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A B S T R A C T

With respect to the newly proposed fluidized bed two-stage (FBTS) gasification process, the researches on tar
thermal cracking and catalytic removal by char bed layer were conducted on a FB two-stage reaction apparatus.
It shows that the effect of char on tar removal was much related to the reaction temperature and residence time
of tar-containing fuel gas in the tar reformer. Under the tested experimental conditions, increasing reaction
temperature and residence time can effectively promote tar abatement and generate more H2, CO and CH4. For
catalytic reforming by char, the higher reaction temperature and the longer residence time, the lower tar content
in fuel gas. Compared to thermal cracking, catalytic reforming of tar by char was more effective in tar removal
efficiency and inhibition of carbon deposition, upgrading the quality of fuel gas. The researches indicated that
the suitable operational conditions for tar removal by char in the FB two-stage gasification process were at
reforming temperature of 1000 °C, and residence time above 0.9 s.

1. Introduction

Among various coal utilization technologies, gasification represents
an increasingly attractive and competitive option for the production of
industrial fuel gas, syngas and reduction gas and so on. It can be used in
many fields, such as chemical synthesis, integrated gasification com-
bined cycle (IGCC), metallurgy, refractory matter, and so on [1–4]. For
the production of fuel gas, it usually employs the atmospheric air-blown
fixed-bed gasifier or fluidized bed gasifier [5,6]. Although fixed bed
gasifier is very simple in structure and easy to operation, some chal-
lenges, such as difficult in scale up, poor feasibility in powder feedstock
and high tar content in fuel gas, still limit the further applications.
Fluidized bed gasifier, including bubbling, circulating and double type,
has obvious advantages in uniform distribution of temperature and
pressure, good flexibility in powder feedstock, large treating capacity
for single set and so on [7,8]. However, due to low operating tem-
perature and using air as gasification agent, it always encounters the
problem of high tar content in fuel gas, leading to serious operational
and environmental problems, such as blocking and corroding equip-
ment and pipeline, deactivating catalyst, polluting underground water
and releasing smelly gas [9,10]. So, developing a new gasification
technology with the properties of large treating capacity, good feasi-
bility in grainy coal (below 10mm), low tar emission in fuel gas, and

low capital investment, becomes essential and necessary for the clean
production of industrial fuel gas.

As an exception, staged gasification is widely viewed to be high
efficient in both of tar removal and carbon conversion, which is char-
acterized by physically separating gasification process into fuel pyr-
olysis and char gasification by two reactors [11–13]. A respective
staged gasification process, consisting of an upstream screw-type pyr-
olyzer and a downstream fixed bed gasifier, has been researched and
developed by Technical University of Denmark for woody chips, re-
sulting in a high efficiency above 90% for tar removal [14]. Another
typical staged gasification process was developed by Zeng et al. [15],
including a fluidized bed pyrolyzer and a downdraft fixed bed gasifier.
After systematic experiments on a pilot auto-thermal two-stage gasifier,
realizing a low tar content of about 0.3 g/Nm3 in fuel gas. Both of the
technologies mentioned above have demonstrated the feasibility of hot
char on tar abatement successfully. However, some key technical lim-
itations still existed, such as small treating capacity, difficult in scale
up, and low char bed height for avoiding higher operating pressure
drop [16,17].

With respect to these situations, a novel fluidized bed two-stage
(FBTS) gasification technology has been proposed by the Institute of
Process Engineering (IPE), Chinese Academy of Sciences (CAS), for the
production of coal-basis clean fuel gas [16,18]. As shown in Fig. 1, this
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process is mainly composed by the first stage, a fluidized bed (FB)
pyrolyzer, and the second stage, a transport fluidized bed (TFB) gasifier.
In the upstream pyrolyzer, it mainly conducts the reactions of coal
pyrolysis and partial gasification. All the pyrolysis production, in-
cluding pyrolysis gas, char and tar, will be overflowed to the down-
stream gasifier, and then begin the reactions of char gasification and tar
abatement. Depending on thermal cracking and catalytic reforming
from hot char particle in gasifier, tar from the FB pyrolyzer will be
converted into effective gaseous product, further decreasing the tar
content and thus upgrading the quality of fuel gas. The residual char
and heating carriers with high temperature will be captured by a gas-
solid separating equipment, and then conveyed into pyrolyzer by a
refeeding device. Due to combining the technological features of FB
reactor and TFB reactor, the FBTS gasification process is expected to
gasify grainy feedstock (below 10mm) on a large scale efficiently and
economically for the production of clean fuel gas.

