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Abstract 

For the first time, to the best of the authors’ knowledge, nonintrusive quantitative measurement of hydro- 
gen cyanide (HCN) released during the devolatilization phase of straw pellets gasification is demonstrated 

with high spatial and temporal resolution. Mid-infrared degenerate four-wave mixing (IR-DFWM) mea- 
surements of HCN were performed by probing the interference-free P(20) line in the v 1 vibrational band at 
around 3 μm and the IR-DFWM signal was detected with an upconversion-based detector, providing dis- 
crimination of thermal noise and increased sensitivity. A novel single-pellet setup consisting of a multi-jet 
burner was used to provide hot flue gas environments with an even and well-defined temperature distribution, 
for single straw pellet gasification at atmospheric pressure. The environments had temperatures of 1380 K, 
1540 K and 1630 K with a constant oxygen concentration of 0.5 vol%. In order to quantify the amount of 
HCN released during the devolatilization of straw pellets, calibration measurements were performed in well- 
defined HCN gas flows. Selected hot water lines were probed with IR-DFWM in the interrogated volume 
to obtain the instantaneous temperature, which were used to correct the temperature effect. HCN concen- 
trations up to 1500 ppm were detected during the devolatilization stage, and the results indicate a strong 
temperature dependence of the HCN release. 
© 2018 The Author(s). 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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1. Introduction 

Biomass is an important renewable energy 
source, which is aimed for replacing part of the 

∗ Corresponding author. 
E-mail address: zhongshan.li@forbrf.lth.se (Z. Li). 

fossil fuels with its sustainable supply and CO 2 
neutrality. Some biomass fuels, such as agricultural 
residue, can have high nitrogen content, which can 

be transferred to NO x during combustion [1,2] . 
With the increasingly strict environmental stan- 
dard, more research on the nitrogen conversion 

behavior is needed to reduce the NO x emission. 
Large amounts of the fuel-nitrogen in biomass 
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can be released during the devolatilization stage of 
combustion/gasification as ammonia (NH 3 ), hy- 
drogen cyanide (HCN) or isocyanic acid (HNCO) 
[1–4] . When the environment temperature is above 
850–900 K, the release fraction in this stage can be 
about 80% [2] , which corresponds to about 70% 

volatile matter in most biomass [5] . NH 3 , HCN 

and HNCO are important precursors of NO x , 
and the investigation of their production rate and 

fraction is essential in the nitrogen chemistry study, 
which are affected by heating rate, particle size, 
atmosphere and mineral matters [1,3] . Numerous 
research works exist related to measurements of 
released volatile-N mainly through FT-IR and 

chemical absorption techniques where significant 
discrepancies between them were found. It was con- 
sidered to be due to the use of sampling methods 
since secondary reactions may take place before 
the gas analysis, such as HNCO may be hydrolyzed 

to NH 3 when using chemical absorption technique 
[1,2] . Sampling-based techniques were also proved 

to be inapplicable for detection of NH 3 and HCN 

due to their high hygroscopicity and reactivity. 
Laser-based diagnostic techniques are widely 

used in combustion research since they provide 
non-intrusive, in situ measurement with the pos- 
sibility of high spatial and temporal resolution. 
As the HCN molecule lacks electronic transitions 
in the UV/visible spectral regions, but is infrared 

active and has accessible vibrational bands in the 
infrared spectral region, its detection has been 

performed in the near or mid-infrared by probing 
absorption lines in the fundamental vibrational 
band, v 1 , around 3.04 μm or the overtone vi- 
brational bands, v 2 and v 3 , around 1.54 μm and 

1.04 μm, respectively [6,7] . Previous detection of 
HCN in flames has been performed using absorp- 
tion techniques such as wavelength modulation 

absorption spectroscopy (WMAS) by probing ab- 
sorption lines in v 2 [8] as well as continuous-wave 
cavity ring-down spectroscopy by probing HCN 

rotational lines in the v 2 and v 3 vibrational bands, 
respectively [9,10] . However, even though these 
techniques provide high sensitivity, its application 

for in situ measurement in flame environments 
were hindered by the strong interference from 

hot water lines and the line-of-sight nature of the 
techniques. 

