, in order 
to unveil the release behaviors of Na and K during the coal combustion 
process, an experiment was carried out with the use of single coal par
ticles with variable additional amounts of K in different chemical forms 
(K2CO3 and KCl) and in O2/N2 and O2/CO2 atmospheres [164]. The 
temporal release characteristics were obtained by the detection of Na 
and K emission spectra, and the main influence factors (flame temper
ature and elemental speciation) have been analyzed. 

Overall, emission spectroscopy is effective for detection of free rad
icals in flames. The radiation intensities are strong enough for com
bustion diagnostics. We can infer the important reaction characteristics 
after proper processing of the emission signal. The types of free radicals 
that are present are greatly affected by the environment and the tem
perature. Furthermore, emission from some radial species is weak and 
could be difficult to detect. For alkali metals, their emission lines are 
overall intense; the key issue is how to overcome the impact of a com
plex combustion environment or to develop better spectral correction 
methods to improve prediction accuracy, and to establish a reliable 
relationship between the alkali-metal atomic emission and its concen
tration for real-world engineering applications. 

3.2. LIBS for combustion diagnostics 

3.2.1. General 
Laser diagnostics are used to obtain the intensity/concentration of 

the key species formed during combustion to gain more insight into the 
combustion process and mechanism. Sentko et al. [165] measured in- 
situ temperatures and H2O concentrations in laminar, premixed, fuel- 
rich, and quasi-adiabatic CH4/O2-flames by using tunable diode laser 
absorption spectroscopy (TDLAS) to understand the detailed chemistry 
mechanisms. Zhang et al. [166] developed a spectral-resolved laser- 
induced fluorescence (LIF) technique and analytic model to acquire 
polycyclic aromatic hydrocarbon (PAH) mole fractions in ethylene 
laminar premixed flames with different temperature profiles. Vestin 
et al. [167] presented the application of the polarization rotational 
coherent anti-Stokes Raman spectroscopy (CARS) approach to measure 
the temperature in the fuel-rich region of a diffusion flame and a pre
mixed ethylene/oxygen/argon flame. Nevertheless, these approaches 
are used to obtain both the temperature and the specific composition 
information based on the specific wavelength of the incident laser. By 
contrast, in typical cases, many laser wavelengths can be used for LIBS 
and the wavelength does not need to be very specific, yet LIBS can 
provide multiple pieces of information effective for the diagnostics of 
combustion processes. 

3.2.2. Gas and liquid fuel combustion diagnostics 
The basic gas fuel combustion is a homogeneous reaction process, 

including a premixed combustion flame and a diffused one. According to 
their flow characteristics, combustion flames can be described as 
laminar or turbulent. A premixed flame refers to one whose fuel and 

Table 4 
Research details about the measurement of free radical and alkali metals.  

Detecting object Radical/ 
atom 

Research details Ref. 

CH4/O2 co-flow 
jet diffusion 

flame 
OH, CH, C2 

The distribution of emission 
intensity of OH, CH, and C2 of the 

co-jet diffusion flame was 
obtained, providing a theoretical 

basis for determining the 
reaction zone and quantifying 

the local O/C ratio of the flame. 

[152] 

Propane 
premixed 

flame 

OH, CN, CH, 
C2 

A system to simultaneously 
record OH, CN, CH, and C2 

radiation image of the flame. Air- 
fuel ratio was estimated by 

establishing the relationship with 
free radical emission intensity. 

[153] 

Butanol diesel 
blend flame 

OH, HCO, 
CO2 

The chemiluminescence signals 
of OH, HCO, CO2 and the soot 
thermal radiation of the flame 

were identified. The correlation 
between OH intensity and 
exhaust NOx emission was 

explained, providing an effective 
method for the diagnostics of 

liquid fuel spray combustion and 
the formation of pollutants. 

[154] 

Diesel oil flame 
OH, CH, C2, 
HCO, CH2O 

The different combinations of 
emission intensity ratios between 

radicals were evaluated, and 
then correlation analysis was 

conducted with the emission of 
CO and NOx in the tail gas. Both 

HCO/C2 and OH/C2 ratios 
showed significant linear 

correlation with CO emission in 
certain conditions. 

