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Abstract
This paper describes mainly laser-based techniques applied to a boiler fueled by wood pellets which is a real complicated 
combustion system. To our knowledge, laser-induced incandescence (LII) and extinction are used to characterize particulate 
emission at the exhaust for the first time because laser diagnostics are generally applied to laboratory flames, automotive 
engines and aeroengines. The 30-kW boiler was first characterized by temperature mapping in the combustion chamber and 
particle diameter analysis by scanning mobility particle sizer at the exhaust and inside the first combustion chamber for a 
better understanding of the running of this complex combustion system. Non-intrusive laser-based diagnostics including 
broadband LII, two-color LII and laser extinction excited at 1064 nm have been employed to study the particulate emissions 
at the exhaust of the boiler during the start-up and the steady-state phases of the boiler. The cross analysis of the experimental 
results obtained with the different diagnostics shows that particle size distributions, particles volume fractions and the tem-
perature distribution are strongly dependent on the boiler cycle linked to the pellets loading. Laser extinction and LII-based 
methods provided complementary information about the particulate emissions. The LII technique probes incandescent soot 
particles formed during the combustion of pellets, while laser extinction detects both soot and non-incandescent particles 
(such as dust, fly ashes).

1  Introduction

Due to the continuous decrease in the amount and the avail-
ability of the conventional fossil fuels, it is becoming inevi-
table to search for new energy sources. Biomass energy is 
considered as an attractive option because of many economic 
and environmental benefits such as reducing the agro-indus-
trial waste, providing energy security, and promoting eco-
nomic development. Moreover biomass provides renewable 
energy and has a close to ‘carbon neutral’ balance since 
the growing the biomass plants removes as much CO2 as 
the amount released to the atmosphere from its combus-
tion. Bioenergy can realistically substitute fossil-based fuel 

in many types of applications. Biomass combustion already 
contributes significantly to world energy provision. It pro-
vided approximately 14% of the world’s energy consumption 
and 59.2% of the world’s energy supply of renewables in 
2014 [1]. Among the available renewable energy sources, 
biomass is the third largest electricity-generating source and 
the first renewable source in the heating sector [1]. Replac-
ing fossil fuel with a ‘carbon-neutral’ energy source is one 
approach to mitigate the increases in atmospheric CO2 and 
reduce the greenhouse gas emissions. The case of biomass 
energy has been widely debated and many concerns have 
been raised regarding the impact of biomass combustion on 
human health and air quality. Beside the differing views on 
the carbon neutrality of biomass energy, its environmen-
tal benefits have been questioned as well [2–6]. Biomass 
burning releases a number of gaseous pollutants such as 
carbon monoxide, nitrogen oxides (NOx), volatile organic 
compounds (VOCs) and polycyclic aromatic hydrocarbons 
(PAHs) [7–11]. Particulate matter (PM) emission is one of 
the major concerns of biomass combustion because of its 
detrimental effect on both human health and environment [5, 
6, 9, 11, 12]. Biomass burning generates both large fly ash 
particles (diameter higher than 1 µm) and fine carbonaceous 
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particles (diameter lower than 1 µm) that contain ashes as 
well and soot particles formed under locally fuel-rich con-
ditions [4, 6]. Many investigations have been performed 
recently to study PM formation and emissions from solid 
biomass fired combustors to help assess its impact on human 
health and climate change [10, 11, 13, 14]. Experimental 
studies have reported the PM concentrations and size distri-
butions in domestic biomass boiler and analyzed the impact 
of several factors such as the operational conditions, the 
operational load, the combustor design, the air excess and 
the biomass compositions [9, 13–15]. These studies con-
cluded that biomass combustion can be optimized to reduce 
the particulate emission by improving the combustor design, 
extending combustion times and enhancing the combustion 
efficiency. The aim of this study is to investigate experi-
mentally the particulate pollutant emission from a boiler 
fueled by wood pellets with a nominal thermal capacity of 
30 kW used for domestic heating. This boiler is equipped 
with an oxygen sensor that automatically controls the air 
excess and a secondary combustion chamber to optimize 
the combustion efficiency and reduce particulate emission 
resulting from the incomplete combustion in the first com-
bustion chamber. To the best of our knowledge, laser-based 
diagnostics have not been applied for the in situ analysis of 
PM emissions in biomass-fueled boiler. Here, we apply the 
broadband laser-induced incandescence (LII), the two-color 
LII, and laser extinction to detect in real time the particulate 
emissions (nanoparticles of soot, fly ashes) at the exhaust 

