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ABSTRACT: Biomass gasification and pyrolysis were studied in a laboratory-scale atmospheric pressure entrained flow reactor.
Effects of operating parameters and biomass types on the syngas composition were investigated. In general, the carbon con-
version during biomass gasification was higher than 90% at the optimal conditions of 1400 °C with steam addition. The biomass
carbon that was not converted to gas in the gasification process only appeared as soot particles in the syngas in all of the
experiments, except for the two experiments performed at 1000 °C, where a very small amount of char was also left. In
comparison to pyrolysis, lower yields of soot, H2, and CO were produced during gasification. The yield of soot could be reduced
by a longer residence time, larger feeder air flow, lower oxygen concentration, higher excess air ratio, higher steam/carbon ratio,
and higher reactor temperature. Changes in residence time, feeder air flow, and oxygen concentration did not show a noticeable
influence on H2 and CO yields. Increasing the excess air ratio decreased both the H2 and CO yields; increasing the steam/carbon
ratio increased the H2 yield but decreased the CO yield; and increasing the reactor temperature increased both the H2 and CO
yields. Wood, straw, and dried lignin had similar gasification behavior, except with regard to soot formation. The soot yield was
lowest during straw gasification possibly because of its high potassium content.

1. INTRODUCTION

Worldwide, biomass is the fourth largest energy resource after oil,
coal, and gas.1,2 It is estimated that by 2050 biomass could supply
10−20% of the global primary energy requirements.1−3 Biomass
is CO2-neutral and can thereby reduce the global greenhouse gas
emissions. Three thermochemical conversion processes are avail-
able for biomass use: combustion, pyrolysis, and gasification.4

Gasification using pressurized fluidized bed or entrained flow
gasifiers provides a syngas that can be used to synthesize liquid
fuels and chemicals or produce heat and power by efficient
combined-cycle power plants.5−7

Currently, coal gasification is the most commercially available
technology in large scale. Biomass is an important alternative to
coal but differs from coal in many important aspects, including
lower carbon content, higher oxygen content, higher volatile
content, lower heating value, and lower bulk density.8−10

Therefore, knowledge on biomass gasification is needed to
support the development of commercial entrained flow biomass
gasifiers. Entrained flow gasification operates at high temper-
atures (>1200 °C) with rather small particles to achieve a high
carbon conversion within a few seconds and may provide a high-
quality syngas, especially without tar. However, only a few
experimental investigations11−15 are published on entrained flow
gasification of biomass. These studies were mainly performed at
relatively low temperatures (<1200 °C) and investigated the
effects of the reaction temperature, excess air ratio, residence
time, particle size, and biomass type on gas composition. Steam
addition and oxygen concentration, which might give a large
influence on gasification behavior,16 were not studied in these
references. Additionally, when biomass is pyrolyzed at high
temperatures, secondary reactions occur in the gas phase, which
converts tar compounds into light hydrocarbons, aromatics,
oxygenate olefins, soot precursors, and soot.17−19 Unconverted

soot in the syngas reduces the efficiency of the gasification
process. In a previous experimental study,20 we investigated the
influence of operating conditions on syngas composition during
biomass gasification in an atmospheric pressure entrained flow
reactor at high temperatures (1000−1350 °C) with low oxygen
concentrations (5−10%). We found that a significant yield of
soot was obtained at 1350 °C, but there was nearly no yield of tar,
probably because the heavy hydrocarbon chains were cracked
and reacted with steam to form H2, CO, and CO2.

21 A higher
temperature was beneficial to lower the amount of tar, while
the soot yield showed a peak at 1200 °C, which may result from
soot formation by tar and hydrocarbon polymerization com-
peting with soot gasification by CO2 and H2O at high tem-
peratures. Thus, high temperature and steam addition are helpful
to provide a syngas product rich in H2 and CO with a low soot
content.
As a continuation of the previous study, the main objective of

the present work is to comprehensively investigate the effects of
operating parameters and biomass types on gas product
distribution and soot formation in air/steam entrained flow
gasification and to determine favorable conditions for achieving
complete biomass conversion. The investigated reactor temper-
ature is up to 1400 °C, and the inlet oxygen concentration is 21%
in most of the experiments. Six gasification parameters (residence
time, feeder air flow, oxygen concentration, excess air ratio, steam/
carbon ratio, and reactor temperature) and three biomasses (wood,
straw, and lignin, a waste product from bioethanol production) are
investigated in the present study. Besides a systematic study on
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biomass gasification, biomass pyrolysis is also investigated to
support a deeper understanding of the whole gasification process.