[150] 

Pulverized coal 
flame/ 

Jatropha oil 
flame 

NO, OH, 
CN, C2 

Based on the analysis of the 
emission spectra and visual 

images of OH, NO, CN, and C2, as 
well as the 2-D temperature 
distribution of the flame, the 
high-temperature region and 

flame spread characteristics were 
specified, and the impact of key 

intermediate radicals on the 
formation of combustion 
products was revealed. 

[149,155] 

Biodiesel flame Na, K 

The emission intensity of alkali 
metal atoms released from 

biodiesel/ethanol flame was 
linearly correlated with the 

content of alkali metals in the 
fuel, and was not affected by the 

sample matrix. 

[156] 

Diesel impinging 
flame 

Na, K 

The emission spectra and 2-D 
visual images of Na and K of the 
flame were obtained, showing 

that the flame emission spectrum 
was linked to the impinging 

region, atom type, alkali atom 
concentration, and flame 

temperature. 

[157] 

Single particle 
flames of 
various 
biomass 

K 

The correlation between the 
release amounts in different 

stages and the peak release rates; 
the residual proportion of K in 
ash and the initial potassium 

content were extracted, 
providing support for the 

development of the K release 
model in the combustion process 

of biomass fuels. 

[158–159] 

Sawdust flame Na, K 

The relative excited-state 
number densities for Na and K 

were derived from radiation data 
of alkali metals released from the 

[160] 

(continued on next page) 
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oxidizer are homogeneously mixed prior to ignition. The equivalence 
ratio of the flame is a critical parameter that relates to the combustion 
characteristics and the generation of pollutant species, such as CO and 
NOx. Multiple researchers have focused on the use of characteristic 
spectral-line ratios of H/O and C/(N + O), for example, to achieve 

equivalence ratio measurements for laminar [168,169] or turbulent 
[170–172] combustion flames. 

Because a laser beam can be tightly focused, LIBS provides satisfac
tory spatial resolution for flame diagnostics. Kiefer et al. [173] used LIBS 
to obtain spatially resolved equivalence ratios through H/N and H/O 
ratios in laminar premixed and non-premixed methane–air and dimethyl 
ether–air mixture flames. Lee et al. [174] analyzed two-dimensional 
LIBS profiles of liquefied petroleum gas (LPG) and electrolytic oxyhy
drogen (EOH) flames to acquire chemical species information. The CN 
signal was used to identify the fuel concentration, and the H/O signal 
ratio was obtained to derive the fuel/air equivalent ratio. The above- 
mentioned spatial resolved diagnostic is based on the laser interaction 
for multiple flame positions. Wu et al. [175] used the horizontal and 
vertical dimensions of an ICCD array to provide spectral and spatial 
information, respectively. The temporal evolution of LIBS spectral-line 
images in a methane–air flame with an equivalence ratio φ = 1 for 
different laser energies is shown in Fig. 13. In each individual subplot, 
the horizontal axis represents the wavelength from 560 nm to 680 nm, 
and the vertical axis provides the spatially resolved distribution of the 
line emissions (~4 mm). It was found that for higher laser energy, the 
LIBS signal persists longer as a result of a denser plasma. This method 
was also successfully employed for 1-D fuel/air ratio measurements in 
both laminar and turbulent flames after calibration of the spatial dis
tribution of the measured H/N ratio. 

Laser-induced plasma provides multiple pieces of information (e.g., 
plasma temperature, emissions, and absorbed and transmitted energy), 
characterizing the properties of a substance. Lee and Hedge [176] were 
among the pioneers conducting flame thermometry with LIBS. There
after, Kiefer et al. [173,174,177] proposed the use of a breakdown 
threshold of laser pulse energy for flame thermometry and found that 
the acoustic and emission measurements are more sensitive to changes 
in flame temperature as a result of expansion characteristics and de
tector sensitivity [178]. Recently, Wu et al. [179] reported that the 
accompanying plasma-generated acoustic emission from laser-induced 
plasma shows a negative correlation with the flame temperature. 
Acoustic measurements were further conducted to evaluate the tem
perature distribution in an ethylene–air counter-flow flame with a large 
variation of temperature and composition. It was found that the differ
ences between the measurement results and the numerical results are 
small. In our previous work [180], we employed an energy probe to 
measure plasma energy, which is defined as the reduction between the 
laser pulse energy and the transmitted energy. It can qualitatively 

Table 4 (continued ) 

Detecting object Radical/ 
atom 

Research details Ref. 

flame for quantitative analysis of 
alkali metals. 