of the test bench. Additional ex situ measurements using a 
set of thermocouples and a scanning mobility particle sizer 
(SMPS) have been performed to derive the temperature dis-
tributions and the PM size distributions. All these measure-
ments have been performed in the start-up, transient and 
steady-state phases to study the impact on the PM emissions 
of the residential pellet boiler. The paper is presented as 
follows: the description of the boiler fueled by wood pellets 
used in our experiments, the temperature and the particles 
size distributions measurements are presented in Sect. 2. 
The methodology and the experimental setups of the laser-
based techniques including the broadband LII, the two-color 
LII and the laser extinction are described in Sect. 3. The 
experimental results are presented and discussed in Sect. 4 
followed by the conclusion in Sect. 5.

2 � Description of the test bench

2.1 � The domestic boiler fueled by wood pellets

The experiments are carried out in a domestic 30-kW boiler 
fueled by wood pellets (Fig. 1a). The pellets are supplied in 
the fixed bed furnace by a screw conveyor equipped with 
a magnetic sensor. This sensor measures the angular rota-
tion of the screw and thus periods and the mass of pellets 
introduced into the first combustion chamber (the furnace). 
The boiler is equipped with an oxygen sensor, also called 

Fig. 1   a Schematic picture of the 30-kW boiler fueled by wood pellets, b 3D picture of the boiler with coordinates (radius and height) defined in 
second combustion chamber, red star: aperture between the two chambers
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Lambda sensor that measures the residual oxygen content 
in the exhaust gases and automatically adjust the air excess 
factor according to the operating conditions. Above the first 
combustion chamber, the hot gases and particles emitted by 
the incomplete combustion enter in a second combustion 
chamber through a 15 cm circular aperture (shown by the 
red star) in a refractory wall separating the two chambers 
(Fig. 1b). The second combustion chamber is constituted by 
a vertical refractory steel cylinder (radius of 18 cm, height 
of 37 cm) that increases the residence time of unburnt spe-
cies in a high temperature area to enhance the combustion 
efficiency. The burned gases exit the second combustion 
through the exchange zone to heat the water circulating in 
the boiler. The water temperature is measured by the boiler 
regulation system at the exit of the heat exchanger (Fig. 1a).

2.2 � Particle size measurements

The particles size distributions are measured using a nan-
oparticle-size spectrometer (nano-ID NPS 500) also called 
SMPS with a sensitivity range between 5 and 500 nm. The 
samples are extracted from the first chamber (furnace) and 
from the exhaust of the boiler using a stainless steel 1/4-in. 
outer diameter probe. The measurements are performed dur-
ing the start-up and the steady-state phases.

2.3 � Temperature measurements of the flue gas

The flue gas temperatures are measured using a set of 6 
S-type thermocouples with 0.2-mm diameter positioned at 
several vertical and radial positions in the second chamber 
(Fig. 2). A 0.13-mm-diameter S-type thermocouple is also 
used to estimate the radiative heat losses from the bead of 
the thermocouples [16]. With a temperature of 600 °C, the 
correction is estimated to 44 °C and can reach 187 °C for a 
flue gas measured temperature of 1000 °C (mainly because 
of the hot junction radiative losses).

The signal related to the angular rotation of the screw 
conveyor and thus to the pellets loading is recorded simulta-
neously with gas temperature at the top of the second cham-
ber (Fig. 3). At the nominal operational condition, the pellets 
are introduced during 3 s with a 24-s interval between two 
pellets loads. When the hot water temperature is lower than 
its set point, the screw conveyor of pellets performs rotation 
cycles to supply the first chamber (furnace). When the set 
point is reached, the screw conveyor cycles are stopped until 
the hot water temperature becomes again lower than its set 
point. This regulation reveals a thermal cycle as shown in 
Fig. 3.

