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Abstract: Real-time monitoring of flue gas parameters in combustion processes is central
to the optimization of the process efficiency and reduction of pollutants emission. We report
simultaneous measurement of the average water vapor temperature and concentration over a 9 m
distance in a full-scale industrial boiler by broadband lidar employing a custom supercontinuum
source covering the wavelengths of ro-vibrational absorption of water molecules at 1.2 – 1.55 µm.
The measured average temperature and concentration are in excellent agreement with reference
measurements. We also take advantage of the backscattering from the aerosol particles present in
the boiler to map the water vapor concentration profile in the boiler up to a distance of 2.7 m with
a spatial resolution of 30 cm. Our results open novel perspectives for 3D profiling of temperature
and gas concentration in industrial environments.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Global energy demand has tremendously increased over the years, raising environmental concerns.
This has led to new energy policies aiming towards renewable energy alternatives and zero net
CO2 fuels such as biomass. The performance of a combustion power plant relies on the internal
distribution of its flue gas parameters, such as the temperature and molecular concentrations, and
accurate profiling of these parameters would pave the way for optimized combustion process
control, increased energy production efficiency and lower emissions.
Conventional approaches for the measurement of flue gas temperature and concentration rely
on thermocouple [1] or Fourier transform infrared (FTIR) spectroscopy [2,3]. However, both
techniques are inefficient in terms of pointwise measurements. Moreover, the FTIR approach is
extractive in nature, yielding significant challenges (latency, moisture content in the gas and ash in
the furnace) which makes real-time monitoring of the combustion processes particularly difficult.
Flue gas temperature monitoring with a thermocouple is inapplicable to in-situ temperature
probing due to the long time constant of the thermocouple response [4] relative to the dynamic
temperature distribution of the flue gas. Other optical spectroscopic techniques have been
proposed for combustion diagnostics [5–8], however, these typically measure the transmitted
signal across a given path between two openings in the furnace walls limiting the measurement
area and making them not well-suited to combustion units with limited optical access such as
boilers.
Lidar technologies offer novel perspectives for industrial process control and combustion
diagnostics. Lidar operation principle is based on time of flight measurement of backscattered
electromagnetic radiation [9], enabling remote characterization of flue gas parameters with
high spatial resolution [10–12]. Lidar techniques typically use a narrowband laser tuned to the
absorption line of the gas of interest, which restricts measurements to a single gas specie. In this
context, the development of spatially coherent broadband supercontinuum (SC) light source [13]
has opened up new possibilities for simultaneous detection of multiple parameters of flue gas
components as shown in a recent demonstration of a laboratory-scale combustion study [14].
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Here, we report real-time combustion diagnostics in a full-scale 9-m-wide industrial boiler via
single optical access using a SC-lidar system. Exploiting differential absorption SC spectrum,
we demonstrate simultaneous measurement of water vapor temperature and concentration. The
average water vapor concentration and temperature are determined using the strong backscattering
from the back wall of the boiler. Taking advantage of the backscattering from the aerosol particles
naturally present in the boiler, we further map the water vapor concentration along the beam
path up to 2.7 m with a resolution of 30 cm limited by the signal-to-noise ratio and SC pulse
duration, respectively. Our results demonstrates the unique capability of SC-lidar for diagnosis
in combustion units and other industrial environments and open up novel perspective for 3D
profiling of temperature and gas concentration in industrial environments.
2.

Methodology

We begin by illustrating the temperature and concentration measurement principle of water vapor
(H2 O) which is one of the primary flue gas component in a biomass combustion boiler. The
transmission spectrum of H2 O in the near-infrared with a typical 20 % concentration, pressure of
1 atm and for an interaction length of 9 m was modeled with high spectral resolution using the
HITEMP database [15]. Figure 1 shows the transmission spectrum for two different temperature
(400 ◦ C and 900 ◦ C) convoluted to a low spectral resolution for better visualization. One can
see how the transmittance depends on the temperature, and this can be advantageously used to
determine the gas temperature using three spectral regions as highlighted in the figure: Channel 1
(Ch1), Channel 2 (Ch2), and Channel 3 (Ch3) have corresponding central wavelengths of 1240 nm,
1375 nm and 1500 nm, and full width half maximum (FWHM) of 50 nm, 85 nm and 90 nm
respectively. Ch1 is used as a reference channel with negligible water vapor absorption, Ch2
and Ch3 wherein light experiences significant water vapor absorption and which can be used to
determine the temperature as described below.