Single particle 
flames of 
various 
biomass 

CH, C2, Na, 
K 

The temporal evolution 
characteristic of CH, C2, Na, K 
chemiluminescence and the 

thermal radiation of soot and 
char were analyzed, which is 
helpful to clarify the ignition 

delay time and volatile 
combustion time and reveal the 
release pattern of alkali metals. 

[161–162] 

Opposing 
impinging 

diesel flame 

OH, CH, C2, 
Na, K, Ar 

OH signal was used to 
characterize flame height, 

reaction region, and pulsation 
intensity; OH/C2 ratio was used 

to estimate the O/C. The 
feasibility of the two-color 

method in measuring the impact 
area flame temperature was 

verified. 

[147] 

Coal-water 
slurry 

diffusion 
flame 

OH, CH, C2, 
CN, H, Na, 

K, Li 

The emission spectra of H, CN, 
Na, K and Li can be seen as a sign 
of ignition. The 2-D distribution 

and emission intensity of OH 
were used to provide information 

on the reaction region and 
characterize the flame heat flow, 
respectively. The relationships 
between OH/CH, OH/C2 ratio, 

O/C ratio, and mass flow rate of 
coal-water slurry were fitted, 

respectively, to provide support 
for combustion diagnostics. 

[148]  

Fig. 13. Line-LIBS spectral images obtained in methane–air laminar flames with an equivalence ratio φ = 1 under different laser energies [175].  
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characterize the tendency of the temperature in the methane premixed 
flame. Subsequently, the different pieces of information (spectrum in
tensity, plasma energy, and equivalence ratio) were combined to reveal 
the distribution of a different flame region and the location of the flame 
front. 

For liquid fuel combustion, LIBS is mainly focused on the measure
ment of fuel concentration and local equivalent ratio. Kim et al. [181] 
developed a portable device composed of photodiodes and bandpass 
filters to measure local fuel concentration in a liquid hydrocarbon-fueled 
spray flame and used the intensity ratios of H/O to present the local 
equivalence ratio of a gasoline–air mixture. Moreover, Lee et al. [174] 
used a two-dimensional LIBS mapping technique to provide the flame 
density, fuel concentration, and fuel/air equivalence ratio in the com
bustion of liquefied petroleum gas (LPG), LPG–EOH (electrolytic 
oxyhydrogen) mixture, and LPG–air mixture. 

With the development of ultrafast lasers, LIBS with femtosecond (fs) 
lasers was introduced. Traditional nanosecond LIBS is considerably 
affected by laser intensity and focusing conditions. It is difficult to form 
molecular spectral lines because of the low intensity of the light field in 
the focusing region. Also, due to the long pulse width of a nanosecond 
laser, the interaction between laser and induced plasma (i.e., plasma 
shielding effect) makes it difficult to improve its signal-to-noise ratio. 
The femtosecond laser offers narrow pulse width and high peak power, 
with the potential to reduce the instabilities of the signal; its timing jitter 
can be as low as in the attosecond level [182], and it has also been re
ported for the measurement of equivalence ratios of various flames 
[183,184]. 

Furthermore, femtosecond laser filament occurs when the self- 
focusing caused by the Kerr effect and the defocusing caused by 
plasma ionization reach a dynamic equilibrium. Laser-induced filaments 
is a unique phenomenon that appears during the propagation of a high- 
intensity, ultrashort laser in a transparent medium [182], which has the 
possibility of multi-dimensional measurement. Zang et al. [185] studied 
the effects of laser energy and laser pulse repetition frequency on 
filament-induced spectra and found that one-dimensional equivalence 
ratio measurement is achievable under the condition of loose focusing. 
Li et al. [186,187] performed fs-LIPS in a methane/air co-flow piloted jet 
and found that the length of the plasma channel is about 15 mm and the 
spatial distribution is uniform. Two ICCD cameras were used to image 
the CH emission and the O I emission of the plasma channel, respec
tively; a good linear relationship was found between CH (431 mm)/O 
(777 mm) and the equivalence ratio, which indicates that fs-LIBS has an 
advantage in one-dimensional (line) measurements. 