The thermal cycles start during the steady regime (see 
after Fig. 8c). The boiler works with a thermal cycle of 
12 min; this period is from the beginning of gas tempera-
ture decrease at the top of the second chamber (radius = 9 cm 
and height = 33 cm) to the end of the feeding time (Fig. 3).

The temperatures of flue gas measured at different radial 
(from 7 to 17 cm) and vertical (from 8 to 36 cm) positions in 
the second chamber are presented in Fig. 4 for nine instants 

Fig. 2   Right: image of the thermocouples inserted from the top of the boiler in the second chamber. Center: front view of radial position and 
example of thermocouples heights (given in mm). Left: top view of radial position of the thermocouples

Fig. 3   Gas temperature at the top of the second chamber 
(radius = 9 cm and height = 33 cm) and the mass flow rate of pellets 
during two boiler cycles
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of the boiler working cycle during the steady regime. The 
positions (represented by crosses) and the measured temper-
atures (in °C) are represented on the map. A linear interpola-
tion was used to map the temperature field in this chamber.

Considering the cyclic running of the boiler, the flue gas 
temperatures in the second combustion chamber increase 
when pellets are supplied in the furnace and decrease when 
the screw conveyor stops. At the beginning of the boiler ther-
mal cycle, the flue gas temperature is minimal (500–600 °C) 
and the radial and axial gradients are both uniform.

The temperature increases when the pellets are intro-
duced and reaches its maximal values at mid-cycle 
(1000–1125 °C). The highest temperatures and thermal gra-
dients are located radially near the central position and verti-
cally near the center and the top of the second combustion 
chamber. The radial distribution of the temperature remains 
more uniform than the axial one. The flue gas introduced 

into the second chamber are heated via thermal radiation and 
reached higher temperature at the top of this chamber which 
enhances the thermal efficiency of the boiler.

At the end of the cycle, the temperature and the tempera-
ture gradient of the flue gas decrease again and reach values 
close to the beginning of the cycle (600–730 °C).

3 � Laser‑based diagnostics

3.1 � Laser‑induced incandescence (LII)

3.1.1 � Principle

Laser-induced incandescence is a highly sensitive diag-
nostic based on the fast heating of particles with a pulsed 
laser and observe the subsequent thermal radiation, whilst 

Fig. 4   During the steady regime, several radial and vertical positions 
of thermocouple measurements (symbol: cross) are presented into the 
second chamber at nine instants of the thermal cycle. Temperature 
mapping (with a color scale in °C shown at the left of the figure) was 

obtained by linear interpolation. The horizontal axis corresponds to 
the radius (from 7 to 17 cm) and the vertical axis to the height (from 
8 to 36 cm) of the second chamber (also shown in Fig. 1b)
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the particle cools in a constant pressure and temperature 
medium. The subsequent isotropic radiation is propor-
tional to the blackbody emission modified by the spectral 
emissivity of the particles. This radiation also called the 
LII signal and noted LII (λ, t) can be expressed according 
to the soot volume fraction fv (t) over the spectral range 
Δλ = λf – λi as follows:

where C1 = 2�hc2 and C2 = hc∕k (h, c, and k are, respec-
tively, the Planck constant, the speed of light and the Boltz-
mann constant).

Experimentally and theoretically, prompt LII signal has 
been shown to be proportional to the soot volume frac-
tion [17, 18]. The laser energy, its temporal and spatial 
distribution and the soot refractive index function E(m, λ) 
are sensitive parameters influencing the energy absorbed 
by the particle and its temperature. Absolute soot volume 
fraction can be obtained through auto-compensating pro-
cedure based on the detection of the LII signal at least in 
two or more spectral regions also named 2C-LII [19, 20] or 
using independent calibration method based on gravimet-
ric or light extinction techniques [21]. For optical-based 
techniques, the knowledge of the refractive index function 
E(m, λ) is necessary. Some references commonly used to 
determine E(m, λ) are available in [22]. Particularly, many 
investigations were performed to provide an accurate value 
of E(m) at 1064 nm. E(m, 1064 nm) is considered as a 
reference because at this wavelength, PAHs are transpar-
ent which avoids the interference of LII signal with PAH 
fluorescence.