Non-linear laser techniques based on wave- 
mixing provide coherent signal with high spatial 
resolution, sensitivity and discrimination against 
the background scattering, which are favorable in 

the harsh environment during biomass combus- 
tion/gasification. Kiefer and Ewart [11] reviewed 

the non-linear techniques that are applied for 
minor species detection in combustion research. 
Sensitive detection of infrared-active molecules by 
probing the strong fundamental stretching bands 
using mid-infrared polarization spectroscopy 
(IRPS) has been successfully demonstrated for 
some combustion important molecules, i.e. CH 4 

[12] , C 2 H 6 [13] , C 2 H 2 [14,15] , OH [16] , CO 2 and 

H 2 O [17] . Sun et al . [18] showed the possibility of 
in situ measurement of HCN in laminar flames 
using IRPS. High quality polarizers are of utmost 
important to polarization spectroscopy and the 
extinction ratio of the available polarizers in the 
mid-infrared sets the detection limit of IRPS 

technique. Degenerate four-wave mixing (DFWM) 
is another non-linear technique and was firstly 
presented by Abrams and Lind [19,20] and is 
nowadays a mature non-linear technique. Mid- 
infrared degenerate four-wave mixing (IR-DFWM) 
has been applied for sensitive CH 4 and C 2 H 2 de- 
tection [21] . The complexity involved accurate 
alignment of three invisible beams and the precise 
location of the signal beam has hindered practical 
applications of this sensitive and background-free 
IR-DFWM technique. 

Sun et al . [22] designed a set of BOXCARS 

plates to facilitate a stable forward phase-matching 
alignment of the IR-DFWM setup and this 
approach was demonstrated for HCl and acety- 
lene detection. Besides the detection of minor 
species, the IR-DFWM was also demonstrated 

for temperature measurement [23] by using the 
temperature sensitive water lines in the spectral 
interval 3230–3232 cm 

−1 . The main difficulty 
of working in the mid-IR is the cryogenically 
cooled InSb detectors, which have high thermal 
noise. Recently, a low noise upconversion-based 

detector has been demonstrated [24] together with 

IR-DFWM [25] and IRPS [26] for detection of 
acetylene and methane, respectively. 

In this work, we demonstrate quantitative in 
situ IR-DFWM measurements of HCN released 

during gasification of straw pellets at three dif- 
ferent gasification environment temperatures, i.e. 
1380 K, 1540 K and 1630 K, at atmospheric pres- 
sure. The HCN detection was performed during the 
devolatilization stage of the biomass gasification by 
centering the laser on the P(20) absorption line in 

the fundamental vibrational band v 1 . The released 

HCN concentration was retrieved after calibration 

measurement of known HCN concentration and 

with full consideration of the temperature depen- 
dence of the HCN signal. An upconversion-based 

detector was used to improve the sensitivity. 

2. Experimental setup 

2.1. IR-DFWM and upconversion detector 

A schematic view of the experimental setup is 
shown in Fig. 1 . The laser system providing mid- 
IR laser radiation has previously been described 

in more detail [17] and hence only a brief de- 
scription is given here. Laser radiation of 3 μm 

was generated by a laser system consisting of an 

injection-seeded Nd:YAG laser (Spectra Physics, 
PRO 290-10), a dye laser (Sirah, PRSC- D -18) and a 
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Fig. 1. Schematic view of the IR-DFWM setup. M: gold 
mirror, DM: dichroic mirror, L1: CaF 2 lens, f = 500 mm, 
L2: CaF 2 lens, f = −200 mm, L3: CaF 2 lens, f = 500 mm, 
L4: CaF 2 lens, f = 500 mm, L5: CaF 2 lens, f = 100 mm, 
A: aperture. The photograph shows an angled top view 

of the multi-jet burner with gasification of a straw pellet. 

difference frequency mixing unit. The fundamen- 
tal output of the Nd:YAG laser (1064 nm) was fre- 
quency doubled to 532 nm to pump the tunable 
dye laser (LDS798). The dye laser output tuned to 