A remarkable number of studies have confirmed the feasibility of a 
rapid in-situ measurement of equivalence ratio by fs-LIBS. However, 
potential applications in the heat conversion process still need further 
exploration. For example, there is a need for quantitative detection of 
reaction intermediates or internal interaction mechanism with the 
femtosecond laser. Li et al. [188] found that the filament-induced 
fluorescence in the combustion flame mainly results from the interac
tion of femtosecond laser pulses with the combustion intermediates such 
as OH, CH, and C2 but not from the direct fragmentation of the parent 
ethanol molecules. Therefore, it is necessary to further characterize the 
detailed interaction between the laser and the probed species for com
bustion diagnostics with LIBS. 

3.2.3. Solid fuel combustion diagnostics 
Recently, the application of LIBS in solid fuel combustion diagnostics 

was mainly for the measurement of alkali metals. To in-situ monitor the 
concentration of alkali elements (Na and K) in the plume of burning solid 
fuel particles using LIBS, a proper calibration is needed. Hsu et al. 
[189,190] and Yu et al. [191] proposed the use of a laminar premixed 
burner (Perkin Elmer) for the calibration of coal combustion. A nebu
lizer was used to produce fine aerosols of potassium sulfate (K2SO4) and 
sodium sulphite (Na2SO3) with a nominal diameter of 1 μm. In this 
setting, due to the specific arrangement of the present LIBS 

measurement, as shown in Fig. 14, LIBS plasma was located inside the 
seeded flame and emission was collected through a lens and directed to a 
spectrometer. The self-absorption correction from the measured signals 
of the atomic species in the seed region around the LIBS plasma was 
based on the modified Beer-Lambert law. Subsequently, linear calibra
tion curves were constructed for reliable measurements of [Na] total and 
[K] total in the flame environment. Based on the above calibration 
method, multiple works have been conducted to realize the quantitative 
analysis of Na and K released from burning coal particles in oxy-fuel 
combustion environments [192]. For example, the approach has been 
used to study the release characteristics of different classes of Na [193] 
and the release characteristics of alkali species during co-firing of coal 
and biomass [196]. The inhibition effects of addition minerals [194] and 
the effect of microwave radiation on the release of alkali metals [195] 
can also be revealed. Based on the online LIBS measurement informa
tion, the reaction pathway of alkali metals [197–200] can be acquired. 

The aforementioned single-point LIBS method could provide the 
volatile sodium concentration at only one location per measurement. To 
overcome this limitation, Liu et al. [201–203] developed a multi-point 
LIBS method by fixing the focusing system of the laser lens and the 
acquisition system of the spectrometer on the same platform, as shown 
in Fig. 15. The high-precision stepper motor is mobile control; the dy
namic LIBS measurement is realized without losing the measurement 
signal strength while keeping the movement direction of the platform 
consistent with the laser direction. They applied this method for quan
titative measurement of Na concentrations in the plume during the 
burning of Zhundong coal particles and also proposed the combination 
of other techniques (Planar LIF and two-color pyrometry) with LIBS to 
measure the release of K during the combustion of biomass fuels (corn 
straw and poplar). An empirical model for the kinetics of potassium 
release was deduced to develop a map of potassium transformation 
processes during combustion [204]. 

In addition to alkali metals, we applied LIBS to study the combustion 
characteristics of the single coal particle by using CO2 laser ignition, as 
shown in Fig. 16 [205]. The spatial distribution of H I, O I, and CN 
emission was obtained, and the residual energy was further measured to 
characterize the temperature profiles of combustion flames. It was found 
that the combustion stage discrimination (devolatilization, secondary 
reaction, and char combustion) is evidenced by the emission of H and 
CN. The correlation between the generation of CN and the NOx forma
tion was presented to reveal the fuel-N conversion paths to better un
derstand the combustion mechanism. 