2. EXPERIMENTAL SECTION
Wood (beech sawdust) and straw (pulverized wheat straw pellet) were
the main biomass fuels used in this study, while dried lignin gasification
was tested in a single experiment for comparison. The lignin, which was
obtained as a byproduct from a straw ethanol plant, had a high moisture
content (69.2 wt %, on an as-received basis). In the pretreatment pro-
cess, most of the moisture was removed by suction filtration and the
solid residues were dried at 105 °C for 24 h. In order to attain a stable
feeding, the dried lignin was sieved to the desired particle size (<1 mm).
The properties of wood, straw, and dried lignin are listed in Table 1.

It can be seen that the compositions of wood and straw are quite similar,
except for the ash content. The potassium content in straw is high. In
comparison to wood and straw, the dried lignin has a higher heating value
and fixed carbon content, lower volatile content, and higher ash content,
being rich in silica. The particle size distributions, shown in Figure 1, were

determined by sieve classification. The median diameters (d50) of wood,
straw, and dried lignin were 310, 130, and 280 μm, respectively.
All experiments, listed in Table 2, were carried out in an atmospheric

pressure entrained flow reactor. The experimental setup is illustrated in
Figure 2. It is comprised of a fuel feeding system, gas supply system, gas

preheater, vertical reactor, bottom chamber, product sampling system,
gas analysis system, and flue gas treatment system. The gas preheater is
located on the top of the reactor and consists of two electrical heating
elements. The SiC reaction tube inside the reactor has a length of 2 m
with an inner diameter of 0.08 m and is externally heated by seven
independent electrical heating elements to obtain a maximum
temperature of 1500 °C. A more detailed description of the setup can
be found elsewhere.20

During the experiments, biomass particles (6.4−15.9 g/min) were
carried into the reactor by the cold feeder gas stream (6−14 NL/min
N2 or air). Preheated gas (2.1−10.2 NL/min N2, air, or gas mixtures
of O2 and N2) and steam (0.0−517.9 g/min) entered the reactor
through the main gas stream. A purge gas stream (2.7 NL/min N2
and 0.3 NL/min air) was employed to protect the heating elements.
The syngas products were sampled at the bottom outlet of the reactor.
The gas samples were dried and then analyzed by a nondispersive
infrared (NDIR) gas analyzer and a micro gas chromatograph (Agilent
3000). The analytical error from these two equipments is less than
5%. The gas measurement involved the concentration of H2, CO,
CO2, and CxHy (total amount of light hydrocarbons, including CH4,
C2H4, and C2H2). Samples of solid products, char and soot, were
collected by a cyclone and a metal filter, which were heated to 400 °C
to avoid tar condensation. After the heated metal filter, a Petersen
column,22 which was filled with acetone as the solvent and cooled to
0 °C, was employed to capture tar samples when the experiments were
conducted at 1000 °C. Each experiment lasted approximately 60 min.
A more detailed description of the experimental procedures is available
elsewhere.23

To determine the soot content, the solid samples from the metal filter
were analyzed by a thermogravimetric apparatus (Netzsch STA-449C).
In these experiments, 5 mg samples were loaded in a platinum crucible
and heated at 10 °C/min to the final setting temperature. The
temperature program and applied gas environment for the simultaneous
thermal analysis (STA) is shown in Figure 3. In the analysis, different
phases of the sample, such as moisture, volatiles, fixed carbon, vola-
tilizable inorganic compounds, and residual ash, can be successfully
separated and detected. The amount of soot was defined as the total
weight of volatiles and fixed carbon. To determine the tar content in the
solvent (acetone), the solvent of the liquid sample was evaporated by two
different ways, at 60 °C for 1.5 h and at room temperature for 5.5 h,
respectively, and then the residues were considered as the tar compounds.

3. RESULTS AND DISCUSSION
3.1. Mass Balance. In all conducted experiments, listed in

Table 2, soot was always observed but no unreacted char was
collected, except in two experiments conducted at 1000 °C.
Hardly any amount of ash was found in the cyclone, but small
amounts of ash were collected with the soot captured by the
metal filter. The small amount of ash collected is probably
because, at high temperatures, most ash melted and deposited on
the reactor walls and that cannot be collected by the solid
sampling system. After both of the two ways of evaporating
the solvent, no tar was found in the liquid sample collected at
1000 °C, maybe partly because some light compounds in the tar
were not captured during the liquid sampling process and maybe
partly because the light compounds escaped during the sol-
vent evaporation process. The carbon mass balance is depicted
in Figure 4 (the detailed data are listed in the Supporting
Information). It was calculated on the basis of the fuel
composition, fuel feeding rate, and yields of CO, CO2, CxHy,
and soot. At 1000 °C, a very small amount of char was observed,
and it could contribute 0.1−0.2% to the overall carbon mass
balance; thus, this insignificant contribution was not shown
in Figure 4. In all conducted experiments, most fuel carbon was
partitioned to CO and CO2. When the temperature was
decreased, the contribution of CxHy increased gradually. Soot
also gave a significant contribution to the closure of the carbon