A low laser energy is employed for soot volume fraction 
measurements to avoid a phase change of soot particle that 
could occur at high laser energy [23] and could have an 
impact on E(m).

(1)

LII(�, t) = 24�

�f

∫
�i

C1

�6
⋅ E(m, �).

[

exp

(

C2

�.Tp(t)

)

− 1

]−1

⋅ fv(t) ⋅ d�,

3.1.2 � Broadband LII experimental setup

Three optical accesses (Fig. 5) are implemented in the chim-
ney with 120-mm diameter to allow laser-based diagnostics. 
A 10-Hz-pulsed Nd–YAG laser [Big Sky, Quantel CFR 200, 
full width at half maximum (FWHM) = 5 ns] is used to probe 
soot particles in the exhaust of the boiler through two circu-
lar quartz windows (20 mm). The LII signal emitted from 
the center of the chimney is detected perpendicularly to the 
laser propagation through a rectangular quartz window. A 
broadband detection of LII radiation (named broadband LII 
in the following) is performed using a set of two achromatic 
lenses with 200-mm and 150-mm focal lengths focusing the 
light onto a photomultiplier tube (PMT, Philips XP2237). A 
LabVIEW program has been developed to record and save 
the LII data simultaneously with the signal relative to the 
pellets loading and the 6 thermocouples measurements.

3.2 � Two‑color laser‑induced incandescence (2C‑LII)

3.2.1 � Principle

The two-color LII (2C-LII) is developed by Snelling et al. 
[19] to measure the absolute soot volume fraction and the 
maximum particles temperature reached during the laser 
pulse. In this approach, the incandescence decay time is 
measured using two different wavelength detection regions. 
It is recommended to select the detection regions above 
500 nm to avoid the variation of E(m) versus wavelengths 
[24]. Previous investigations of E(m, λ)/E(m, 1064 nm) in 
different flames fueled with gas and liquid hydrocarbons 
show that the extinction properties of soot are relatively 
independent of fuel type and that the E(m) ratio is constant 
between 530 and 1064 nm [24–28]. In the present work, 
detection regions centered on 530 and 700 nm are selected 
to apply the 2C-LII and derive the absolute soot volume 
fraction. LII measurements have been carried out using 

Fig. 5   Left and center: pictures of the LII experimental setup, right: the chimney equipped with three optical accesses for optical diagnostics and 
a sampling port for SMPS analysis
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laser energy (adjusted to 0.15 J/cm2) under the sublimation 
threshold to avoid any phase change [23].

Assuming that exp(C2/(λ·Tp(t))) ≫ 1 in Eq. (1), the LII 
signal SLII (λi, t) detected in a narrow spectral region Δλi 
centered on λi can be written as:

where β(λi) is the detection efficiency of the experimen-
tal setup in the region Δλi measured using an integrating 
sphere (SphereOptics) with a calibrated, uniform, thermal 
controlled blackbody-like radiation. The radiation emitted 
by the sphere SL(TL, λi) and detected with the same LII setup 
can be expressed as:

where εL(λi) is the emissivity of the sphere (given at 0.994) 
and TL is the blackbody temperature.