The above studies were based on pellet samples prepared as spherical 
shapes. To study the actual combustion process of the particles that 
might not be spherical, Li et al. [206,207] applied LIBS to characterize 
pulverized coal particle combustion with a Hencken burner. They pro
posed a new low-intensity, phase-selective LIBS (PS-LIBS) to distinguish 
the existence of Na in the particle or in the gas phase. Their low-intensity 
LIBS method is based on different breakdown thresholds between the 
gas phase and the particle phase and selectively shows only atoms in the 
particle phase, with no breakdown emission occurring for the gas phase. 
Moreover, Zhang et al. [208,209] also employed this method to analyze 
in-situ the formation of TiO2 nanoparticles by vortex flame synthesis, 
including the measurement of the nanoparticle volume fraction for TiO2 
nanoparticles. To realize the 2-D image measurements, a cylindrical 
plano-convex lens of a focal length of 400 mm focused a laser sheet 
through a Bunsen burner. A bandpass filter was equipped to remove all 
other emission except for the Ti atomic emission around 500 nm, which 
is subsequently imaged by an ICCD [208]. The two-dimensional phase- 
selective LIBS imaging shows an adequate resolution of nanoparticle 
volume fraction variation in the boundary layer, influenced by diffusion 
and thermophoresis [208,210]. 

Overall, LIBS has made remarkable progress in the diagnostics of gas, 
liquid, and solid combustion flames. This technology is mainly used for 
flame equivalence ratio measurement, temperature detection, and alkali 
metal content and is a good match with LIBS in-situ and online 
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Fig. 14. Specific arrangement of the present LIBS measurement for flame measurement [189,190].  

Fig. 15. Multi-point LIBS experiment setup: (a) LIBS measuring points and (b) configuration of equipment [201].  

Fig. 16. LIBS system for single coal pellet by using CO2 laser ignition: (1) LIBS setup, (2) gas system, and (3) positions of plasmas and thermocouple [205].  
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capabilities. However, there are still some technical obstacles to over
come. The commonly used ns-LIBS with low power density and long 
pulse duration would cause a low intensity of light field in the focus area 
and then lead to low repeatability and poor signal-to-noise ratio. In this 
context, a high-intensity femtosecond laser pulse is well able to over
come technical defects faced by traditional ns-LIBS, and fs-LIBS has a 
higher signal-to-noise ratio to detect the molecular groups. 

Furthermore, the phase selective LIBS technology, which is based on 
the fact that the laser breakdown threshold of a particle phase is 
significantly lower than that of the gas phase, is used to measure par
ticles in the flame through adjustment of the laser intensity to excite only 
the particle phase. The development of such advanced induced break
down spectroscopy technologies lays the foundation for combustion 
diagnostics and deepens the understanding of combustion. 

4. LIBS for the combustion products 

4.1. General 

Fly ash is the major component of the coal combustion products 
particularly in pulverized fuel combustion devices [211]. It is fine 
grained, and the powdery particulate material is generally recovered by 
electrostatic precipitation or mechanical filtration. The main composi
tion of fly ash is Si, Al, Fe, Ca, and unburned carbon. Unburned carbon is 
an indicator of the combustion efficiency and a reference for optimizing 
boiler operation. The content of carbon and other elements in fly ash has 
to be measured and controlled for industrial production [212,213]. 
There are various methods for fly ash detection, including the thermal 
gravimetric analysis method, the microwave attenuation method, the 
electrostatic capacitance measurement method, and the loss-on-ignition 
(LOI) test. Moreover, X-ray diffraction (XRD) powder analysis or the 
scanning electron microscopy (SEM) method are also employed to deal 
with compositions and microstructure detection of the fly ash [214]. 
However, these methods cannot meet the needs of combustion optimi
zation. The non-contact, fast-response LIBS technology was tested for 
the detection of components in fly ash, especially for the unburned 
carbon. 