790 nm was difference frequency mixed with a part 
of the residual 1064 nm beam from the Nd:YAG 

laser in a LiNbO 3 crystal, resulting in IR laser 
pulses. This IR laser beam was amplified in a sec- 
ond LiNbO 3 crystal pumped with another part of 
the residual 1064 nm beam, producing pulsed tun- 
able mid-IR laser radiation with pulse energy of 
4 mJ and pulse duration of 3–4 ns. In the work by 
Li et al. [17] , the linewidth of the IR laser has been 

measured to be 0.025 cm 

−1 . 
The infrared laser beam was guided through a 

telescope arrangement (L1, L2) to obtain a beam 

size of 2 mm and was spatially overlapped with a 
HeNe laser beam through a dichroic mirror (DM) 
to facilitate the optical alignment. The IR beam 

was split into four parallel beams using a set of 
specially coated BOXCARS plates [22] . Three of 
these beams were focused by an f = 500 mm CaF 2 
lens (L3) into a crossing point 3 mm above the 
burning pellets and the signal was generated along 
the pathway of the fourth beam. The probe vol- 
ume was estimated to be 0.4 × 0.4 × 6 mm 

3 . The 
IR-DFWM was collimated by another f = 500 mm 

CaF 2 lens (L4) and focused (L5) onto the upcon- 
version detector. The IR signal is upconverted to 

shorter wavelengths in the detector using sum fre- 
quency generation with a 1064 nm mixing laser in 

a periodically poled lithium niobate crystal. The 
power of the mixing laser was 90–100 W. The pol- 
ing period used was 21.5 μm, and the crystal was 
heated to 104.5 °C and 123 °C to phase match the 
HCN line and the water lines, respectively. The up- 
converted signal was near 790 nm in wavelength, 
and was detected using a time-gated silicon based 

camera (IDS model UI-3240CP-NIR-GL). The de- 

tector was triggered by the Nd:YAG laser with a 
time/delay generator (SRS, DG535). 

2.2. Multi-jet burner and straw pellet 

The straw pellets used in this study were cylin- 
drically shaped with a diameter and length of 6 
and 10 mm, respectively, and with a weight of 
420 ± 40 mg. Characteristics of the straw pellets 
are presented in Table 1 . The pellets were held 

by two ceramic rods (diameter 1 mm) and were 
placed in the hot gaseous environment provided by 
a laminar flame burner [27] consisting of 181 jets 
supporting premixed CH 4 /H 2 /O 2 /N 2 flames with 

equivalence ratio around 0.95 and a N 2 co-flow 

evenly surrounding the jets. Details about the 
premixed flame conditions are summarized in 

Table 2 . The flue gas temperatures were calibrated 

by two-line atomic fluorescence (TLAF) thermom- 
etry [27,28] and set to 1380 K, 1540 K or 1630 K 

with a constant oxygen content of 0.5 vol%. The 
photograph in Fig. 1 shows an angled top view 

of the multi-jet burner where the jet flames are 
visible together with gasification of a straw pellet. 
The IR-DFWM probe volume was located 3 mm 

right above the straw pellets. The burner was 
installed on a rail to enable a prompt moving in 

and out of the flame, which facilitated the optical 
alignment and definition of the starting time of 
each gasification/combustion operation. 

2.3. Calibration measurement 

In order to obtain quantitative HCN measure- 
ments, on-line calibrations were performed where 
concentration and temperature dependence of the 
HCN IR-DFWM signal recorded on the P(20) 
line (3248.48 cm 

−1 ) was investigated in gas flows 
containing known admixtures of HCN diluted 

in nitrogen. The gas mixture flowed through an 

open T-shaped heating gas tube, made of fused 

silica surrounded by an electrical heating wire and 

insulation. A thermocouple (type K, ETI Ltd) was 
inserted through the top of the heating tube and the 
gas temperature was assumed to be uniform in the 
IR-DFWM crossing point. The IR-DFWM signal 
was recorded for temperatures between 296 K and 

843 K, which is the operational temperature range 
of the heating tube. Temperature measurements 
using a thermocouple in this low temperature 
non-reactive flow are viable. The accurate in situ 
temperature values where HCN was practically 
measured are crucial for obtaining quantitative 
concentrations. However, thermocouple measure- 
ments are not adequate in these hot reactive flows. 
IR-DFWM probing the naturally available hot 
water lines was adopted in the work. The transient 
temperature values during the devolatilization 

stage of the straw pellets were recorded 3 mm 

above the pellet in the volatile plume for all flue 
gas temperatures and was obtained using the 
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Table 1 
Characteristics of the straw pellets. 

