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H I G H L I G H T S

• High-heating biomass and coal chars are gasified in a flat-flame reactor.

• Temperatures of char particles are precisely measured using an optical pyrometer.

• The sieved biomass and torrefied biomass chars show similar gasification behaviors.

• The coal char shows a lower temperature than the biomass chars under gasification.

• The best-fit kinetic parameters can effectively capture the experimental data.
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A B S T R A C T

The increasing interest in gasification and oxy-fuel combustion of biomass has heightened the need for a detailed
understanding of char gasification in industrially relevant environments (i.e., high temperature and high-heating
rate). Despite innumerable studies previously conducted on gasification of biomass, very few have focused on
such conditions. Consequently, in this study the high-temperature gasification behaviors of biomass-derived
chars were investigated using non-intrusive techniques. Two biomass chars produced at a heating rate of ap-
proximately 104 K/s were subjected to two gasification environments and one oxidation environment in an
entrained flow reactor equipped with an optical particle-sizing pyrometer. A coal char produced from a common
U.S. low sulfur subbituminous coal was also studied for comparison. Both char and surrounding gas temperatures
were precisely measured along the centerline of the furnace. Despite differences in the physical and chemical
properties of the biomass chars, they exhibited rather similar reaction temperatures under all investigated
conditions. On the other hand, a slightly lower particle temperature was observed in the case of coal char
gasification, suggesting a higher gasification reactivity for the coal char. A comprehensive numerical model was
applied to aid the understanding of the conversion of the investigated chars under gasification atmospheres. In
addition, a sensitivity analysis was performed on the influence of four parameters (gas temperature, char dia-
meter, char density, and steam concentration) on the carbon conversion rate. The results demonstrate that the
gas temperature is the most important single variable influencing the gasification rate.

1. Introduction

Biomass is one of the most promising alternative energy sources due
to its renewability. It is particularly attractive to convert biomass via
gasification into syngas (which contains mainly H2 and CO) as biomass-
derived syngas can be used to sustainably produce liquid transportation
fuels as well as important industrial chemical feedstocks such as lower

olefins [1,2]. The gasification process, however, is very complex,
especially the rate-limiting step of char conversion. The steam gasifi-
cation reaction C + H2O → CO + H2 and the Boudouard reaction
C + CO2 → 2CO heavily influence the overall product composition as
well as the efficiency of the gasification process. In addition, during the
combustion of biomass, char particles derived from the devolatilization
step can also react with surrounding gases and be involved in
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gasification reactions. Some recent studies have suggested that gasifi-
cation reactions have noticeable effects on char combustion tempera-
ture and char burning rate under conventional combustion in air [3–6].
Thus, knowledge of char gasification is also essential for improving
conversion efficiency of biomass fuel particles and general energy ef-
ficiency of existing biomass/coal-fired plants. The influence of gasifi-
cation reactions is even more important in oxy-fuel combustion sys-
tems, where the CO2 levels are typically much higher than in
conventional air-fired combustion and the water vapor levels can be as
high as 25–34 vol-%, when employing wet flue gas recycling [5,7].

Previous studies have shown that the morphology and reactivity of
char particles are sensitive to the temperature and heating rate at which
they are formed [8–13]. Large-scale gasification technology, such as
entrained flow gasification, often employs high temperature conversion
of small fuel particles [14–17]. Therefore, in order to gain a compre-
hensive understanding of the process of char conversion in industrially
relevant environments, similar high temperature and high heating-rate
(HHR) conditions need to be employed in laboratory studies. Due to a
high controllability, drop tube reactors (DTRs) are often used for this
purpose, which can typically heat up pulverized solid fuel or char
particles at a heating rate around 104 K/s to a high temperature. Var-
ious studies have been carried out in an attempt to investigate char
reactivity by directly feeding pulverized biomass into DTRs [18–21].
However, the large volatile content of biomass, and the sensitivity of
the volatile yield to the particle heating rate, means that it is difficult to
separate devolatilization-induced conversion from char conversion
when feeding raw biomass particles into a reactor. Alternatively, char
conversion can be directly investigated by separating the devolatiliza-
tion process from the char conversion process. In the first step, biomass
is devolatilized at high temperature and HHR in a DTR, as described in
previous works [22–27]. The conversion behavior of the produced char
is then explored at similar conditions to what the char particle is likely
to experience in an actual furnace. Previous studies have employed this
two-step method to investigate oxidation reactivity of coal and biomass
chars in DTRs. To the authors’ knowledge, very few studies on the ga-
sification of biomass char using this two-step method in a DTR have
been reported. Li et al. [28] examined the effects of torrefaction on the
gasification of HHR biomass char using a DTR at 1473–1573 K. It was
found that char produced from torrefied biomass had a lower reactivity
than the char produced from non-torrefied biomass. Oxidation and
steam gasification of several HHR chars obtained as a by-product of
entrained-flow gasification were studied by Matsumoto et al. [16] using
a DTR at 1173–1473 K. They found that the reactivity of investigated
chars was correlated to the concentration of alkali metals in biomass
feedstock and the O/C ratio in biomass char.