The maximum particles temperature Tp reached during 
the laser pulse is derived from the ratio of the LII signals 
in the two spectral regions (Eq. 4), while the absolute soot 
volume fraction fv is obtained from the ratio of the LII signal 
and the sphere radiation in a selected spectral region (Eq. 5):

(2)

SLII(�i, t) = 24� ⋅

C1

�6
i

⋅ �(�i) ⋅ E(m, �i) exp

(

−
C2

�i ⋅ Tp(t)

)

⋅ fv(t) ⋅ Δ�i,

(3)SL(TL, �i) =
C1

�5
i

⋅ �(�i) ⋅ �L(�i) exp

(

−
C2

�i ⋅ TL

)

⋅ Δ�i,

(4)

Tp = C2

(

1

�2
−

1

�1

)

[

Ln

(

SLII(�1, t)

SLII(�2, t)

)

⋅

�(�2)

�(�1)
⋅

�6
1

�6
2

⋅

Δ�2

Δ�1

]−1

,

3.2.2 � The 2C‑LII experimental setup

The same excitation setup as for the broadband LII signal 
is used for the 2C-LII experiment. The detection system is 
composed by a set of two achromatic lenses (f1 = 200 mm, 
f2 = 150 mm) and an optical fiber collimator that collimates 
the emitted light into an optical fiber (200-µm core). The 
fiber is connected to a Hamamatsu block customized for a 
dual-wavelength detection (Fig. 6). This block contains a 
dichroic mirror that transmits wavelengths above 625 nm 
and reflects light below this wavelength. Two filter blocks 
centered at 530 and 700 nm with 40 and 60 nm FWHMs, 
respectively, are placed in front of two identical photo-
multiplier tubes (PMT-20, Hamamatsu factory) to record 
the LII signal. As mentioned above, the detection effi-
ciency ratio (required for Eq. 4) is obtained by recording 
the radiation of the integration sphere in the two spectral 
regions using the same 2C-LII setup. The temperature TL 
of the blackbody radiation is adjusted with a power sup-
ply and measured with a calibrated spectrograph linked to 
the sphere. For these measurements, the temperature TL is 
fixed at 3074 K.

(5)fv =
SLII(Tp, �1)

SL(TL, �1)
⋅

�L(�1) ⋅ �1

24�E(m)
exp

[

−
C2

�1

(

1

Tp
−

1

TL

)]

.

Fig. 6   The two-color LII experi-
mental setup
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3.3 � Laser extinction

3.3.1 � Principle

The laser extinction technique has been widely applied to 
quantify the particulate carbonaceous pollutants in different 
experimental apparatuses [29]. This technique consists in 
measuring the ratio of the incident (I0) and transmitted light 
(I) expressed by the Beer–Lambert law (6) as:

where L is the path length and Kext is the dimensionless 
extinction coefficient. The extinction of a laser beam at 
λ = 1064 nm in sooting environment is primarily caused by 
the absorption and the scattering of light (Rayleigh/Mie scat-
tering) by particles. In this work, we assume that the light 
extinction due to the scattering is negligible based on the 
SMPS measurements of particles size distributions in the 
exhaust of the boiler (see Sect. 4.1). Hence, the extinction 
ratio can be correlated with the concentration of absorbent 
particles as:

3.3.2 � Extinction experimental setup

Laser extinction measurements are performed using a con-
tinuous laser at 1064 nm (laser 2000, 100 mW) injected in 
the exhaust of the boiler through the two circular quartz 
windows. The transmitted light and a portion of the inci-
dent light reflected by a beam-splitter are detected using 
two low-noise trans-impedance amplifiers (PDA) (Fig. 7). 
Laser extinction measurements are coupled with broadband 
LII measurements using the same experimental setup pre-
sented in Sect. 3.1.2. The signal related to the incident and 
the transmitted laser, the LII decay time and the signal rela-
tive to the pellets loading are recorded simultaneously using 
a LabVIEW program.

4 � Results and discussion

4.1 � Particle size measurements using SMPS

The particles size distributions (Dp being the mobility 
diameter of particle) are measured using a nanoparticle-
size spectrometer (nano-ID NPS 500) with a sensitivity 
range between 5 and 500 nm. The samples are extracted 
from the first combustion chamber and from the exhaust of 

(6)
I

I0
= exp(−Kext ⋅ L),

(7)ln

(

I

I0

)

= −
6�E(m, �)

�
⋅ fv ⋅ L.

