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Abstract 

We report accurate in-situ optical measurements of surface temperature, volatile gas temperature, and 

polycyclic aromatic hydrocarbon (PAH) emission over the whole burning history of individual biomass pel- 
lets in various combustion atmospheres. Two biomass fuels, wood and straw, were prepared in cylindrical 
pellets of ∼300 mg. The pellets were burned in a well-controlled combustion atmosphere provided by a lam- 
inar flame burner with temperature ranging from 1390 K to 1840 K, and oxygen concentration from zero to 

4.5%. The surface temperature of burning biomass pellets was accurately measured, for the first time, using 
phosphor thermometry, and the volatile gas temperature was measured using two-line atomic fluorescence 
thermometry. PAH emission was monitored using two-dimensional laser-induced fluorescence. During the 
devolatilization stage, a relatively low surface temperature, ∼700 K, was observed on the burning pellets. The 
volatile gas temperature was ∼1100 K and ∼1500 K 5 mm above the top of the pellets in a gas environment of 
∼1800 K with 0.5% and 4.5% oxygen, respectively. PAH mainly released when the temperature of the pellet 
exceeded ∼600 K with the highest concentration close to the surface and being consumed downstream. The 
weight of the released PAH molecules shifted towards lighter with a reduction of gas environment temper- 
ature. The wood and straw pellets had almost the same surface and volatile gas temperature but different 
compositions in the released volatile gases. The temperature information provided in the present work aids in 

revealing the reactions in the burning biomass fuels regarding species release, such as various hydrocarbons, 
nitrogen compounds, and potassium species, and is valuable for further development of biomass thermal 
conversion models. 
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Biomass is a renewable and carbon-neutral en-
rgy source, which can provide heat and power
hrough combustion, or biofuels through gasifica-
ion. Understanding the thermal conversion pro-
esses of biomass is essential to achieve higher ef-
ciency and lower emissions. However, the ther-
al conversion of solid biomass fuels is a complex

henomenon involving heterogeneous and homo-
eneous chemical reactions, heat and mass trans-
ers, and phase transitions. Individually burning
iomass pellets were investigated [1-3] , to facilitate
he fundamental understanding and to support the
evelopment of modeling [4 , 5] . Recently, advanced

n-situ optical techniques have been developed to
uantitatively measure the important species re-

eased from burning biomass pellets, such as potas-
ium atoms [1] and HCN molecules [2] . However,
ccurate temperature is needed to correlate these
aluable data into a deepened understanding of the
eaction processes. 

Thermocouples have been applied in temper-
ture measurements either embedded in the cen-
er or attached on the surface of biomass sam-
les [5-7] . However, perturbations are introduced
hrough heat transfers and catalytic effects from the
hermocouple wires. Pyrometer is a non-intrusive
ethod and can be used to measure the surface

emperature of burning biomass pellets [3 , 5] . How-
ver, during the devolatilization stage, the low-
emperature surface only provides weak thermal ra-
iation, which can barely be detected. The strong

nterference of the optical emissions from soot and
ot burner walls can introduce significant uncer-
ainties. To achieve an accurate surface measure-
ent of biomass pellets over the whole burning

istory, in this work, for the first time, phosphor
hermometry was employed, which can cover from
ryogenic temperatures to above 1700 K [8] . More-
ver, the temporal variation of the volatile gas tem-
erature was recorded using two-line atomic fluo-
escence (TLAF) thermometry with indium atoms
9] , which can provide spatially and temporally re-
olved measurements in particle-laden and sooty
ames [10 , 11] . 

As dominant hydrocarbons in the volatile gases
eleased from burning biomass, polycyclic aromatic
ydrocarbons (PAHs) were measured using pla-
ar laser-induced fluorescence (PLIF), which were
orrelated to the obtained temperature informa-
ion. The mass loss during the burning of the
ellets was monitored in real-time using a weight
cale. Well-defined combustion atmospheres were
dopted. The temperature and oxygen concentra-
ion varied from 1390 K to 1840 K, and from zero
o 4.5%, respectively, for a systematic investigation
f the influence of the combustion atmosphere. For
ach case, the result with a standard deviation was
btained based on three repetitions. The experi-
mental results, especially the accurate temperature
information of the burning single biomass pellets
newly obtained in the present work, can facilitate
the fundamental understanding of the underlying
thermal chemistry in the burning biomass fuels and
the progress in modeling. 