4.2. Fundamental issue of LIBS for fly ash 

Fly ash is a fragile fine-grained combustion byproduct that is difficult 
to be compacted into a pellet. Instead, the sample can be placed simply 
in a container or on a plane-like stainless steel disc. This no-sample- 
pretreatment approach simplifies the analysis procedure but brings 
with it uncertainties as to the laser-material interaction and the plasma 
evolution. The addition of binders is also a suitable approach to improve 
the mechanical strength of a sample for LIBS analysis. Ctvrtnickova et al. 
[215] carried out an investigation on the effect of different binders 
including potassium bromide (KBr), wax, and poly-vinyl alcohol (PVA) 
and sample deposition on the carbon tape. The use of tape was reported 
to be one of the fastest ways for sample preparation. Furthermore, the 
carbon-line intensity resulting from the ablation of the tape is negligible 
compared to the emission from the ash sample. Calibration curves were 
constructed for the emission from the majority of the elements (Ba, Mg, 
Ti, Fe, Si, and C) in the fly ash, and the KBr binder was found to be 
suitable for carbon calibration. Stankova et al. [216] used mixed binders 
(silver and cellulose, 1:1) to simultaneously improve the mechanical 
stability (cellulose) and element sensitivity (silver). A multi-matrix 
calibration curve was established with the use of reference materials. 
Good analytical results were reported with the use of an internal stan
dard (carbon or silver). In conclusion, most of the current laboratory 
studies were based on the use of binders for sample preparation. 

Our research group has also carried out a series of works on the 
application of LIBS for unburned carbon detection in fly ash [217–219]. 
The emission of C I 193.03 nm is weak; although the C I 247.86 nm line 
presents a stronger emission, it suffers spectral interference from a 

nearby Fe line at 247.98 nm (Fig. 17 shows the overlapping peaks). To 
use the C I 247.86 nm line as a reference standard for quantitative 
analysis, a correction method using the Fe line to correct the C-Fe line 
interference was proposed. The basic criterion was that different spec
tral line intensities of the same element are related to plasma tempera
ture. The intensity of the spectral-interfering Fe 247.98 nm line is first 
estimated from the non-interference Fe 248.33 nm line and then sub
tracted from the sum of the overlapping C–Fe lines to obtain the net C 
247.86 nm emission [219]. 

Furthermore, molecular emission is another acceptable choice for 
carbon analysis. CN emission is mainly derived from the reaction be
tween carbon-related species generated by sample ablation and nitrogen 
in air. Compared with the atomic C emission line, CN molecule emission 
is more stable and has fewer interference factors and therefore, can be 
used for the detection of unburned carbon content in fly ash. We pro
posed a method that utilizes CN emission as the analytical parameter 
and couples it with correction of plasma temperature and self- 
absorption. The averaged relative error of the prediction and the limit 
of detection achieved 0.26% and 0.16 wt%, respectively, which meets 
the measurement requirement of the PRC power industry standard 
[220]. 

4.3. Actual industrial LIBS devices for fly ash 

To apply LIBS for fly ash detection in actual production, Noda et al. 
[221] in 2002 developed an automated LIBS unit and conducted the 
application in actual power plant monitoring. Their work exhibited in
dustrial capability for the analysis of carbon content in fly ash, char, and 
pulverized coal under high-pressure and high-temperature conditions. 
The plasma state variation in different operating conditions was cor
rected based on the ratio of ionic and atomic Mg lines. The measurement 
time was less than 1 min, which was acceptable for industrial applica
tion. Later, to achieve optimal and stable combustion, Kurihara et al. 
[222] established an automated LIBS unit that was composed of a 
sampling box and a control box as shown in Fig. 18. The researchers 
integrated it into a boiler-control system and applied it in a 1000-MW 
pulverized coal-fired power plant. Air dilution was used in the sam
pling module to reduce the interference of carbon dioxide from boiler 
exhaust with LIBS detection. Internal standardization with a Si line and 
plasma temperature correction compensates for the influence of plasma 
state and species concentration. The cyclone separator's (Cyclone 1 
showed in Fig. 18) speed was adjusted in conjunction with the measured 
values of unburned carbon provided by the LIBS apparatus for boiler 
control optimization. The long-term operation of the equipment has 
proved its ability to analyze different types of coal fly ash. 

Fig. 17. Emission spectrum of C-Fe line interference [219].  
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The presence of flue gas from actual combustion (e.g., CO2) is not 
negligible and might interfere with the detection of the powder flow of 
fly ash. In this setting, Zhang et al. [223] developed a LIBS apparatus 
comprising an isokinetic sampler and a sample-preparation module, as 
shown in Fig. 19. This sampler performed interleaved sampling on two 
flues. Subsequently, the ash sample was conveyed to the measurement 
point using a conveying belt within the sample-preparation module. 
Setting gas inlet and outlet enabled the apparatus to remove the 
generated aerosols and CO2 from the measurement chamber by intro
ducing an inert gas. Moreover, to improve the quantitative analysis re
sults of unburned carbon, a second-order polynomial multivariate 
inverse regression was proposed to reduce the matrix effects. The ach
ieved measurement accuracy was 0.26%, and the average relative error 
was 3.81%. 