the boiler. The measurements in the exhaust are performed 
during the start-up and the steady-state phases of the boiler. 
The size distributions of solid particles extracted from the 
exhaust and from the first combustion chamber are presented 
in Fig. 8a, b, respectively. The size distribution measure-
ments in the exhaust are labeled alphabetically and high-
lighted in Fig. 8c. The signal related to the angular rotation 
of the screw conveyor and, thus, to the pellets loading is 
recorded simultaneously with water temperature. This signal 
is not shown for clarity but used to interpret the operating 
regimes of the boiler. The boiler is working at nominal con-
ditions where the pellets are introduced during 3 s with a  
24 s interval between two pellets loads. In the start-up phase, 
the water temperature is lower than the set-point (65 °C) and 
the pellets load cycle [feeding time, stand period (Fig. 3)] 
is repeated continuously during the first 50 min. The mean 
diameter of particles probed in this phase is minimal (lower 
than 10 nm) and the bimodal size distribution is dominated 
by the small-size mode (point A). At the end of the start-up 
phase, the water temperature increases rapidly from 30 to 
60 °C. A transition phase observed from t = 50 min to 2 h 
shows a slow increase of the water temperature and a fast 
growth of particles diameter. The pellets loading cycle is 
also repeated continuously during this phase and the size 
distributions show a bimodal structure dominated by the 
large-size mode (points B, C and D). Finally, the boiler 
reaches the steady state after 2 h and a periodic thermal 
cycle is established. During a period of this cycle (12 min), 
the water temperature increase is correlated with the auto-
matic pellets loading, while no pellets are introduced during 
the decrease of the temperature. The combustion efficiency 
is optimized in the steady regime and the particles diameters 
show lower values compared to the transition phase. SMPS 
measurements in the first combustion chamber during the 
steady state (Fig. 8b) show a set of three monodisperse size 

Fig. 7   Experimental setup of the simultaneous laser extinction and 
broadband LII measurements
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Fig. 8   a Size distributions of particles extracted from the exhaust (A: 
start-up phase; B, C: transition phase; and D: steady state), b three 
size distributions of particles extracted from the first chamber (fur-

nace) of the boiler during the steady state, c median diameter of par-
ticles probed in the boiler exhaust and the water temperature versus 
time
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distributions with a mean diameter of particles varying from 
7 up to 20 nm. Surface growth, coagulation and agglomera-
tions processes occur from the first combustion chamber to 
the exhaust where the median size of particles is around 
35 nm.

4.2 � LII signal and soot volume fraction

Here after, the LII results come from different campaigns 
and are represented differently due to the sampling intervals. 
We present in Fig. 9 the maximum of broadband LII signal 
which is very sensitive to the presence of soot nanoparticles 
because of the large LII detection range, i.e., over some hun-
dreds nanometers. The LII signals versus time (black line) 
are recorded simultaneously with a binary signal related to 
the pellets loading in the first combustion chamber (red line) 
(0: no pellets; 1: pellets are fed in this chamber). Water tem-
perature (blue stars) is presented in the same plot to define 
the start-up and steady phases. Consistent with the SMPS 
results, low intensities of LII signals are measured during the 

start-up phase (up to around 1 h). Soot particles have small 
diameters and probably low concentrations in this phase.

High intensities of LII signals are observed after 1 h 
from the ignition. Once the thermal cycle is established, 
LII emission shows also periodic cycles and the maximum 
of LII emission occurs during or after the loading of pel-
lets introduced in the first combustion chamber. Indeed, the 
introduced pellets are heated in contact with the ember bed 
up to their ignition temperature.  Their incomplete combus-
tion produces different unburned species including soot 
nanoparticles.