In theory, for the staged gasification process, thermal cracking and
char catalytic reforming play important roles on tar removal and up-
grading the quality of fuel gas. Numerous researches in literatures
[19,20] show that, for reaching a high tar removal efficiency, the re-
action temperature and residence time should be above 1300 °C and
10 s, respectively, inevitably leading to a large amount of soot particle
production by polycondensation reaction of aromatics. In recent years,
the catalytic reforming of char on tar has been paid great attention

because of large specific surface area, high reaction activity, low cost
and easy recovery after deactivation [21–25]. For example, Choi et al.
[26] developed a newly three-stage gasifier consisting of an auger, a
fluidized bed reactor and a fixed bed reactor to gasify sewage sludge for
fuel gas production. By passing through the fixed bed reactor filled with
activated carbon particle at 830 °C, the tar in fuel gas was catalytically
reformed and thus decreased the tar content in fuel gas to only 22mg/
Nm3. Burhenne et al. [27] further compared the catalytic effect of
original biochar, activated carbon, and acidic surface activated carbon
derived from biochar. Using toluene as a tar model compound, it is
found that all the three selected catalysts were effective for tar removal,
especially for activated carbon, resulting a tar removal efficiency up to
92%. Although there are numerous researches regarding char-catalyzed
tar removal in literatures, most char or activated carbon used were
commercial, not from the gasification process itself, and thus difficultly
reflect the natural property of char in gasifier [28,29].

With the objective of clarifying the technical performance of the
newly proposed FBTS gasification process illustrated in Fig. 1, a la-
boratory two-stage reaction apparatus was adopted to simulate the tar
removal behavior in gasifier. The effect of thermal cracking and char
catalytic reforming on tar removal and fuel gas upgrading was ex-
amined and compared. The evolution behavior of main components in
tar will be also analyzed. As a consequence, this study hopes to provide
improved insights into the fundamentals of tar removal in gasifier and
also to facilitate the development of the new gasification process.

2. Experimental

2.1. Fuel property

The coal sample employed in this study was a kind of lignite from
Shenli coal mine in China. Before experiments, raw coal was crushed by
a hammer breaker, sieved to a particle size in the range of 0.5–1.0mm,
and then dried in an air oven at 105 °C for two hours. Table 1 sum-
marized the proximate and ultimate analysis of raw coal, and the cor-
responding ash analysis. It is necessary to underline that the coal
sample had high contents of volatile, carbon and hydrogen, while in its
ash, the contents of CaO, MgO and Fe2O3 were relatively high, re-
vealing good gasification reactivity.

2.2. Apparatus and test procedure

As shown in Fig. 2, to simulate the tar removal behavior in the FBTS
gasification process, an laboratorial two-stage apparatus composed by
the first stage (FB pyrolyzer) and the second stage (FB tar reformer) has
been designed and built up. It mainly includes a screw feeder, two in-
dependent electric heating furnaces, two FB reactors, a gas supplying
system, and two sampling systems for tar and pyrolytic gas at the outlet
of pyrolyzer and tar reformer. Both of the FB reactors were made of
stainless steel with an inner diameter of 50mm, connecting by stainless
steel pipe with valve. A screw feeder was used to feed coal particle
continuously into the FB pyrolyzer with a feeding rate of 6 g/min, and a
hopper-like feeder was installed on the tar reformer for adding char
sample at the preset temperature before experiment.

Fig. 1. Schematic diagram of the newly proposed fluidized bed two-stage ga-
sification process.

Table 1
Property of coal used in experiments.

Coal analysis Proximate analysis [wt%, ad] Ultimate analysis [wt%, daf] LHV [MJ/kg]

M A V FC C H S Oa N
12.5 14.6 31.7 41.2 75.1 4.3 1.1 18.7 0.8

Ash CaO SO3 SiO2 Al2O3 MgO Fe2O3 Na2O P2O5 TiO2 20.42
[wt%] 26.8 22.8 25.8 11.6 2.1 4.7 0.6 1.0 2.5

① ad: air dry basis; ② daf: dry and ash-free basis.
a By difference.
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