In actual equipment (e.g., boiler), fly ash generally exists in the form 
of particle flow. Wang et al. [124] applied LIBS for the direct mea
surement of fly ash particle flow. They measured the particle with 
different sizes separately to increase the detection accuracy. To further 

enhance repeatability and precision, a correction factor for plasma 
signal was obtained and adopted depending on the optical setups, 
pressure, and buffer gas composition. The detection limit (S/N = 1) of 
Fe, Al, and Ca in fly ash reached 0.1%, 0.3%, and 0.02%, respectively. 
Furthermore, the authors also focused on the effects of plasma states and 
coexisting materials (mainly for carbon dioxide) on quantitative mea
surement. The temperature of the plasma changed greatly as it evolved, 
so it was possible to establish corresponding temperature correction 
curves for the plasma signal in different temperature ranges to improve 
the analysis effectiveness [224,225]. A LIBS device containing a two- 
stage cyclone was developed as shown in Fig. 20a. The cyclone sepa
rator not only separated the exhausted steam and particles, but was also 
able to introduce the appropriate atmosphere according to the actual 
need. To evidence the CO2 effect on the unburned carbon measurement, 
the surrounding mixture gas of N2 and CO2 was directly introduced into 
the measurement chamber, as shown in Fig. 20b. Due to the different 
breakdown thresholds of gas and particle, a given laser energy and pulse 
width can effectively atomize and excite solid particles while avoiding 
air breakdown. The comparison of the measurement results with and 
without the presence of CO2 with lasers of pulse width of 6 ns and 1 ns 
showed that there was no evidence of a change in the spectra from fly 
ash with different CO2 concentrations using a laser with pulse width of 1 
ns (Fig. 21b). However, the C signal intensity increased noticeably when 
3.8% CO2 was introduced and measured with a laser of 6 ns pulse width 
(Fig. 21a). This indicates that the use of a laser with a shorter pulse 
width is an effective way to control the laser-induced particle plasma 
and the surrounding gas plasma [225]. 

In general, the development of LIBS apparatus showed the ability to 
perform reliable and real-time measurement of fly ash and provide a 
valuable support for boiler monitoring and optimization in coal-fired 
power plants. The development also significantly benefits the efficient 
treatment or utilization of fly ash. Future studies and application need to 
include an extensive discussion on the reliability and adaptability of the 
device and introduce changes according to the specific issues of proper 
adjustment in boiler operation. This will form a key part of industrial 
production, human health, and environmental protection. 

5. Conclusion and outlook 

For efficient and clean utilization of fuel, it is essential to obtain 
online measurements of the key parameters in the fuel heat utilization 
process and thereby master its dynamic characteristics. As a non-contact 
technology, optical measurement realizes in-situ continuous measure
ment of multiple parameters and significantly expands the possibility of 
detecting related components for combustion diagnostics in a real-time 
fashion. The present review focuses on the application of atomic emis
sion spectroscopy, including LIBS and spontaneous emission spectros
copy, for the fuel thermal conversion process. In Section 2, LIBS as a 
potential online technology for characterization of raw energy material 
is discussed. Non-metallic elements play a significant role in defining the 
characteristics of energy materials. The section first analyzes the issues 

Fig. 18. Photograph of unburned-carbon measurement apparatus and the fly ash sampling system [222].  