2. Experimental setup 

2.1. Burner and flame conditions 

A laminar flame burner, referred to as multi-
jet burner [12] , shown in Fig. 1 a, was used to pro-
vide hot gas environments. In the jet chamber of 
the burner, the premixed CH 4 /air/O 2 gas flow is
distributed into 181 jet tubes. On the outlet of 
each tube, a premixed flame is stabilized. The co-
flow gas, mainly N 2 and air, is introduced through
the co-flow chamber and evenly distributed around
each jet tube through a perforated plate. The mix-
ture of the co-flow and the flue gas of the pre-
mixed jet flames generates the hot gas environ-
ments above the burner outlet, which has a size
of 85 mm × 47 mm and is ∼29 mm above the out-
lets of the jet tubes. The hot flow has a mean
speed of ∼1 m/s. A flow stabilizer is placed 35 mm
above the burner outlet. The temperature of the
flow stabilizer surface facing the hot flue gas was
measured to be ∼800 K using a B type thermo-
couple (OMEGA). The flame conditions adopted
in the present study are shown in Table 1 . The
gas temperatures in the table were measured us-
ing TLAF thermometry with indium atoms [9] .
The biomass pellets were placed with their centers
∼5 mm above the burner outlet. The biomass pel-
lets were cylindrical and weighed ∼300 mg each.
Two types of biomass fuels, wood and straw, were
investigated. The wood and straw pellets had sizes
of around 6 mm × 10 mm and 8 mm × 5 mm (diam-
eter × length), respectively, in similar volume and
surface area. The properties of the biomass fuels
are presented in Table S1 in the supplement. The
biomass pellets were held by two ceramic rods of 
1 mm in diameter, as shown in Fig. 1 a. The rods
were fixed on a weight scale (A&D company), and
the mass loss of individually burning biomass pel-
lets was monitored with a precision of 1 mg. 

2.2. Phosphor thermometry 

Phosphor thermometry, including the lifetime
method and spectral method, has previously been
applied to measure surface temperature on burn-
ing materials [13 , 14] . The lifetime method assesses
the temperature by monitoring the phosphores-
cence lifetime, which is more sensitive at higher
temperatures than the spectral method [15] . Two
phosphors, Mg 4 FGeO 6 :Mn and YAG:Tb (Phos-
phor Technology), were used in this work with the
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Fig. 1. Schematics of the multi-jet burner (a), the experimental setup of phosphor thermometry (b), TLAF thermometry 
(c), and the LIF images of atomic indium above the burning wood pellet at devolatilization and char stage (d). 

Table 1 
Summary of the flame conditions adopted in this experiment. The temperature was measured 5 mm above the burner 
outlet. 

Flame Gas flow rate (sl/min) Fuel–air Gas product O 2 in gas 

Case Jet-flow Co-flow equivalence ratio φ temperature (K) products (%) 

CH 4 Air O 2 N 2 Air 

T1O1 2.66 17.34 1.89 10.83 7.74 0.74 1750 4.5 
T1O2 2.66 17.34 1.89 18.60 0.00 0.96 1790 0.5 
T1O3 3.04 17.11 1.86 13.95 0.00 1.12 1840 0 
T2O1 2.47 12.23 2.58 18.97 8.90 0.70 1550 4.5 
T2O2 2.47 12.23 2.58 27.90 0.00 0.96 1530 0.5 
T3O1 2.28 11.89 2.26 22.69 9.83 0.67 1390 4.5 
T3O2 2.28 11.89 2.26 32.55 0.00 0.96 1400 0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lifetime method to measure surface temperatures
of burning pellets from 300 K to 950 K, and from
850 K to 1300 K, respectively. The uncertainty, var-
ied with phosphor sensitivity, was typically below
1% in temperature sensitive regions. The correla-
tion between the decay time and the temperature
was obtained using the calibration procedure re-
ported by Nada et al. [16] . 