Table 1. Properties of Fuels

properties
wood (on an as-
received basis)

straw (on an as-
received basis)

dried lignin (on
a dry basis)

moisture (wt %) 9.04 5.40 0.00
ash (wt %) 0.61 4.54 11.10
volatile (wt %) 76.70 72.27 63.10
fixed carbon (wt %)
(by difference)

13.65 17.79 25.80

lower heating value
(MJ/kg)

16.44 16.35 21.42

C (wt %) 45.05 43.42 53.80
H (wt %) 5.76 5.58 5.70
O (wt %)
(by difference)

39.41 40.60 28.10

N (wt %) 0.13 0.37 1.18
S (wt %) 0.01 0.09 0.12
Si (wt %) 1.23 4.18
K (wt %) 0.76 0.13
Cl (wt %) 0.25 0.02
Ca (wt %) 0.23 0.43
Mg (wt %) 0.06 0.02
P (wt %) 0.03 0.06
Na (wt %) 0.01 0.28
Al (wt %) 0.01 0.07
Fe (wt %) 0.01 0.30

Figure 1. Particle size distributions of fuels.
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mass balance in the pyrolysis experiments. The carbon mass
balance closure was reasonable and, in most cases, higher
than 95%, except for a few experiments conducted at 1000
and 1100 °C (13−21% gap). The most likely reason is that, at
lower temperatures, some carbonaceous products, for instance
unreacted char, soot, and tar, were deposited on the reactor walls
and were not totally oxidized and gasified and, thereby, were not
included in the carbon mass balance calculation. The water yields
in the syngas were not determined, and therefore, the hydrogen
and oxygen mass balance could not close and are not shown in
the present paper. To compare the experimental results for dried

lignin, wood, and straw gasification with equilibrium conditions,
equilibrium calculations were conducted using the FactSage
program for experiments wT1, sT1, and dl, listed in Table 2.
There was no carbon left in the equilibrium calculation; there-
fore, the equilibrium syngas consisted of CO, CO2, H2, and H2O.
The product distributions of experiments and equilibrium cal-
culations are compared in Figure 5. The majority of the
undetermined product is water in these experiments (highest
temperature with steam addition). Generally, the experimen-
tal results were reasonably similar to the equilibrium calcula-
tion results.

Table 2. List of Conducted Experiments

(a) Pyrolysis Experiments

parameter number fuel fuel feeding rate (g/min) t (s) feeder N2 flow (NL/min) H2O/C (mol/mol) T (°C)

steam/carbon ratio (H2O/C)
wP1 wood 12.8 2.8 10 1.0 1400
wP2 wood 12.8 2.7 10 0.5 1400
wP3a wood 12.8 2.6 10 0.0 1400

(b) Gasification Experiments

parameter number fuel fuel feeding rate (g/min) t (s) FAL (NL/min) O2 (%) λ H2O/C (mol/mol) T (°C)

residence time (t)

wR1 wood 10.7 3.7 10 21 0.30 0.5 1400
wR2a wood 12.8 3.1 10 21 0.30 0.5 1400
wR3 wood 15.9 2.5 10 21 0.30 0.5 1400
wR4 wood 6.4 5.9 6 21 0.30 0.5 1400
wR5 wood 12.8 3.1 6 21 0.30 0.5 1400

feeder air flow (FAL)

wF1 wood 12.8 3.1 14 21 0.30 0.5 1400
wF2a wood 12.8 3.1 10 21 0.30 0.5 1400
wF3 wood 12.8 3.1 6 21 0.30 0.5 1400
wF4 wood 15.9 2.5 18 21 0.30 0.5 1400
wF5 wood 15.9 2.5 10 21 0.30 0.5 1400

oxygen concentration (O2)

wO1 wood 15.8 2.8 10 26 0.30 0.5 1400
wO2a wood 12.8 3.1 10 21 0.30 0.5 1400
wO3 wood 9.7 3.4 10 16 0.30 0.5 1400
wO4 wood 12.8 3.1 6 21 0.30 0.5 1400
wO5 wood 6.7 3.7 6 11 0.30 0.5 1400
sO1 straw 15.9 2.8 10 26 0.30 0.5 1400
sO2 straw 12.8 3.1 10 21 0.30 0.5 1400
sO3 straw 9.8 3.4 10 16 0.30 0.5 1400