Fig. 19. LIBS device equipped with an isokinetic sampler and a sample- 
preparation module proposed by Zhang et al. [223]. The numbers are defined 
as follows: (1) Nd:YAG laser, (2) half-wave plate, (3) polarizing beam splitter, 
(4) bolt sleeve, (5) rear-silvered mirror, (6) spectrometer, (7) chiller, (8) energy 
meter, (9) focusing lens, (10) optical fiber, (11) conical funnel, (12) vibrator, 
(13) connection base, (14) smooth groove, (15) optical fiber splice, (16) driving 
pulley, (17) guide pulley, (18) cleanout door, (19) conveying belt, (20) drive 
pulley, and (21) shell. 
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of LIBS for nonmetal element detection. With coal as an example, it 
summarizes the characteristics of the process of main solid fuel detec
tion. Next, the discussion focuses on the onsite application aspect with 
different sample forms (rock, pellet, particle flow). Although direct (i.e., 
no-sample-preparation) detection of particle flow for online measure
ments is desirable, there are two key issues. First, a stable sampling 
device, with continuous and stable particle flow during the measure
ment process, as well as its wear and blockage must be considered. 
Second, sample calibration issues need to be improved. At present, most 
powdered samples are transformed into pellets prior to an analysis, and 
the question of how to correct the spectrum from different sample forms 
needs to be addressed. 

Section 3 presents the application of radiative emission and LIBS for 
combustion flame diagnostics. Radiative emission spectroscopy pro
vides a simple and low-cost, non-contact way for measurement of tem
perature, free radicals, and alkali metals. However, the signal-to-noise is 
dependent on the radiation conditions, especially for the detection of 
free radicals. In the future, establishing different emissivity models and 
developing data processing algorithms and temperature correction 
methods, as well as applying artificial intelligence to identify complex 
detection environments, to eliminate strong interference and to identify 
the best calculation model will be beneficial to the development of 

radiative temperature measurement. The introduction of LIBS to flame 
diagnostics improves the signal-to-noise ratio, but it is more difficult to 
achieve accurate quantitative measurement on the concentration of 
combustion-related species because of the matrix effect and the 
comparatively complex combustion environments. On this basis, 
femtosecond LIBS and phase selection LIBS have been developed, and 
they are of great significance for understanding the combustion process. 

Section 4 focuses on the use of LIBS for the detection of combustion 
products – fly ash. The discussion includes the fundamental issue and 
actual industrial LIBS devices. The basic aspects are spectral interfer
ence, the direct formation of carbon-related molecular spectra, and the 
addition of binder. In terms of application, it mainly includes the 
development and field application of relevant online testing equipment. 
Overall, in order to realize online detection of the composition content 
of fly ash, attention should be paid to the following issues. First, the 
concentration of fly ash in the flue on-site is low, or the sampling of fly 
ash is more difficult. Second, the CO2 in the flue gas could interfere with 
the unburned carbon measurement. 

Finally, the review concludes with a summary and discussion of 
further applications and directions for improvement. As outlined in this 
review, LIBS technology has been considered worldwide as a potential 
rapid/online detection technology for simultaneous multi-element 

Fig. 20. Schematic diagram of the LIBS apparatus: (a) two-stage cyclone measurement system of fly ash flow and (b) direct measurement system of fly ash 
flow [225]. 

Fig. 21. Comparison of the measured spectra of fly ash with or without the CO2 condition: (a) spectra using a 6 ns pulse-width laser and (b) spectra using a 1 ns 
pulse-width laser [225]. 
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detection of sample components, but it is also still at the stage of 
mechanism research and technology development due to the uncer
tainty of point measurement and the development limitation of hard
ware equipment and system integration. To achieve real application, the 
environmental adaptability of the system and measurement accuracy 
need to be continuously optimized and improved. For combustion di
agnostics, LIBS and spontaneous radiation can be used to obtain some 
information, but it is better to combine some other online techniques to 
acquire more information so as to understand the whole, complex 
combustion processes. All this work lays a foundation for subsequent 
research. 
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[8] M. Gräbner, E. Lester, Proximate and ultimate analysis correction for kaolinite- 
rich Chinese coals using mineral liberation analysis, Fuel. 186 (2016) 190–198, 
https://doi.org/10.1016/j.fuel.2016.08.074. 

[9] M. Borsaru, M. Berry, M. Biggs, A. Rojc, In situ determination of sulphur in coal 
seams and overburden rock by PGNAA, Nucl. Instrum. Meth. B. 213 (2004) 
530–534, https://doi.org/10.1016/S0168-583X(03)01623-9. 

[10] M. Borsaru, M. Biggs, W. Nichols, F.A.R. Bos, The application of prompt-gamma 
neutron activation analysis to borehole logging for coal, Appl. Radiat. Isot. 54 
(2001) 335–343, https://doi.org/10.1016/S0969-8043(00)00109-3. 
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