The phosphors were excited by a 266 nm beam
from a 10 Hz Nd:YAG laser (Brilliant B) with
5 ns pulse duration. The pulse energy was 2.6 mJ
for Mg 4 FGeO 6 :Mn and 3.0 mJ for YAG:Tb.
The phosphorescence signal was detected using a
photomultiplier tube (PMT, Hamamatsu H11526-
20-NF). The PMT’s gating functionality was used
to temporally filter out short-lived components,
including fluorescence and elastic laser scattering.
Bandpass filters at 483 nm (FWHM = 31 nm)
and 656 nm (FWHM = 10 nm) were used for
the YAG:Tb and the Mg 4 FGeO 6 :Mn phosphor,
respectively, to isolate the phosphorescence emis-
sion band with the appropriate temperature 
sensitivity and signal strength. The PMT signal 
was connected to an oscilloscope using a 50 Ω 

input resistance. 
The phosphor powder was mixed with HPC 

binder (ZYP Coatings Inc.) and applied as approx- 
imately 4 mm diameter spots to the surface of the 
pellets. When conducting phosphor thermometry, 
it is desirable to keep the phosphor coating thin to 

minimize potential temperature gradients across 
the sensor material. The mean thickness of the 
layer was estimated to be around 2 μm and should, 
therefore, give negligible temperature gradients. 
The influence of the phosphor on the char oxida- 
tion was also observed to be negligible, as at this 
stage, only dispersed phosphor particles remained 

on the pellet surface. During the combustion, 
the phosphorescence signal could decrease due 
to loss of phosphor particle or absorption and 

scattering from volatile gas, but it has no direct in- 
fluence on the decay time and the temperature mea- 
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urement. Only one phosphor was applied on a pel-
et at a time to reduce experimental complexity. For
ach flame condition, both phosphors were used
n three pellets using the setup shown in Fig. 1 b. 

.3. Two-line atomic fluorescence 

Two-line atomic fluorescence thermometry was
dopted to measure the gas temperature above the
urning biomass pellet, as shown in Fig. 1 c. Two
ontinuous-wave diode lasers (Toptica, DL100pro
nd DL100) produced ∼5 mW laser beams at
10 nm and 451 nm. The beams were overlapped
sing a dichroic mirror and passed 5 mm above
he top of the biomass pellets. Into the volatile
lume, indium atoms were continuously released
rom the ceramic rods beneath the biomass pel-
et as the tips of the rods had been dipped into
n indium chloride (InCl 3 ) water solution. The in-
ium atoms were excited to a common upper level
rom two different lower levels by the 410 and
51 nm laser with transitions 5 2 P 1/2 → 6 2 S 1/2 and
 

2 P 3/2 → 6 2 S 1/2 , respectively. Typical photos with
he LIF signal above the biomass pellet at volatile
nd char burning stages are presented in Fig. 1 d. In
rder to eliminate the influence of elastic scattering,
IF signals from non-resonant transitions were
ollected to derive the temperature. Two ICCD
ameras (Andor iStar, and Princeton PI-MAX II,
024 × 1024 pixels) with filters centered at 410 nm
nd 450 nm (FWHM = 10 nm) were used. The laser
ower and wavelength were monitored by a pho-
odiode (PDA100A2, Thorlabs) and a wavemeter
HighFinesse UV6-200). The two lasers switched
ith a time gap of 14 ms and at 7 Hz using a beam

hopper. The cameras were synchronized with the
asers and had an exposure time of 1 ms. Since the
ime gap was quite short, there was almost no in-
uence from the slow fluctuation of the volatile gas
lume in the measurement. The two cameras were
alibrated to compensate for differences in detec-
ion efficiency. The temperature derivation was re-
orted by Borggren et al. [9] , and the uncertainty
as around ±3%. 

.4. Planar laser-induced fluorescence of PAH 

The distribution of the PAH released from
he burning biomass pellet during the devolatiliza-
ion stage was visualized using PLIF. The third
nd fourth harmonic of a Nd:YAG laser (Bril-
iant B) provided the 355 nm and 266 nm laser
ulse, respectively, which were used as the excita-
ion source separately. The laser beam was formed
nto a laser sheet of ∼1 mm thickness above the
urning biomass pellet in the vertical plane. The
uorescence at 410 nm and 515 nm was captured
y an ICCD camera (Andor iStar) simultane-
usly through a stereoscope lens having 410 nm
nd 515 nm band-pass filters (FWHM = 10 nm) in
ach channel. The signal acquisition frequency was
3 Hz. The laser fluence for 266 nm and 355 nm laser
beam at the probe location was ∼3.6 mJ/cm 

2 and
∼9 mJ/cm 

2 , respectively. The laser-induced incan-
descence of soot was negligible due to low laser flu-
ence, and small gate-width of the camera of 20 ns,
without delay. 