excess air ratio (λ)

wL1 wood 10.9 3.4 10 21 0.35 0.5 1400
wL2a wood 12.8 3.1 10 21 0.30 0.5 1400
wL3 wood 15.3 2.8 10 21 0.25 0.5 1400
sL1 straw 11.0 3.4 10 21 0.35 0.5 1400
sL2 straw 12.8 3.1 10 21 0.30 0.5 1400
sL3 straw 15.4 2.8 10 21 0.25 0.5 1400

steam/carbon ratio (H2O/C)

wH1 wood 12.8 3.0 10 21 0.30 1.0 1400
wH2a wood 12.8 3.1 10 21 0.30 0.5 1400
wH3 wood 12.8 3.2 10 21 0.30 0.0 1400
sH1 straw 12.8 3.0 10 21 0.30 1.0 1400
sH2 straw 12.8 3.1 10 21 0.30 0.5 1400
sH3 straw 12.8 3.2 10 21 0.30 0.0 1400

reactor temperature (T)

wT1a wood 12.8 3.1 10 21 0.30 0.5 1400
wT2 wood 12.8 3.4 10 21 0.30 0.5 1300
wT3 wood 12.8 3.8 10 21 0.30 0.5 1200
wT4 wood 12.8 4.2 10 21 0.30 0.5 1100
wT5 wood 12.8 4.7 10 21 0.30 0.5 1000
sT1 straw 12.8 3.1 10 21 0.30 0.5 1400
sT2 straw 12.8 3.4 10 21 0.30 0.5 1300
sT3 straw 12.8 3.8 10 21 0.30 0.5 1200
sT4 straw 12.8 4.4 10 21 0.30 0.5 1100
sT5 straw 12.8 5.0 10 21 0.30 0.5 1000
dl dried lignin 9.8 3.1 10 21 0.30 0.5 1400

aRepetition experiments were performed.
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3.2. Comparison between Pyrolysis and Gasification.
Figure 6 shows the soot and gas yields during wood pyrolysis
and gasification at 1400 °C with different steam addition levels.
10 NL/min N2 and air were employed as feeder gas in the
pyrolysis and gasification experiments, respectively. During
gasification, the applied oxygen concentration was 21% and the
excess air ratio was 0.3. Without steam addition, the soot yield
was 85.5 g/kg fuel (dry and ash-free basis, daf) during pyrolysis
and 23.6 g/kg fuel (daf basis) during gasification. The lower soot
yield during gasification is most likely both because of more
oxidizing conditions at the top of the reactor, leading to oxidation
of the tar to lighter molecules, and because more soot was
oxidized and gasified. The relative importance of these two
contributions however could not be determined by these
experiments. With steam addition, the same tendency of the

soot yield was observed in Figure 6. As a result, the soot yield was
approximately 70−90% lower in the gasification experiments
than in the pyrolysis experiments. During gasification, the H2 and
CO yields were lower and no CxHy was produced, while the
CO2 yield was higher because of more oxidizing conditions. It
should be noted that during pyrolysis without steam addition the
CO2 yield (0.02 Nm3/kg fuel (daf basis)) was very low, probably
because CO2 was consumed by char and soot gasification reactions.

3.3. Effects of Gasification Parameters. 3.3.1. Residence
Time. Figure 7 shows the effect of the residence time on the
product yield during wood gasification. The two studied ranges
of residence time are 2.5−3.7 s with a feeder air flow of 10 NL/
min and 3.1−5.9 s with a feeder air flow of 6 NL/min with
otherwise fixed operating parameters (oxygen concentration =
21%; excess air ratio = 0.3; steam/carbon ratio = 0.5; and reactor
temperature = 1400 °C). The longer residence time was achieved
by decreasing the fuel feeding rate and the total inlet gas flow.
The estimated residence time was calculated on the basis of the
reactor size and the total flow of the syngas. In Figure 7a, the soot
yield decreased slightly from 15.5 to 9.8 g/kg fuel (daf basis)
as the residence time increased from 2.5 to 3.7 s, because more
soot was gasified at the longer residence time. However, the
individual gas yields were almost kept constant, probably because
the experimental conditions were close to the equilibrium con-
ditions.11,12,20,24−26 In Figure 7b, similar trends of soot and gas
product yields were obtained when the residence time was further
increased from 3.1 to 5.9 s with a feeder air flow of 6 NL/min.