Despite the above-mentioned advantages, DTRs are often difficult to
access with non-intrusive techniques such as optical diagnostics. Hence,
char conversion has been evaluated by first sampling via a water- or oil-
cooled probe and then applying an ash/refractory element tracer
technique [29,30] in most relevant studies using DTRs. Because of the
inherent low ash content of biomass char, the significant release of

alkali elements under high-temperature conversion conditions, and the
uneven distribution of the inorganic elements in the form of different
chemicals (i.e., oxides and silicates), errors may be introduced when the
tracer technique is used to estimate the conversion of biomass char. In
addition, the intrusive sampling probe may influence the flow and
temperature field inside the DTRs, thus altering the char conversion. An
alternative method is to use a combustion-driven flat-flame reactor, in
which industrially relevant conditions can be realized while simulta-
neously employing optical diagnostics [31–38]. Valuable information,
such as particle temperature, size, and velocity, can be measured during
the char conversion process by employing optical pyrometry with a
coded aperture. A detailed review of the analysis of the conversion of
pulverized solid fuels using a lab-scale flat-flame reactor has been given
by Lemaire and Menanteau [39]. Previous studies using flat-flame re-
actors have been primarily aimed at studying coal chars and char
conversion in oxidation environments. Comprehensive investigations of
the temperature of HHR biomass chars during gasification are scarce.

The primary purpose of this study is to investigate the gasification
behavior of HHR biomass chars at high temperatures and heating rates.
To this end, the two-step method was applied where the HHR chars
were produced in the DTR at 1473 K and the gasification of size-clas-
sified chars was studied in a flat-flame reactor. A non-intrusive optical
particle-sizing pyrometer was used to measure time-resolved tempera-
tures of chars in various conversion environments. The behavior of the
investigated biomass chars was compared to that of a common sub-
bituminous coal char to heighten awareness of the reactivity differences
between biomass-derived char and coal-derived char at elevated tem-
peratures. This is particularly important since large-scale utilization of
solid biomass relies heavily on the technologies developed for coal. In
addition, the experimental data has been interpreted with a compre-
hensive char conversion model. Kinetic parameters of the hetero-
geneous steam gasification reaction and Boudouard reaction were es-
timated for the investigated chars. A detailed sensitivity analysis was
also performed using the obtained kinetic parameters to identify the
most important operational parameters for the entrained-flow gasifi-
cation of biomass.

2. Experimental methods

The raw biomass investigated is a forest residue consisting primarily
of the tops and branches collected from Norway spruce forest.
Corresponding torrefied biomass was produced in a torrefaction reactor
consisting of four horizontal, electrically heated screw conveyors ar-
ranged in series [40]. In the torrefaction process, the biomass was first
preheated at 498 K for 5 min and then torrefied at 548 K for 30 min.
The coal examined in this study is Black Thunder, a low-sulfur sub-
bituminous coal from the Powder River Basin in the USA. All three
types of chars were produced in a 1.5 m long electrically heated DTR
located at the Combustion Research Facility of Sandia National La-
boratories in the USA. The wall temperatures of the DTR were main-
tained at 1473 K during the char production process. A bulk gas stream

Table 1
Proximate and ultimate analysis.

Biomass Torrefied biomass Coal Biomass char Torrefied biomass char Coal char

Proximate analysis (wt-%, as received)
Moisture 6.3 4.2 9.3 – – 3.7
Ash 2.2 2.7 4.8 – – 9.5
Volatile 70.0 61.6 42.3 – – 12.1
Fixed carbon 21.5 31.5 43.6 – – 74.1
Ultimate analysis (wt-%, dry ash free)
C 52.1 59.5 69.0 69.8 78.1 89.6
H 6.1 5.6 5.0 2.7 2.2 0.8
O (by diff.) 41.3 34.3 25.4 27.0 19.0 1.3
N 0.5 0.6 1.0 0.5 0.7 8.0
S < 0.02 <0.02 0.5 < 0.02 < 0.02 0.4
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