
Fuel Processing Technology 165 (2017) 54–61

Contents lists available at ScienceDirect

Fuel Processing Technology

j ourna l homepage: www.e lsev ie r .com/ locate / fuproc
Research article
Biomass steam gasification for hydrogen-rich gas production in a
decoupled dual loop gasification system
Yahui Xiao, Shaoping Xu ⁎, Yangbo Song, Yiyuan Shan, Chao Wang, Guangyong Wang
State Key Laboratory of Fine Chemicals, Institute of Coal Chemical Engineering, School of Chemical Engineering, Dalian University of Technology, No. 2 Linggong Road, Dalian 116024, China
⁎ Corresponding author.
E-mail address: spxu@dlut.edu.cn (S. Xu).

http://dx.doi.org/10.1016/j.fuproc.2017.05.013
0378-3820/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 March 2017
Received in revised form 12 May 2017
Accepted 12 May 2017
Available online 16 May 2017
In order to improve tar destruction and hydrogen-rich gas production in steam gasification of biomass, a novel
decoupled dual loop gasification system (DDLG) has been proposed. In the system, fuel pyrolysis/gasification,
tar cracking/reforming and char combustion are decoupled into three reactors correspondingly, i.e. fuel reactor,
reformer and combustor. Both the fuel reactor and the reformer are separately interconnected with the combus-
tor, forming two bedmaterial circulation loops, one for fuel pyrolysis/gasification and the other for tar cracking/
reforming. In this way, the above-mentioned reactions could be optimized separately under appropriate condi-
tions. With pine sawdust as feedstock and calcined olivine as both solid heat carrier and in-situ tar cracking/
reforming catalyst, the steam gasification performance of the system has been investigated. It has been indicated
that the configuration of the system provides an effective way to strengthen the tar cracking/reforming reaction
for efficient tar removal. Specifically, a product gas with hydrogen concentration of 40.8 vol%, tar content as low
as 14.1 g/Nm3 and dry gas yield of 1.0 Nm3/kg daf was obtained at the fuel reactor temperature 800 °C, reformer
temperature 850 °C, steam to carbon mass ratio 1.2 and circulation ratio 10.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In view of depletion of fossil fuels and environmental problems, bio-
mass as a clean and renewable alternative energy for fossil fuels has
drawn great concern in recent years [1,2]. Among all thermo-chemical
conversion processes, gasification is considered to be one of the most
promising routes to convert biomass into versatile syngas due to its
high conversion efficiency and wide application of the gas, which can
be used as either gaseous fuels for heat and power generation or feed-
stock for chemical synthesis and hydrogen production [3].

Gasification intrinsically involves a series of reactions including fuel
pyrolysis, char gasification, carbon residues combustion and tar crack-
ing/reforming. Commercial gasification technologies such as moving
bed gasification, fluidized bed gasification and entrained flow gasifica-
tion, despite of their relative maturity, fail to manipulate the above-
mentioned reactions individually to match feedstock property and
downstream applications since all of these reactions are mutually inter-
active to occur in a single space. Specifically, in the circumstance when
air is used as gasification agent, nitrogen introducedwith air and carbon
dioxide generated in combustion will dilute the product gas.