3.3.2. Feeder Air Flow. The effect of the feeder air flow on the
product yield during wood gasification is depicted in Figure 8.
The applied feeder air flow was increased from 6 to 14 NL/min
at a residence time of 3.1 s and from 10 to 18 NL/min at a
residence time of 2.5 s, while all other operating parameters
were fixed (oxygen concentration = 21%; excess air ratio = 0.3;
steam/carbon ratio = 0.5; and reactor temperature = 1400 °C).
Figure 8a shows that the soot yield decreased from 21.4 to
10.2 g/kg fuel (daf basis) when the feeder air flow was increased
from 6 to 14 NL/min, while the yield of the individual gas species
increased a little. It is probably because the increasing feeder air
flow improved the mixing at the top of the reactor, which
enhanced tar being converted to light gases instead of soot. The
results show that mixing is very important for the formation of
soot. Similar results in another range of applied feeder air flow
from 10 to 18 NL/min is shown in Figure 8b.

Figure 2. Sketch of the experimental setup.

Figure 3. Temperature program with a gas environment for STA.

Figure 4. Carbon balances for all conducted experiments listed in
Table 2.

Figure 5. Comparison between the results of the experiment and
equilibrium calculation. The selected experiments are wT1, sT1, and dl,
listed in Table 2, with fixed operating parameters (feeder air flow = 10
NL/min; oxygen concentration = 21%; excess air ratio = 0.3; steam/
carbon ratio = 0.5; and reactor temperature = 1400 °C). C,exp andH,exp
are the carbon and hydrogen balance in the experiment. C,cal and H,cal
are the carbon and hydrogen balance in the equilibrium calculation.
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The obtained mixing condition during combustion and
gasification can be revealed by flame observation. The condition
at the top part of the reactor could be visually observed by

removing the bottom probe. Figure 9 shows the flame structures
of wood combustion (excess air ratio = 1.1) at 1000 °C with
different feeder air flows. A central flame can be observed clearly

Figure 6. Comparison between wood pyrolysis and gasification at 1400 °C. During pyrolysis, N2 was employed as the inlet gas and 10 NL/min N2 was
used as the feeder gas. During gasification, air was employed as the inlet gas, 10 NL/min air was used as feeder gas, and the oxygen concentration and
excess air ratio were 21% and 0.3, respectively.

Figure 7. Effect of the residence time on the product yield during wood gasification: oxygen concentration = 21%; excess air ratio = 0.3; steam/carbon
ratio = 0.5; and reactor temperature = 1400 °C.
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in Figure 9a with the feeder air flow of 5 NL/min. This figure
shows that the released volatiles from single fuel particles did not
mix with oxygen instantly but accumulated together to form
volatile clouds, which delayed the gas oxidation and formed a
central flame. Figure 9b shows that a smaller central flame
surrounded by many single burning particles was obtained by
increasing the feeder air flow to 10 NL/min, which represented
an improved mixing compared to Figure 9a. Many single particle
flames, without an overall flame envelope, were observed with a
feeder air flow of 15 NL/min in Figure 9c, meaning that the
released volatile gases were immediately oxidized. Therefore, it
can be concluded that faster mixing can be obtained by
increasing the feeder air flow. Moreover, the flame behavior
during wood gasification (excess air ratio = 0.7) at 1000 °Cwith
different feeder air flows is exhibited in Figure 10. A comparison

between Figure 10a and 10b shows that, with the lower feeder
air flow, more soot was generated, which was consistent with
the experimental results. As a result, these observations
reinforce the conclusion that a larger feeder air flow could
improve the mixing condition and thereby decrease the soot
formation.

3.3.3. Oxygen Concentration and Excess Air Ratio. The
combined effects of the oxygen concentration and excess air ratio
on the product yield during wood gasification at 1350 °C with a
steam/carbon ratio of 0.5 and a feeder air flow of 10 NL/min
were investigated in our previous study,20 depicted in Figure 11.

It was found that increasing the excess air ratio by increasing
the oxygen concentration decreased the soot, H2, and CO yields
but increased the CO2 yield. The effects of the oxygen con-
centration and excess air ratio on syngas product yields during
wood and straw gasification were studied independently in the
present study. The effect of the oxygen concentration on the
product yield during wood and straw gasification is depicted in
Figure 12. The studied ranges of the oxygen concentration were
16−26% with a feeder air flow of 10 NL/min and 11−21% with a
feeder air flow of 6 NL/min, while all other operating parameters
were fixed (excess air ratio = 0.3; steam/carbon ratio = 0.5; and

Figure 8. Effect of the feeder air flow on the product yield during wood gasification: oxygen concentration = 21%; excess air ratio = 0.3; steam/carbon
ratio = 0.5; and reactor temperature = 1400 °C.

Figure 9. Flame structure at 1000 °C with an excess air ratio of 1.1 during wood combustion (fuel feeding rate = 3.3 g/min).