Low heating 
value (MJ/kg) 

Proximate analysis (wt%, as received) Ultimate analysis (wt%, dry ash free) 

Volatiles Fixed carbon Moisture Ash Carbon Hydrogen Nitrogen Sulfur Oxygen 

13.8 64.9 11.5 8.9 14.7 51.6 6.8 0.6 < 0.01 41.0 

Ash analysis (wt%, dry basis) 

Na 2 O MgO Al 2 O 3 SiO 2 P 2 O 5 SO 3 Cl K 2 O CaO Fe 2 O 3 TiO 2 Other oxides 
0.8 3.7 7.7 34.3 3.4 2.6 3.5 15.1 24.1 2.9 0.4 2.9 

Table 2 
Conditions for the premixed flame. 

Case Jet-flow(L/min) Co-flow 

(L/min) 
O 2 in flue gas 
(%) 

Temperature of 
flue gas (K) 

CH 4 H 2 Air N 2 N 2 

T1 2.53 0.44 26.07 2.20 7.70 0.5 1630 
T2 1.98 0.88 21.82 2.20 9.90 0.5 1540 
T3 0.88 3.52 17.70 7.70 11.00 0.5 1380 

ratio between two temperature sensitive water 
line groups located at 3230–3232 cm 

−1 , which has 
previously shown to be sensitive for determining 
flame temperatures [23] . Description about the 
calibration process is found below. 

3. Results and discussion 

3.1. HCN concentration calibration 

In order to convert the IR-DFWM signal to 

HCN concentration, a calibration measurement 
with known concentration is required where the op- 
tical setup is kept the same. In addition, a model 
is needed which includes the signal dependence on 

concentration and temperature. Our previous mid- 
IR DFWM works [22,23] using a similar laser sys- 
tem indicate that IR pulse energies above 1.5 mJ 
are needed to obtain a saturated excitation, while 
the IR pulse energy of 4 mJ is adopted in the 
present work to ensure a saturation condition. We 
base our approach on the work by Farrow et al. 
[29] with the assumption that the interaction length 

and laser intensity are constant for both calibration 

and real measurements. The DFWM signal is then 

described accordingly 

I DF W M 

( T, c ) = a · s ( T ) · c 2 + b (1) 

where a is an experimentally determined constant, 
s ( T ) is a scaling factor taking into account the tem- 
perature dependence of the line strength, the num- 
ber density and the spectral overlap with the laser 
and c is the concentration. The offset, b , is the back- 
ground mainly from light scattered or reflected at 
the surfaces of optics. 

The scaling factor s ( T ) is obtained by calculat- 
ing the theoretical DFWM spectral line as a func- 

tion of temperature 

s ( T ) = 

∫ w h 

w l 

( σ ( T, w ) N ( T ) ) 2 L ( w, w 0 ) dw (2) 

where σ is the cross section calculated using the 
HCN data [30] presented in HITRAN2016 [7] , N 

is the population calculated using the ideal gas law, 
and L is an estimate of the laser line shape cen- 
tered at the line used for detection, w 0 , which in 

this case is the HCN P(20) line in the ν1 vibra- 
tional band. The lower and upper bound of the in- 
tegral w l and w h , are in this case 3248 cm 