Alternatively, decoupled gasification characterized by isolating and
then reorganizing one or some of such reactions has the potential to
strengthen the desired reactions and suppress those unexpected to
facilitate the gasification performance [4–6]. Typically, the so-called
dual bed gasification has been developed by researchers [7–16]. In
these systems gasification and combustion reactions take place in two
isolated reactors, i.e. a fuel gasifier and a char combustor, respectively.
Solid heat carrier is circulating between the two reactors, while the
flue gas from the combustor and the product gas from the gasifier are
separated. By this way, nitrogen-free and hydrogen-rich gas can be gen-
erated using air as combustion agent and steam as gasification agent. It
also provides possibilities to optimize the both reactions under suitable
operating conditions respectively. For example, Hofbauer et al. [17]
from the Vienna University of Technology has developed a fast internal-
ly circulating fluidized bed (FICFB) gasification process to produce high
quality product gas for heat and power generation as well as fuels for
transportation and synthetic chemicals from biomass. It consists of a
bubbling fluidized bed gasification zone, where biomass steam gasifica-
tion takes place, and a fast fluidized bed combustion zone, where the re-
sidual char from the gasification zone is combusted with air to generate
heat for the gasification. The process has been successfully demonstrat-
ed at an industrial scale of 8 MW combined heat and power plant in
Güssing, Austria since 2001. Xu et al. [18] from the Institute of Process
Engineering of Chinese Academy of Science, China, have developed a
dual fluidized bed gasification (DFBG) system. The system combines a
dense low-velocity fluidized bed fuel gasifier and a high-velocity pneu-
matic riser char combustor, which has already been employed for gasi-
fication of dried coffee grounds to produce medium heating value gas
free of nitrogen in a 5.0 kg/h pilot facility. Similarly, Matsuoka et al.
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[19] from Energy Technology Research Institute, National Institute of
Advanced Industrial Science and Technology, Japan, has proposed a
new circulatingdual bubblingfluidized bed (CDBFB) gasification system
for woody biomass gasification to increase calorific value of gaseous
product. The system consisted of two bubbling fluidized beds, one serv-
ing as a gasifier and the other as a combustor. Compared to the riser
combustor, the bubbling fluidized bed combustor has longer residence
time of solid for sufficient combustion. Nevertheless, in normal dual
bed gasification system, residence time of gaseous product in bubbling
fluidized bed gasifier is limited and insufficient for tar destruction.

In order to improve tar destruction, considerable efforts have been
tried to increase the residence time of gaseous product in the gasifier
of dualfluidized bed gasification system.Hofbauer et al. [20] have devel-
oped a novel dual fluidized bed gasification system in which the classi-
cal bubbling fluidized bed gasifier is substituted by a countercurrent
reactor with multi-staged zones of solid accumulation operated in tur-
bulent fluidized bed regime. In this case, significant improvement in
gas-solid contact and residence time of gas and solid can be achieved,
which is beneficial for tar cracking/reforming reaction. Xu et al. [21]
adopted two-stagefluidized bed gasifier to replace the single-stage bub-
bling fluidized bed gasifier in a normal dual fluidized bed gasification
system. The product gas from the first stage is upgraded further in the
second stage, which is favorable for increase of gasification efficiency
and decrease of tar content. Göransson et al. [22] installed an in-situ re-
former (upperfluidized bed) in the freeboard region of thefluidized bed
gasifier to intensify the contact of volatiles and catalytic bedmaterial for
efficient tar reforming. Our group has adopted co-current or counter-
current moving bed gasifier [23,24] to improve the quality of the prod-
uct gas.

In addition, tar produced during gasification also can be converted
by using in-situ catalytic bed material (catalyst) inside the gasifier
[25–34], which is proved to be effective for tar removal andmeanwhile
hydrogen-rich gas production. Despite of inferior activity in tar elimina-
tion, naturalminerals are suitable as the in-situ catalysts in the perspec-
tive of low cost andwide availability. Specifically, a natural iron-bearing
olivine with advantages of high attrition resistance and mechanical
Fig. 1. Principle
strength is a preferred candidate in dual fluidized bed gasifier [35–37].
It has already been successfully employed in the FICFB commercial
plant located at Güssing, Austria [38].

Still, in the dual bed gasification system even with in-situ catalyst,
the tar destruction is unsatisfactory. That is essentially due to the fact
that pyrolysis/gasification and tar cracking/reforming reaction are still
mutually interactive in the same space, which makes it difficult to
strengthen the tar cracking/reforming reaction to realize a deep conver-
sion of the tar. In this sense, we have proposed a gasification system
composed of triple isolated reactors, i.e. a fuel reactor, a tar reformer
and a char combustor. Especially, the system has adopted a so-called ra-
dial cross flow moving bed reformer with the feature of longer resi-
dence time of volatiles and excellent contact between the tar and the
catalyst to enhance the tar conversion [39,40]. Nevertheless, it is still im-
possible to realize independent regulation and control of the fuel pyrol-
ysis/gasification and the tar cracking/reforming due to the fact that the
reformer and the fuel reactor line in a single circulation loop. In partic-
ular, the fuel reactor temperature is restricted by the reformer
temperature.