In Fig. 10, the local measurements of soot volume fraction 
obtained with the 2C-LII technique and the signal related to 
the pellets loading are plotted versus time. In this study, an 
E(m) value of 0.4 is chosen to well represent mature soot in 
the exhaust of the boiler [30]. No soot is detected during the 
start-up regime, while a periodic soot emission is observed 
when the boiler reaches the steady state. The obtained results 
show that the maximum soot emission is around 160 ppb. 
We should note that these measurements represent a local 
soot concentration detected in small volume of measurement 

Fig. 9   Maximal intensities 
of broadband LII (black line) 
measured simultaneously with 
the signal related to the pellets 
loading (red line). The water 
temperatures are presented to 
define the start-up and steady 
regimes (blue stars)

Fig. 10   Soot volume frac-
tion obtained with the 2C-LII 
technique (red line) measured 
simultaneously with the signal 
related to the pellet loadings 
(black line) versus time
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defined by the laser beam diameter and the collection solid 
angle of the optics. We assume that the radial distribution 
of the soot volume fraction is uniform at the exhaust but in 
further experiments, one should take advantages of a camera 
to map instantaneously the soot along the entire diameter of 
the exhaust.

4.3 � Comparison between LII and laser extinction 
technique

Particles volume fraction, broadband LII signal (a new series 
of measurement compared to Fig. 9) and water temperature 
are reported in Fig. 11 as a function of time. Particles vol-
ume fraction is obtained by measuring the extinction of a 
continuous laser beam at 1064 nm intercepting the exhaust 
of the boiler and by neglecting (for this first attempt in a bio-
mass boiler) the scattering (according to Eq. 7). LII signals 
are recorded simultaneously with the extinction measure-
ments using a pulsed laser also at 1064 nm and a broadband 
detection (setup described in Fig. 7). Comparing LII signals 
emitted by incandescent soot particles to the extinction sig-
nal induced by solid particles (dust, soot, fly ashes, etc.) 
provide additional information about the nature of the solid 
particles in the boiler exhaust.

Here, E(m) has been selected at 0.4 as for mature parti-
cles [30] to estimate the volume fraction of all the particles. 
Results show that the light extinction increases gradually 
during the startup regime, while no LII signal has been 
detected during the first 30 min of the boiler operation time. 
This extinction could be associated with the presence of 
non-incandescent particles (probably dust, fly ashes, etc.) 
that may absorb weakly at 1064 nm and/or scatter the light 
but do not induce an incandescence signal due to their large 

size (micrometric range). Up to 30 min, the “equivalent vol-
ume fraction” increases and reaches around 2.2 ppm.

The first LII signal is detected 35 min after the boiler 
operation. The extinction signal increases and the equiva-
lent volume fraction reaches a ‘plateau’ region 1.5 h after 
the ignition. In this study, as a first hypothesis, we consider 
this extinction level as a background signal from non-soot 
particles during the total duration of the test.

When the thermal cycle is established (after 1.75 h of the 
boiler operation), extinction and LII signals exhibit periodic 
cycles linked to water temperature cycles.

The lowest concentrations of solid particles (measured 
by extinction) are observed when the temperature decreases 
and hence when no pellets are loaded in the first combustion 
chamber. In this region (negative slope), the extinction of 
the laser is probably attributed to the soot particles formed 
during the combustion process while the contribution of 
ashes via absorption or scattering is probably important in 
the positive slope of particles concentration regions.

The volume fraction measured by extinction was not cor-
rected for scattering of fly ash and soot. Further experiment 
will include the scattering measurement perpendicular to the 
laser axis across the chimney. We should note that the LII 
measurements represent a local soot concentration detected 
in small volume while the extinction measurements con-
sider all the particles present within the laser beam along 
the chimney diameter (120 mm).

According to the particle volume fraction measured by 
extinction due to soot and fly ashes, on the basis of mature 
soot E(m) around 0.4, after the start-up phase, the LII 
(detected at 700 nm) trapping could reach an important value 
close to 70%.

In further investigation, the laser fluence will be increased 
to the sublimation plateau (or threshold) to minimize the 

Fig. 11   Particles volume frac-
tion (green line), broadband LII 
signal (blue line) and water tem-
perature (black line) recorded 
simultaneously versus time
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effect of laser extinction across the chimney on LII signal 
detection. Moreover, in future investigations the optical 
excess will be enlarged, to understand the influence of LII 
trapping and study the radial evolution of LII signal inside 
the chimney.

Moreover, in future investigations, to understand the 
influence of LII trapping, the optical excess will be enlarged 
to study the evolution of LII signal versus the radial position 
inside the chimney in the detection direction.