−1 and 

3249 cm 

−1 , respectively. The calculation was vali- 
dated by recording the IR-DFWM peak signal in- 
tensity of the HCN P(20) line at a constant HCN 

concentration of 300 ppm diluted in N 2 at temper- 
atures between 296 K and 843 K. Collisional air- 
broadening which is provided in HITRAN is in- 
cluded in the simulation. The IR-DFWM signal is 
compared to the predicted scaling in Fig. 2 . The 
measurements shown here were obtained by replac- 
ing the multi-jet burner shown in Fig. 1 with the 
electrical heating tube, and running a gas flow of 
300 ppm HCN in N 2 through the heating tube. The 
temperature of the gas was determined using a ther- 
mocouple placed near the crossing point. At each 

measurement point the detected signal was taken 

when the gas temperature reached a stable value. 
The inset of Fig. 2 shows the simulated IR-DFWM 

signal of the P(20) line for temperatures 300 K and 

1000 K, indicating intensity decrease at higher tem- 
peratures. 

The constant a is determined by recording the 
IR-DFWM signal generated by a range of HCN 

concentrations in a gas flow diluted in N 2 , and 

where a and b in Eq. (1) were fitted to the measured 

signal. This was done in the same setup described 

for the validating of the temperature dependence, 
but here the gas was kept at room temperature, 
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Fig. 2. The temperature dependence of the measured IR- 
DFWM peak signal for the HCN P(20) line at 300 ppm 

HCN concentration. Each measured point is an average 
of the peak value of 3 scans. The simulation is based on 
the data from HITRAN2016 for the P(20) line. Inset: Sim- 
ulated IR-DFWM signal of HCN P(20) line for temper- 
atures 300 K and 1000 K. 

Fig. 3. IR-DFWM peak signal dependence on the HCN 

concentration diluted in N 2 at 296 K for the P(20) line 
from the v 1 band at 3248.48 cm 

−1 . Each point is an av- 
erage of the peak value of 3 scans. The function fitted to 
the measurement data is given in Eq. (1) . Inset: Scan of 
the P(20) line at 300 ppm HCN concentration. 

296 K. The result is shown in Fig. 3 , where the 
HCN concentration dependence of the IR-DFWM 

signal recorded on-peak of the P(20) line is shown. 
Each data point is an average of the peak value of 
3 scans. A scan of the P(20) line for a HCN concen- 
tration of 300 ppm is shown in the inset, where the 
DC offset is due to the scattering background and 

Fig. 4. Temperature measured 3 mm above the straw 

pellet during the devolatilization stage at the three dif- 
ferent gasification conditions 1380 K (T3), 1540 K (T2) 
and 1630 K (T1). Inset: Simulated IR-DFWM scan of 
the temperature sensitive water line groups at 3230–
3231.5 cm 

−1 . The temperature was retrieved according to 
the method presented in [23] where the on-line ratio be- 
tween water line groups A and B was taken during the 
whole devolatilization stage. Ten on-line measurements 
were taken for each water line group and the graphs are 
an average of the 10 temperature measurements. The error 
bars indicate the average standard error, which is obtained 
to be ± 50 K for cases T1 and T3, and ± 75 K for case T2. 

the minor side peaks and slightly asymmetric main 

peak can quite likely be attributed to some hiding 
etalon effects in the beam path. The detection limit 
at room temperature was found to be 100 ppm. 

As the signal intensity is temperature depen- 
dent, the temperature of the measurement point 
must be determined, which was done using the 
method described by Sun et al. [23] . In that work, 
two groups of hot water lines were used due to the 
temperature dependence of their ratio which makes 
them useful for measuring temperature. The two 

groups of water lines are located near 3231 cm 

−1 

and a simulated IR-DFWM spectrum showing the 
two water line groups is presented in the inset of 
Fig. 4 for two temperatures, 1200 K and 1800 K, 
where the groups are indicated as A and B, respec- 
tively. Sun et al. made a scan across the two hot 
water line groups and used the ratio of the line- 
integrated signal of the two groups to determine 
temperature. Scanning over the lines is possible for 
a time-independent signal. However, since the sig- 
nal during the devolatilization stage of the straw 

pellet will vary with time, the temperature might 
change between scanning across the first group and 

the second. Instead the laser wavelength was kept 
constant at the peak of each of the two water line 
groups and the IR-DFWM water signal from 10 
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consecutive pellet measurements was recorded and 