3. Results and discussion 

The surface temperature of individually burning
biomass pellets in different hot gas environments
over the burning time is shown in Fig. 2 . The burn-
ing process was separated into two stages, i.e. de-
volatilization and char conversion indicated by the
vertical dash lines in Fig. 2 . The burning phase was
shifted from devolatilization to char conversion as
the mass loss rate of the burning biomass pellets
(cf. Fig. 5 ) reduced to below 1 mg/s. The measure-
ment position was located at the side of the pel-
let, as shown in Fig. 1 b. Immediately after being
introduced into the hot gas flow, the pellet was
heated up, and the surface temperature increased
from room temperature to ∼600 K in the first 10 s
(cf. Fig. 2 ). When the temperature exceeded 600 K,
decomposition [17] occurred in the wood pellet,
and volatile gases were released. Since this is an en-
dothermic process, only a mild increase in temper-
ature was observed until the devolatilization stage
ended at ∼60–70 s. A decline of ∼150 K on the sur-
face temperature was observed, when the gas en-
vironment temperature reduced by 400 K through
switching from case T1O2 to T3O2, as shown in
Fig. 2 a and 2 c. Higher surface temperature was
observed under the conditions with 4.5% oxygen
compared to the conditions with 0.5% oxygen (cf.
Fig. 2 b), since under the former conditions, volatile
gases burnt above the pellets (cf. Fig. 1 d), providing
additional heat to the pellets. In cases of T1O2 to
T3O2, the hot surrounding gas contained almost
zero oxygen to oxidize the volatile gases. Compar-
ing wood and straw pellets, similar surface temper-
atures were observed (cf. Fig. 2 a and 2 d). After
the devolatilization stage, the surface temperature
quickly increased, and char burning started. 

During the whole char burning stage, the sur-
face temperature almost remained constant and
was ∼500 K lower than the hot surrounding gas, as
shown in Fig. 2 b and 2 c. It should be noted that for
the cases T1O1 and T1O2, the surface temperature
of the burning chars is absent (cf. Fig. 2 a) since
the measured decay time was shorter than the
calibration data, but the surface temperature could
be estimated to be approximately 1400 K by ex-
trapolating the present data supported by previous
calibrations on the phosphor [18] . The surface
temperature was lower than the surrounding gas
temperature, which indicates that the burning char
had significant heat losses through thermal radia-
tion and heat conduction through the holders. The
char burning in the cases with 4.5% oxygen had
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Fig. 2. Surface temperatures of individually burning biomass pellets in different hot gas environments over the burning 
time. Vertical dash lines separate the devolatilization stage and the char stage. 

 

 

 

 

 

 

 

 

 

a surface temperature ∼100 K higher than with
0.5% oxygen (cf. Fig. 2 b and 2 c), because the 4.5%
oxygen case was dominated by the exothermic char
oxidation reactions, while the 0.5% oxygen case was
dominated by the endothermic steam gasification
reaction C + H 2 O → CO + H 2 , and the Boudouard
reaction C + CO 2 → 2CO [19] . Straw pellets had
lower surface temperature than wood pellets
during the char burning stage (cf. Fig. 2 a and 2 d),
which might be caused by the higher ash content in 

straw. 
At 5 mm above the pellet, the temperature of 

the volatile gases was measured using TLAF ther- 
mometry. The horizontal distribution of the tem- 
perature along the laser beam (see LIF images in 