Fig. 1. Modeled H2 O transmittance spectra at two extreme temperatures observed inside
a boiler furnace and an overlay of the corresponding wavelength ranges of three specific
bandpass filters Ch1, Ch2 and Ch3. Blue (—) and orange (– -) lines are the H2 O transmittance
spectra at 400 ◦ C and 900 ◦ C, respectively.
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The backscattered signal Sn (tm ) from Channel n = 1, 2, 3 detected after a time of flight tm can
be expressed as [9]
Sn (tm ) =

Ceff βm
dm 2

∫

[︃
P0 (λ)Γn (λ) exp −2

∆λn

m
∑︂
Nk
k=1

Vk

]︃

σk (λ, T)∆lk dλ,

(1)

where ∆λn is the spectral interval of Channel n = 1, 2, 3, dm is the distance travelled by the
backscattered light during time tm , Ceff is the collection efficiency, and βm is the backscattering
coefficient (considered to be wavelength independent as the technique utilizes a relatively small
wavelength range of 1.2 – 1.55 µm). The main scattering source is the combustion related fly ash
aerosol particles with dimension much larger than the wavelength. P0 (λ) is the initial spectrum
of the SC source, Γn (λ) is the filter transmission for channel n, and σ(λ, T) is the absorption cross
section dependent on wavelength and gas temperature. NVkk is the molecular number density of the
probed gas. The travelled path dm is divided into elementary segments wherein the temperature
and concentration is assumed to be constant. The minimum length of each segment ∆lk = cτ/2 is
determined by the SC pulse duration τ (c is the speed of light). The first segment parameters are
calculated using the initial spectrum of the light source P0 (λ). The second segment transmission
calculation requires the initial spectrum to be modified by the absorption it experienced in the first
segment and the process is then iteratively repeated as the absorption of all preceding segments is
known. The total transmittance of individual channels within a given segment can be calculated
from
Sn (tm+1 )
,
(2)
Tn,m =
Sn (tm )
where Sn (tm+1 ) and Sn (tm ) are the measured backscattered signal at time tm+1 and time tm ,
respectively. Taking the ratio of transmittance between two different channels does cancel out the
2 , C , and β from the SC-lidar equation assuming that their wavelength dependence
effect of dm
eff
m
is negligible at our operation wavelengths. Knowing the absorption cross section, the light
source spctrum as well as the filter transmission spectrum is sufficient to simulate the measured
transmittance ratios. The simulated transmittance ratios are formulated to comprise an array of
values, calculated using the HITEMP database, and varying temperature and concentration of the
gas. The probed gas temperature and concentration are then deduced by fitting the simulated
transmittance ratios to the measured ratios using
|︁
|︁
|︁ T2,m T2,Sim |︁
|︁
∆21,m = |︁|︁
−
(3)
T1,m T1,Sim |︁
|︁
|︁
|︁ T3,m T3,Sim |︁
|︁,
−
(4)
∆31,m = |︁|︁
T1,m T1,Sim |︁
where ∆21 and ∆31 are the resulting difference between the measured and simulated transmittance
ratios of Ch2 to Ch1 and Ch3 to Ch1, respectively. ∆21 and ∆31 are numerically computed based
on the simulations and the measured data, and the minimum error point corresponds to the
resulted temperature and concentration of the probed gas.
3.