averaged for each group. The ratio was then ob- 
tained for the averaged IR-DFWM water signals 
to determine the temperature in the measurement 
volume. Figure 4 shows the obtained temperature 
measured 3 mm above the burning straw pellet dur- 
ing the devolatilization stage. The measurements 
were performed for the three investigated gasifi- 
cation environment temperatures, 1380 K, 1540 K 

and 1630 K, referred as T3, T2 and T1, respectively. 
While the temperature above the pellet is expected 

to increase with increasing flue gas temperature, 
this is not the case for the values found for cases T1 
and T2, which is probably due to the uncertainty in 

the determination of the temperature. 
The determination of temperature is the main 

source of uncertainty in the calibration. The error 
bars shown in Fig. 4 are derived from the standard 

error of mean of 10 recordings. This is ± 50 K for 
cases T1 and T3, and ± 75 K in the case of T2. It 
takes into account variations of the laser pulse en- 
ergy and the natural variation of pellet composi- 
tion. This temperature method relies on the accu- 
racy of tuning the laser to the center of the peak 

of each water line group, and inaccuracies in the 
spectral position of the laser line might give rise to 

systematic errors that are not taken into account 
here. Further investigation of the robustness of this 
method is needed. 

From Eq. (1) , the IR-DFWM signal intensity is 
now converted to concentration by 

c = 

[
I DF W M 

− b 
as ( T ) 

]1 / 2 

(3) 

where a is the value retrieved from the concen- 
tration dependence, b is determined individually 
for each measurement, as the background level 
changes depending on the exact alignment and 

placement of the beam block shown in Fig. 1 . 

3.2. HCN release from straw pellets 

The HCN release during the devolatilization 

stage of straw pellet gasification was investigated 

with IR-DFWM by using the calibration process 
described in the previous section. A typical HCN 

release history recorded on the P(20) line is pre- 
sented in Fig. 5 for the gas environment temper- 
ature 1540 K (T2). Both the HCN release from a 
single pellet measurement as well as an average of 
15 independent measurements are presented. The 
inset shows an excitation scan over the P(20) line 
recorded during the devolatilization stage. Due to 

the natural variation of the pellet composition, an 

initial study of the number of pellets required to 

get a representable average signal was performed. 
In total 30 independent measurements of the IR- 
DFWM HCN signal were recorded and the cumu- 
lative sum indicates that 10–15 pellets are sufficient 
to give an acceptable uncertainty on the measure- 
ment average. It is worth to note that the present 

Fig. 5. Recorded HCN release during the devolatilization 
stage from gasification of a single straw pellet at the gasifi- 
cation environment temperature 1540 K (T2). The graph 
is an average of 15 independent recordings. The record- 
ing was performed on the P(20) line of HCN. Inset: Scan 
of the HCN P(20) line during the devolatilization stage. 
The photographs show the different stages of the mea- 
surement period. 

IR-DFWM setup has a probe volume of 6 mm 

along the beam which is shorter than the volatile 
plume as shown in Fig. 5 . 

HCN was released as the pellet was loaded 

into the hot flue gas environment. The preheating 
period finished within the first ∼15 s, in which the 
HCN release intensity is quite weak corresponding 
to the weak volatile flame in the photograph at 15 s 
in Fig. 5 . The release of HCN increased signifi- 
cantly after ∼15 s, and reached its peak at around 

2000 ppm at roughly 40 s, when a sooty volatile 
flame was formed. After that, the HCN release 
declined gradually and was close to the value below 

the detection limit as no volatile gas was released 

from the pellet, indicating the start of the char 
gasification stage, which can be seen in the flame 
photograph at 80 s of Fig. 5 . The main chemilumi- 
nescence originates from the excited sodium atoms 
released from the char. The whole HCN release 
duration is about 80 s, corresponding to the whole 
devolatilization stage. At 60 s, close to the end of 
the devolatilization stage, strong interference oc- 
curred due to the scattering signal from numerous 
large particles released from the pellet, which can 

be observed clearly in the middle of the sooty flame 
in the photograph at 60 s in Fig. 5 . The occurrence 
of this visible particle stream directly from the 
straw pellet was always accompanied with the 
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Fig. 6. Recorded HCN release during the devolatilization 
stage from gasification of straw pellets. Each graph is an 
average of 15 independent measurements of the HCN 

release recorded on the P(20) line for the three different 
gasification environments, 1380 K (T3), 1540 K (T2) and 
1630 K (T1). The error bars indicate the average stan- 
dard error in HCN concentration, which is obtained to 
be ± 10% throughout the whole HCN release. 