Fig. 1 d) is presented in Fig. 3 . In the devolatiliza- 
tion stage at 10, 40, and 65 s, the volatile gas temper- 
ature, ∼1200 K at the center, was significantly lower 
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Fig. 3. Temperature distribution of the gas 5 mm above an individually burning wood pellet in the hot flue gas of flame 
T1O2 ( T = 1790 K, φ= 0.96) at the devolatilization stage (10, 40, and 65 s) and the char stage (140 s) measured with TLAF. 
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han the surrounding gas temperature, but ∼400 K
igher than the surface temperature of the pellets
resented in Fig. 2 . The lowest gas temperature in
he center of volatile gas was observed at 40 s. At
his moment, the rate of the volatile release was
he greatest according to the mass loss rate curve
n Fig. 5 . The highest rate of volatile release led
o the least amount of hot flue gas being entrained
nto the center of the low-temperature volatile gas.
rom the temperature distribution, the size of the
olatile gas plume above the pellet spreads over
0 mm. During char burning, e.g. at 140 s, the tem-
erature above the pellet increased to ∼1500 K,
hile still lower than the surrounding gas tempera-

ure. The temperature decreased ∼200 K with only
he introduction of the ceramic holder into the hot
as flow as shown in Fig. 3 . 

The gas temperatures at the center of the volatile
as plume 5 mm above the top of the pellets in dif-
erent hot gas environments as a function of the
esidence time are shown in Fig. 4 . For the case
1O2 with 0.5% oxygen, the volatile gas tempera-

ure kept ∼1200 K. As the volatile gas release fin-
shed at ∼70 s, the temperature above the pellets in-
reased to ∼1400 K. For the case T1O1 with 4.5%
xygen, volatile gas flames were stabilized above the
ellets with a temperature of ∼1500 K. The volatile
as temperatures decreased when the surrounding
as temperature reduced (cf. Fig. 4 a- 4 c), similar to
he surface temperature as shown in Fig. 2 a- 2 c. The
ood and straw pellets almost had the same volatile
as temperature (cf. Fig. 4 a and 4 d). 

Since around 80% (dry basis) of the mass of the
iomass fuels was in the form of volatile (see Ta-
le S1 in the supplemental material), the mass loss
ainly occurred in the devolatilization stage. As

hown in the inset of Fig. 5 a, the initial mass of the
pellet was ∼300 mg, and after the devolatilization,
only ∼45 mg char was left. The mass loss started
with the increase of the surface temperature (cf.
Fig. 2 ) as the pellets were introduced into the hot
gas environment, and the mass-loss rate increased
and reached its maximum of ∼6 mg/s at ∼40 s. The
hot gas environment temperature and oxygen con-
centration could slightly affect the mass loss pro-
cess (cf. Fig. 5 a- 5 c). With a higher temperature and
oxygen concentration, the mass drop started earlier
and the devolatilization time decreased. The straw
and wood pellets had similar mass loss processes
(cf. Fig. 5 a and 5 d). 

In order to the correlate the volatile gas release
with the measured surface and volatile gas temper-
ature, the distribution of PAH in the volatile gas
and the release history in different hot gas environ-
ments was obtained and is shown in Fig. 6 . The
fluorescence signals at 410 nm and 515 nm indicate
relatively light and heavy PAH molecules, respec-
tively [20] . Typical images of the PAH LIF signal
at 410 nm are presented as the insets in Fig. 6 a,
where the pellet had the residence time of 40 s in
the hot gas environments. The PAH mainly existed
in the region close to the surface of the pellets
and was consumed quickly downstream. Much less
PAH LIF signal was observed in the gas environ-
ment with 4.5% oxygen than that with 0.5% oxygen.
With more oxygen, the volatile gas temperature in-
creased, from ∼1200 K to ∼1500 K (cf. Fig. 4 a).
Thus, the fluorescence quantum yield could be
halved [21] ; more PAH was transformed into soot
[22] and oxidized by the oxygen diffused from the
surrounding gas. 

The total PAH LIF signal as a function of the
residence time in different hot gas environments
with standard deviation from three measurements
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Fig. 4. Temperatures of the volatile gas 5 mm above individually burning biomass pellets in different hot gas environments 
as a function of the residence time. Vertical dash lines separate the devolatilization stage and the char stage. 