Figure 10. Flame structure at 1000 °C with an excess air ratio of
0.7 during wood gasification (fuel feeding rate = 5.0 g/min).

Figure 11. Combined effects of the oxygen concentration and excess air
ratio on the product yield during wood gasification at 1350 °C with a
steam/carbon ratio of 0.5 and a feeder air flow of 10 NL/min.20

Energy & Fuels Article

dx.doi.org/10.1021/ef300960x | Energy Fuels XXXX, XXX, XXX−XXXF

http://pubs.acs.org/action/showImage?doi=10.1021/ef300960x&iName=master.img-007.png&w=371&h=144
http://pubs.acs.org/action/showImage?doi=10.1021/ef300960x&iName=master.img-008.jpg&w=349&h=91
http://pubs.acs.org/action/showImage?doi=10.1021/ef300960x&iName=master.img-009.jpg&w=239&h=94
http://pubs.acs.org/action/showImage?doi=10.1021/ef300960x&iName=master.img-010.png&w=178&h=139


reactor temperature = 1400 °C). The soot yield increased from
9.6 to 12.4 g/kg fuel (daf basis) during wood gasification and
from 0.5 to 1.0 g/kg fuel (daf basis) during straw gasifica-
tion when the oxygen concentration was increased from 16 to
26% with a feeder air flow of 10 NL/min. The increasing oxygen

concentration could raise the flame temperature, which may
cause more soot formation.27 The H2, CO, and CO2 yields were
almost constant, independent of the oxygen concentration dur-
ing both wood and straw gasification, and close to equilibrium
at the nominal reactor temperature. During wood gasification,

Figure 12. Effect of the oxygen concentration on the product yield during wood and straw gasification: feeder air flow = 6−10 NL/min; excess air
ratio = 0.3; steam/carbon ratio = 0.5; and reactor temperature = 1400 °C.

Figure 13. Effect of the excess air ratio on the product yield during wood and straw gasification: feeder air flow = 10NL/min; oxygen concentration = 21%;
steam/carbon ratio = 0.5; and reactor temperature = 1400 °C.
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similar trends of soot and gas product yields were observed when
the oxygen concentration was increased from 11 to 21% with
a feeder air flow of 6 NL/min. The effect of the excess air ratio
on the product yield during wood and straw gasification is shown
in Figure 13. The applied excess air ratio was increased from
0.25 to 0.35 by lowering the fuel feeding rate with otherwise
fixed operating parameters (feeder air flow = 10NL/min; oxygen
concentration = 21%; steam/carbon ratio = 0.5; and reactor
temperature = 1400 °C). The soot yield decreased obviously
from 21.8 to 5.8 g/kg fuel (daf basis) and from 2.0 to 0.3 g/kg fuel
(daf basis) during wood and straw gasification, respectively,
with an increasing excess air ratio from 0.25 to 0.35. This
is because more soot was oxidized and gasified. Also, it is
likely that the initially generated soot was lower at the higher
excess air ratio because of the lower fuel feeding rate and the
higher oxygen content that could produce less and destroy
more tar and soot precursors in the gas phase.28−30 The H2 yield
decreased from 0.56 to 0.47 Nm3/kg fuel (daf basis) during wood
gasification and from 0.63 to 0.53 Nm3/kg fuel (daf basis) during
straw gasification, and the CO yield decreased from 0.63 to 0.59
Nm3/kg fuel (daf basis) during wood gasification and from 0.66 to
0.59 Nm3/kg fuel (daf basis) during straw gasification. However,

the CO2 yield increased approximately from 0.23 to 0.30Nm3/kg
fuel (daf basis) during both wood and straw gasification because
of the oxidation of CO and soot. Therefore, it can be summarized
that increasing the excess air ratio by increasing the oxygen
concentration noticeably affected the product yields and
increasing the excess air ratio with a fixed oxygen concentration
clearly decreased the yields of soot, H2, and CO while increased
the CO2 yield, while increasing the oxygen concentration with a
fixed excess air ratio only slightly increased the soot yield and
nearly retained the yields of gas products. We can conclude that
the effect of the excess air ratio on the syngas composition is
much stronger than the effect of the oxygen concentration.
In Figures 9b and 10a, at 1000 °C with a feeder air flow of

10NL/min, the flame structures during wood combustion (excess
air ratio = 1.1) and gasification (excess air ratio = 0.7) are shown,
respectively. Clearly, no soot was observed during combustion in
Figure 9b, while soot was formed and escaped the flame during
gasification in Figure 10a. In addition, a comparison between
Figure 9c (combustion; excess air ratio = 1.1) and Figure 10b
(gasification; excess air ratio = 0.7) shows similar results at
1000 °C with a feeder air flow of 15 NL/min. The observations
are quite in accordance with the experimental results shown in