Experiment

Measurements were performed at a 9-m-wide fluidized bed biomass boiler with 190 MW thermal
power. A schematic illustration of the experiments is shown in Fig. 2. The light source is a
SC generating 2-ns-long pulses with 1 kW peak power and repetition rate of 280 kHz (more
detailed can be found in Ref. 13). The SC light is collimated with a reflective collimator and
directed to the sidewall of the boiler comprising an opening (hatch). Multiple combustion
gases including COx , NOx , H2 O and CH4 are present in the boiler as well as aerosol particles
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distributed throughout the entire volume. The SC light is scattered by the aerosol particles
and partially absorbed by the H2 O molecules as it propagates through the boiler. The inside
of the furnace walls is covered with soot which strongly scatters the rest of the beam upon
incidence on the back end wall. The backscattered light is collected via a receiver telescope lenses
(AC508-075-C & AC254-030-C, Thorlabs) and split using a 50:50 beam splitter (BPD254S-G,
Thorlabs). Light transmitted by the beam splitter is spectrally filtered into Ch2 (BP-1375-085,
Spectrogon) and focused onto a photodetector (ET-3070, EOT). The reflected light by the beam
splitter is splitted using another identical beam splitter and spectrally separated into Ch1 and Ch3
with appropriate filters (BP-1240-050 & BP-1500-090, Spectrogon). The bandpass filters are

Fig. 2. Layout of experimental arrangement. Abbreviation AL stands for Achromatic
Lens, SMF for Single Mode Fiber and BS for Beam Splitter. Ch1, Ch2 and Ch3 are the
corresponding bandpass filters for channel 1, 2 and 3, respectively.

Fig. 3. Measured backscattered SC-lidar signal from a full-scale industrial boiler. The
blue (—), orange (· · · ) and purple (- -) lines represent the signals for Ch1, Ch2 and Ch3
respectively. The first and last sharp peaks in the signal corresponds to scattering from the
SC source input coupler and the boiler back wall respectively. The signal recorded between
10 ns and 60 ns originates from scattering by the aerosol particles.
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having optical density of 3 at the blocking wavelengths. The corresponding signals are measured
with identical photodetectors. The time window of signal collection is triggered by an optical
pulse generated by the laser, eliminating the influence of the laser pulse emission time jitter. The
signal from each photodetector is preamplified by an electronic amplifier (HSA-Y-1-60, FEMTO)
and the temporarily resolved signal is recorded by a 12-bit oscilloscope (HDO6054, Lecroy).
Note that SC pulse scattered from different positions inside the furnace arrives at the detector with
different time delays, thus encoding spatial dimension onto the temporal signal. An example of
recorded signal is shown in Fig. 3. The signal was averaged over sixty-five thousand backscattered
pulses recorded over a total measurement time of about 230 ms. Identical measurement time
and averaging was used in all our measurements. One can see that the detected signal exhibits
three different peaks at different delay times. The first peak in the detected signal near zero-delay
represents scattering from the coupling mirror placed in front of the boiler. The broad and slowly
decaying peak near 10 ns represents the scattered signal from the aerosol particles. The third
peak at around 70 ns delay originates from the boiler back wall reflection.
4.

Results and discussion

The average temperature and H2 O concentration in the boiler can be determined from the first
(coupling mirror) and last (boiler wall) backscattering peaks of the recorded signal in Fig. 3. The
total transmittance across the boiler is derived for the three channels using Eq. (2). Corresponding
gas temperature and concentration are then extracted from Eq. (3) and Eq. (4) with solutions for
Channel 2 to 1 and 3 to 1 transmission ratios (with respect to simulation) shown in Fig. 4. The
global solution is then found at the point of intersection between ∆21 and ∆31 , yielding 890◦ C
and 20.3% for the average temperature and concentration of the water vapor, respectively. The
standard deviation based on 20 consecutive measurement is 50 ◦ C and 0.8 % for the temperature
and concentration respectively.