 

 

 

 

 

 

 

was used to present the PAH release history, as
shown in Fig. 6 . The signal trends were close to
the mass loss rate shown in Fig. 5 except in the
first ∼10 s, where no PAH release was observed.
Hence, mainly drying and dehydration reactions
occurred in this period at the temperature below
∼600 K. After ∼10 s, the PAH started to appear
and the surface temperature exceeded ∼600 K (cf. 
Fig. 2 ). The LIF signal had its maximum value at 
around 40 s and disappeared at the end of the de- 
volatilization stage. For cases with 4.5% oxygen (cf. 
Fig. 6 a, 6 b, 6 d and 6 e), the signal trend was almost 
independent of temperature, except some increase 
due to higher fluorescence quantum yield at a lower 
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Fig. 5. Mass and mass-loss rates of individually burning biomass pellets in different hot gas environments as a function 
of the residence time from the devolatilization stage to the char stage. Vertical dash lines separate the devolatilization stage 
and the char stage. 

t  

(  

o  

b  

t  

a  

e  

r  

t  

m  

i  

 

 

 

 

 

 

 

 

 

 

emperature. However, in cases with 0.5% oxygen
cf. Fig. 6 a, 6 b, 6 d and 6 e), less LIF signal was
btained when the surrounding gas temperature
ecame lower, especially at 515 nm. According to
he mass loss measurements (cf. Fig. 5 ), a similar
mount of volatile gases was released at all gas
nvironment temperatures. Since more significant
eduction occurred for the 515 nm fluorescence,
he released PAH appears to shift towards lighter
olecules with a reduction of ∼100 K and ∼200 K

n surface and volatile gas temperature due to lower
gas environment temperatures [23] . The straw pel-
lets have a lower PAH signal than that for the wood
pellets (cf. Fig. 6 a, 6 c, 6 d and 6 f), even though
they had similar surface temperature, volatile
gas temperature, and mass loss rate, as shown in
Fig. 2 , 4 and 5 . It indicates that different volatile
gases were generated in the pyrolysis of wood
and straw, which might be due to the significant
difference in ash content and composition shown
in Table S1, especially potassium and sodium with
its catalytic effect [24] . 
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Fig. 6. PAH LIF signal in the volatile gases above individually burning biomass pellets in different hot gas environments 
as a function of residence time. Excitation was performed at 266 nm (a–c) and 355 nm (d–f). Insets in (a): LIF images at 
410 nm of burning biomass pellets at the residence time of 40 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 

Single biomass pellets were burned in well-
defined hot gas environments provided by a lam-
inar flame burner, with varied temperatures from
1390 K to 1840 K and oxygen concentrations from
zero to 4.5%. Temporally resolved surface tem-
perature and volatile gas temperature of individ-
ually burning biomass pellets were recorded using
phosphor thermometry and two-line atomic fluo-
rescence thermometry, respectively. The spatial dis-
tribution of PAH molecules in the volatile gas was
recorded using two-dimensional LIF. The mass loss
of the burning pellet was monitored by a weight
scale. 

After a drying of ∼10 s with a quick increase of 
the surface temperature to ∼600 K, PAH started to
release, with a constant temperature around 700 K
until the end of the devolatilization stage. The PAH
in the volatile gases mainly distributed close to the
surface of the pellets before being consumed down-
stream. During the char conversion, the surface
temperature significantly increased but was still
∼500 K lower than the hot gas environment. Com-
paring with the cases with 0.5% oxygen in the hot
gas environments, the cases with 4.5% oxygen intro-
duced higher volatile gas temperature and surface
temperature due to the volatile gas burning above
the pellets. The gas environments with higher tem-
perature also led to higher surface temperature and
volatile gas temperature. As the surface tempera-
ture and volatile gas temperature decreased with
the gas environment temperature, the released PAH
was detected to shift towards lighter molecules. The
burning wood and straw pellets had almost no dif-
ference in surface temperature, volatile gas temper-
ature, and mass loss rate, but the released volatile
gas composition differed. 
In a future study, with the measurement of gas 
composition such as HCN and NH 3 important 
for nitrogen reaction mechanism using IR-DFWM, 
different alkali species using 2D-LIPF [25] and TD- 
LAS [1] , and different PAH molecules using LIF, 
the accurate temperature information obtained in 

the present work enables quantitative analysis of 
the underlying thermal chemistry in the burning 
biomass fuels and progress in modelling. 
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