Figure 14. Effect of the steam/carbon ratio on the product yield during wood and straw gasification: feeder air flow = 10 NL/min; in the present study,
excess air ratio = 0.3; and reactor temperature = 1400 °C; in the previous study,20 excess air ratio = 0.25; and reactor temperature = 1350 °C.
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Figure 13a that the more oxidizing condition is employed, the
less soot forms.
3.3.4. Steam/Carbon Ratio and Reactor Temperature. In

our previous work,20 the effects of the steam/carbon ratio and
reactor temperature on syngas composition during wood
gasification with low oxygen concentration (5%) were studied.
To reveal the effects of the two parameters on syngas com-
position with a higher oxygen concentration, more experiments
were carried out in the present study. Figure 14 shows the effect
of the steam/carbon ratio on the product yield during wood and
straw gasification with an oxygen concentration of 21%. The
steam/carbon ratio was increased from 0.0 to 1.0 with otherwise
fixed operating parameters (feeder air flow = 10 NL/min; excess
air ratio = 0.3; and reactor temperature = 1400 °C). The soot
yield decreased from 23.6 to 5.4 g/kg fuel (daf basis) and from
5.4 to 0.3 g/kg fuel (daf basis) during wood and straw gasifica-
tion, respectively, by increasing the steam/carbon ratio from
0.0 to 1.0. During wood gasification, the H2 and CO2 yields
increased steadily from 0.42 to 0.57 Nm3/kg fuel (daf basis) and
from 0.19 to 0.32 Nm3/kg fuel (daf basis), respectively, while the

CO yield gradually decreased from 0.66 to 0.55 Nm3/kg fuel
(daf basis). During straw gasification, a similar variation of the
gas compositions was found. These results were consistent with
our previous results,20 also shown in Figure 14. During wood
gasification, more soot was produced in the previous study than
in the present study because the applied reactor temperature
(T = 1350 °C) and excess air ratio (λ = 0.25) were lower and the
residence time (t = 2.2 s) was shorter in the previous study. For
the same reason, CxHy was produced only in the previous study.
Thus, we can conclude that the effect of the steam/carbon ratio
on syngas product distribution with different oxygen concen-
trations is consistent.
Figure 15 shows the effect of the reactor temperature on the

product yield during wood and straw gasification with an oxygen
concentration of 21%. The applied reactor temperature range
was between 1000 and 1400 °C with otherwise fixed operating
parameters (feeder air flow = 10 NL/min; excess air ratio = 0.3;
and steam/carbon ratio = 0.5). During wood gasification,
the soot yield had a low value of 9.2 g/kg fuel (daf basis) at
1000 °C, increased to a maximum of 35.0 g/kg fuel (daf basis)

Figure 15. Effect of the reactor temperature on the product yield during wood and straw gasification: feeder air flow = 10 NL/min; and steam/carbon
ratio = 0.5; in the present study, excess air ratio = 0.3; in the previous study,20 excess air ratio = 0.25.
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at 1200 °C, and then started to decline and finally reached 11.3
g/kg fuel (daf basis) at 1400 °C. During straw gasification, the
soot yield had a similar trend, except that the peak value of
19.5 g/kg fuel (daf basis) was achieved at 1100 °C. From 1000 to
1400 °C, during both wood and straw gasification, the yields of
H2 and CO monotonically increased from about 0.26 to about
0.56 Nm3/kg fuel (daf basis) and from about 0.28 to about 0.62
Nm3/kg fuel (daf basis), respectively. Simultaneously, the CO2
yield monotonically decreased from about 0.36 to about 0.26
Nm3/kg fuel (daf basis), and the CxHy yield had a steady decline
from about 0.07 Nm3/kg fuel (daf basis) at 1000 °C to dis-
appearance at 1400 °C. It should be remarked that no CxHy was
produced at 1400 °C. CH4 was the most abundant com-
ponent of CxHy, corresponding to a level of 85−100%. The CH4
yield also decreased steadily with the increasing temperature.
The results from this work were in good agreement with the
previous results, also shown in Figure 15. In comparison to the
present study, the soot yield was higher in the previous study,
where the applied excess air ratio (λ = 0.25) was lower and the
residence time (t = 2.2−3.0 s) was shorter at each temperature, as
explained above.
3.4. Effects of Biomass Types.The gasification behaviors of