Finally, LII measurement using ICCD camera along the 
entire laser propagation will be used to ensure correct soot 
volume fraction measurement inside the chimney.

5 � Conclusion

The aim of this study is to define an experimental protocol 
that provides a real-time characterization of the particulate 
matter emissions in a small-scale biomass boiler. The test 
bench used here is a 30-kW boiler fueled by wood pellets 
where the pellets are supplied in a fixed bed furnace by a 
screw conveyor. This boiler is equipped with an oxygen sen-
sor to automatically adjust the air excess and a secondary 
combustion chamber that optimizes the combustion and the 
thermal efficiency. Laser-based diagnostics including the 
broadband LII, the two-color LII and the laser extinction 
have been performed to measure the particles volume frac-
tion in the exhaust of the boiler. Complementary measure-
ments of the temperature distributions in the second com-
bustion chamber using a set of S-type thermocouples have 
been implemented to provide additional information about 
the boiler operation. Particles size distribution measure-
ments have been carried out in the first combustion cham-
ber and in the exhaust using a SMPS over the size range of 
5–500 nm. All these measurements have been performed in 
the start-up, transient and steady-state phases of the boiler 
standard operating regime.

The experimental results can be summarized as follows:

•	 The flue gas temperatures measured at different posi-
tions in the second chamber show that the temperature 
increases when pellets are supplied in the furnace and 
decreases when the screw conveyor stops with maximal 
values reached at mid-cycle. The highest flue gas tem-
peratures are located near the center and the top of the 
second chamber. The burned gases introduced into the 
second chamber are heated by radiation which enhances 
the combustion and the thermal efficiency of the boiler.

•	 The mean diameters of particles at the exhaust are mini-
mal in the startup phase with a bimodal size distribution 
dominated by the small-size mode. Then, the particles 
median diameter increases significantly in the transient 
phase, reaches a maximum around 45  nm and then 

decreases slightly until reaching a plateau region around 
35 nm in the steady-state regime. The particles have also 
a bimodal size distribution dominated by the large-size 
particles especially during the transient regime. In the 
first combustion chamber, monodisperse size distribu-
tions have been obtained during the steady state with a 
mean diameter of particles varying from 7 to 20 nm. Par-
ticles undergo surface growth, coagulation and agglom-
eration processes in the second chamber and exit the 
chimney with a median diameter around 35 nm.

•	 The broadband LII and the two-color LII techniques 
show that the soot concentration is very weak during 
the start-up phase which is consistent with the SMPS 
results. When the thermal cycle is established, LII emis-
sion shows periodic cycles and peaks mostly when no 
pellets are introduced in the first combustion chamber. In 
the steady-state regime, the maximal values of the soot 
volume fractions corresponding to the 2C-LII detection 
are around 160 ppb. The LII trapping along the radius 
of the chimney should be taken into account in further 
investigations.

•	 The laser extinction signal measured simultaneously with 
the broadband LII signal shows a continuous increase 
during the start-up regime. This suggests that the parti-
cles responsible of the laser extinction are non-incandes-
cent particles (probably dust, fly ashes) that exceed the 
detection range of the SMPS (> 500 nm). When the ther-
mal cycle is established, the extinction and LII signals 
exhibit both periodic cycles linked to water temperature 
cycles (pellets loading) and the mean particle (soot and 
fly ashes) volume fraction determined by extinction is 
around 2.2 ppm.

To correctly compare the emitted soot volume fraction by 
2C-LII technique and the quantity of dust/fly ash concentra-
tion with extinction, it will be necessary in future investiga-
tions to image the LII signal over the whole diameter of the 
chimney using a pulsed camera.

Particles size measurements with a higher upper limit 
range (> 2.5 µm) should be performed to estimate the scat-
tering contribution in the extinction measurements, elastic 
scattering of the laser beam which will be measured perpen-
dicularly to the laser axis across the chimney.

The impact of the operating conditions and the pellets 
composition on the particulate matter emission will also be 
considered in the future.
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