Fig. 4. Minimum error solutions for the difference between the measured (with SC-lidar)
and simulated transmittance ratios ∆21 and ∆31 . Orange (circle) and blue (dot) represents
∆21 and ∆31 respectively. The global solution can be found at the point of intersection
between ∆21 and ∆31 .
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In order to evaluate the accuracy of our SC-lidar measurements, the results were compared
with that of a reference measurement performed using a K-type thermocouple with a maximum
penetration depth of about 1.5 m and a 1.045 radiative correction coefficient and the results are
shown in Table 1. The estimated average boiler temperature from the thermocouple is 850 ◦ C.
The average water vapor concentration was estimated via heat and mass balance calculation [16]
utilizing the biomass fuel moisture content measured from oven drying and based on the ISO
18134-3:2015 standard. The resulting average H2 O concentration in the furnace was in the range
of 20 – 25 %. These reference measurements agrees very well with the SC-lidar results. It is also
important to emphasize that the accuracy of the SC-lidar measurements is perfectly sufficient for
industrial-scale process monitoring.
Table 1. Comparison between the reference and SC-lidar
measured average temperature and H2 O concentration values
in the boiler.
Measurement

Temperature (◦ C)

H2 O Concentration (%)

Reference

850

20 – 25

SC-lidar

890

20.3

One can take advantage of the backscattered signal from the aerosol particles to spatially
resolve the variations in the water vapor temperature and concentration. For this purpose, the
measured backscattering signal shown in Fig. 3 is split into discrete segment of 30 cm and the
transmittance of each individual segment is derived using Eq. (2). Spatially resolving the gas
temperature is infeasible with the current data due to poor signal-to-noise ratio. However, one
can solve for the concentration values of the gas by assuming a known temperature, as the relative
change in transmission due to temperature variation within a given segment is approximately
equivalent to the noise amplitude of the measured signal. Using the reference temperature value
of 850 ◦ C across all segments, the H2 O concentration profile in the boiler can be spatially resolved
using Eq. (3). The histogram in Fig. 5 shows the retrieved H2 O concentration profile as a function

Fig. 5. Spatially resolved H2 O concentration profile and an overlay (– -) of the SC-lidar
measured average H2 O concentration in the boiler.
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of distance with the measured average H2 O concentration across the boiler marked as the dashed
line. The error bar in the histogram was calculated from twenty consecutive measurements. The
measured intensities had about 2 % variation between the measurements. The H2 O concentration
values are resolved up to a distance 270 cm into the boiler. Spatially resolving the concentration
values at longer distances is limited by the current signal-to-noise ratio of our detection. One
can see from Fig. 5 that the H2 O concentration distribution is typically low towards the boiler
wall. The hatch (inlet) was kept open during the measurement resulting in mixing with the
surrounding air, which in turn alters the initial concentration as well as temperature of the gas at
close proximity to the wall.
5.

Conclusion and outlook

We have demonstrated robust real-time monitoring of combustion gases using a supercontinuumlidar. The technique enables simultaneous remote measurement of the gas temperature and
concentration via single optical access. Proof-of-concept measurements was demonstrated
in a full-scale industrial boiler using three specific wavelength bands in the supercontinuum
spectrum. Average temperature and concentration distribution of water vapor across the boiler
could be measured with a statistical accuracy of 50 ◦ C and 0.8 %, respectively, which is sufficient
for industrial-scale process monitoring. The water vapor concentration profile was further
spatially resolved with 30 cm resolution up to a 2.7 m distance inside the boiler, limited by the
signal-to-noise ratio. The signal-to-noise ratio also did not allow to spatially resolve the gas
temperature as the temperature induced change in transmittance within a given segment is of the
same order of magnitude as the noise amplitude. The main origin of noise in this experiment
is attributed to the SC source spectrum instabilities, and the readout noise associated with the
detectors, amplifiers as well as the oscilloscope. Nevertheless, these challenges can be overcome
by optimizing the data acquisition scheme to enhance the signal-to-noise ratio. Specifically, this
can be achieved using a fast digitizer with real-time processing capability, enabling continuous
averaging of the SC pulses at the repetition rate of the laser as well as by employing a SC source
with higher spectral power density. Finally, we emphasize the unique potential of the technique
for simultaneous 3D profiling of flue gas temperature and molecular concentrations, which can
be realized by steering the incident probe beam using a single opening in a boiler or other similar
industrial environment.
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