wood and straw are compared in Figures 12−15. It can be
observed that the soot yield is significantly lower during straw
gasification. This could be due to the high potassium content in
straw that might catalyze char formation during pyrolysis at the
expense of volatiles, which then lead to less soot formation.
Besides, the potassium species, which must be present in the gas
phase during the high-temperature gasification process, could
adsorb and deposit on the surface of the soot particles in the
reactor. Thus, another reason for the low soot yield during straw
gasification might be that potassium has a catalytic effect on the
soot gasification reactions.31−35 The oxidation and gasification
rates of the soot that was produced in wood and straw gasification
experiments, respectively, were analyzed by a thermogravimetric
apparatus (Netzsch STA-449C). In the analysis, 5 mg filter
samples (almost pure soot during wood gasification, while mix-
tures of soot, KCl, and K2SO4 during straw gasification) were
loaded in an alumina crucible and heated at 10 °C/min from
room temperature to 1400 °C. The applied gas environment was
20% O2 or CO2 in N2. We found that the initial oxidation
temperature of wood soot was about 11 °C lower than that of
straw soot, while the initial gasification temperature of straw soot
was about 115 °C lower than that of wood soot probably because
of the presence of potassium in straw. These observations might
confirm the catalytic effect of potassium on soot with respect to

CO2 gasification. Wood and straw gasification provided quite
similar gas compositions, which was in agreement with other
studies.15,36 The gasification behaviors of the three fuels, dried
lignin, wood, and straw, are compared in Figure 16. The three
gasification experiments were carried out at the same operating
conditions (feeder air flow = 10 NL/min; oxygen concentration =
21%; excess air ratio = 0.3; steam/carbon ratio = 0.5; and reactor
temperature = 1400 °C). The soot yield was 8.6 g/kg fuel
(daf basis) during dried lignin gasification, which was a little
lower than that during wood gasification (11.3 g/kg fuel
(daf basis)) but much higher than that during straw gasification
(0.3 g/kg fuel (daf basis)). Besides, in comparison to wood and
straw gasification, the dried lignin gasification exhibited higher
H2 and CO yields, a lower CO2 yield, and no CxHy as well.

4. CONCLUSION
Biomass gasification has been investigated in a laboratory-scale
atmospheric pressure entrained flow reactor with the purpose of
obtaining insight into the effects of operating parameters and
biomass types on gas product distribution and soot formation. In
the present study, the effects of six operating parameters (residence
time, feeder air flow, oxygen concentration, excess air ratio,
steam/carbon ratio, and reactor temperature) were investigated.
Wood, straw, and dried lignin were used as fuels. Besides a
comprehensive experimental study on biomass gasification,
biomass pyrolysis was also investigated to obtain a better under-
standing of the whole gasification process.
During entrained flow gasification, H2 and CO are the desired

products, while soot is the main byproduct and is required to be
removed or minimized. In comparison to pyrolysis, the soot yield
during gasification was lower, probably partly because of lower
initially generated soot amounts and partly because of soot
gasification with CO2 and H2O. A longer residence time and
larger feeder air flow (better mixing) reduced the soot yield,
while the yields of H2 and CO were nearly unchanged. The
effects of the oxygen concentration and excess air ratio on syngas
products were investigated. When the oxygen concentration was
increased but the excess air ratio was fixed, the soot yield
increased slightly and the yields of gas products were almost
kept constant. When the excess air ratio was increased but the
oxygen concentration was fixed, the yields of soot, H2, and CO
decreased, while the CO2 yield increased. Both the previous
study20 and the present study, with oxygen concentrations of
5 and 21%, respectively, revealed that high temperatures and
steam addition reduced the soot yield and increased the H2 yield
and high temperatures also increased the CO yield. Wood, straw,

Figure 16. Effect of the biomass type on the product yield during biomass gasification: feeder air flow = 10NL/min; oxygen concentration = 21%; excess
air ratio = 0.3; steam/carbon ratio = 0.5; and reactor temperature = 1400 °C.
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and dried lignin gasification exhibited similar gas compositions.
However, the soot yield was much lower during straw gasification
than that during both wood and dried lignin gasification. It may
be due to the high potassium content in straw that might catalyze
char formation during pyrolysis at the expense of volatiles, which
then lead to less soot formation or, alternatively, that potassium
has a catalytic effect on the soot gasification reactions. On the
basis of our work, it can be concluded that high-temperature
(>1200 °C) entrained flow air/steam gasification of biomass
can achieve a high carbon conversion within a few seconds of
residence time and a high-quality syngas with a low but not
negligible soot yield and very low hydrocarbon content and, in
particular, without tar. Increasing the residence time, feeder air
flow, and excess air ratio can further reduce the amount of soot in
syngas.
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