strong scattering as shown in Fig. 5 at 60 s. The vis- 
ible particle stream was observed to increase with 

the flue gas temperature, where no stream was ob- 
served for the temperature at case T3 whilst it was 
repeatedly present for the other two temperature 
cases. Measurements with flue gas temperatures 
higher than case T1 are difficult to perform due to 

the prevalent of the strong scattering stream. How- 
ever, soot particles as shown in Fig. 5 at 40 s did not 
introduce extra background scattering from the 
mid-IR excitation laser beam as compared to the 
condition without the straw pellets. The occurrence 
of the particle stream coincides with the tempera- 
ture increase of the volatile plume of the cases T1 
and T2 as seen in Fig. 4 . A possible explanation 

could be that the temperature of the pellets has 
a large increase at the end of the devolatilization 

stage, which could cause rapid decomposition of 
the char and break-off of large particles. This 
could be clarified with sampling techniques on 

large particles to determine the composition. 
Figure 6 shows the averaged HCN release of 15 

independent pellet measurements for each gasifica- 
tion environment temperature, 1380 K (T3), 1540 K 

(T2) and 1630 K (T1) recorded with the laser wave- 
length fixed on the peak of the P(20) line. The error 
bars represent the standard error of the mean con- 
centrations of the released HCN, which is obtained 

to be ± 10% throughout the whole HCN release. 
For all temperature cases the trend of the HCN re- 
lease seems to be similar, as described above with 

Fig. 5 , but the release intensity is different. The tem- 

perature significantly enhanced the released HCN 

concentration as the ambient gas temperature in- 
creased from 1380 K (T3) to 1540 K (T2). This 
agrees well with conclusions from previous research 

[3,31,32] that the increasing temperature enhances 
the fuel-nitrogen release, mainly HCN which be- 
came the dominating nitrogen compound. Mean- 
while, it can be found that the release of HCN also 

has its limitation as comparing the cases at 1540 K 

(T2) and 1630 K (T1) which have almost same re- 
lease performance. This may indicate that almost 
all fuel-nitrogen was released into the volatile gas 
at these temperatures [2] . 

4. Conclusions 

With the setup described in this paper, quantita- 
tive release history of HCN in the devolatilization 

stage from gasification of a biomass pellet, e.g. a 
straw pellet, were recorded in a spatially resolved 

manner. The gasification of single biomass pellets is 
achieved by using a specially designed laboratory- 
scale burner which provides controllable laminar 
flame environments with good repeatability and 

good optical access. IR-DFWM (mid-Infrared 

Degenerate Four-Wave Mixing) technique was 
adopted to probe the P(20) line of the v 1 vibra- 
tional band of HCN, which is interference-free even 

in combustion environments. An upconversion- 
based detector gave rise to increased sensitivity. 
The quantification of the IR-DFWM signals was 
achieved by an on-line calibration of the optical 
system with calibration gas flow containing known 

amounts of HCN. To account for the temperature 
effects, the same IR-DFWM setup was used to 

probe a group of hot water lines to obtain the 
instantaneous temperature in the interrogated 

volume. 
The local HCN concentration in the de- 

volatilization stage during gasification of a straw 

pellet was measured to be as high as 1500 ppm. We 
also found that the release concentration of HCN 

has strong dependence on the temperature of the 
hot flue gas environment. With the setup demon- 
strated in this paper, more IR-active molecules can 

be measured in solid fuel combustion/gasification 

processes. The present measurements can provide 
quantitative input for fuel-nitrogen modeling im- 
portant in biomass utilization. 
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