To overcome the shortcomings of the triple bed gasification system,
a novel decoupled dual loop gasification system (DDLG) has been pro-
posed. In the system, the fuel reactor and the reformer share the single
combustor and are separated into two circulation loops, i.e. the char
combustor-fuel reactor loop and the char combustor-tar reformer
loop, and so that the fuel reactor and the tar reformer could be con-
trolled individually. The fuel reactor could be operated in either pyroly-
sis mode (named as pyrolyzer) or gasification mode (gasifier) to match
variety of feedstocks. The tar generated in the pyrolyzer/gasifier is fur-
ther cracked/reformed in the reformer. The circulating bed material
could be inert as heat carrier or catalytic to strength the tar cracking/
reforming. This study reports some preliminary experimental results
of the system at laboratory scale where the fuel reactor is operated in
gasification mode. With pine sawdust as feedstock, the influence of re-
action conditions including fuel reactor temperature, reformer temper-
ature, steam to carbonmass ratio (S/C) and type of bedmaterials on the
steam gasification performance of the DDLG has been investigated.
of DDLG.
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2. Experimental

2.1. Experimental apparatus and procedure

The principle of DDLG is shown in Fig. 1. It consists mainly of three
separated reactors, i.e. a fuel reactor where fuel pyrolysis/gasification
takes place, a reformer where tar/hydrocarbons in volatiles from the
fuel reactor is further cracked/reformed, and a combustor where resid-
ual chars from the fuel reactor and deposited cokes on the surface of the
circulating bedmaterial particles from the reformer are combustedwith
air. Both the fuel reactor and the reformer are in parallel and separately
interconnected with the combustor, forming two circulation loops. One
is the char combustor-fuel reactor loop, and the other is the char com-
bustor-tar reformer loop. Bed material as both solid heat carrier and
in-situ tar cracking/reforming catalyst is circulating among these reac-
tors. Following the combustor, there is a cyclone to separate the circu-
lating bed material from the flue gas of the combustor, and so that the
hydrogen-rich gas of the reformer and fuel reactor are isolated from
the flue gas of the combustor. As solid heat carrier, the circulating bed
material transfers heat generated from the combustor to both the re-
former and the fuel reactor to provide the energy needed for the crack-
ing/reforming and pyrolysis/gasification reactions. When catalytic bed
material (catalyst) is used, it also acts as in-situ tar cracking/reforming
catalyst, which undergoes continuously regeneration and reaction
along with the circulation loops. In the case a metal oxide catalyst is
used as bed material, e.g. olivine, it will undergo reduction in the re-
former by contacting with the hydrogen-rich gas. During the reduction,
Fe2O3 on the surface of the calcined olivine is reduced to FeO1.5 − x (0 b x
≤ 1.5) [37], which has been proved to be active for tar cracking/
Fig. 2. Schematic diagram of DDLG facility. 1-Air compressor, 2-Gas flow meter, 3-Air pre-heat
Fuel reactor, 9-Reformer, 10-Pipe bundle condenser, 11-Condenser, 12-Cotton wool filter, 13
Silica gel filter, 19-Gas holder, 20- Venturi gas scrubber, 21-Water tank, 22-Circulating water p
reforming, and part of the hydrogen-rich gas simultaneously is oxidized
to H2O and CO2. The fuel reactor could be operated in either pyrolysis
mode (named as pyrolyzer) or gasificationmode (gasifier) tomatch va-
riety of feedstocks. To increase the contact between tar-containing vol-
atiles and catalyst for tar destruction at a smaller pressure drop, a radial
cross flow moving bed reformer is adopted. It also acts as particulates
filter to capture dust in the product gas.

Fig. 2 is the schematic diagram of DDLG facility. The fuel reactor,
herein as a gasifier, is a gas-solid countercurrent moving bed reactor
with an 80mm i.d. and a 200mmheight. The reformer is a gas–solid ra-
dial cross flow moving bed reactor with a 136 mm i.d. and a 400 mm
height, and has an annular bed with an i.d. of 20 mm and an o.d.
90 mm in the center. A horizontal connection pipe between the top of
the fuel reactor and that of the reformer allows for flow of pyrolysis
gas from the fuel reactor into the central gas channel of the reformer.
The combustor is a fast fluidized bed riser with a 26 mm i.d. and a
2500 mm height. Sealing legs are separately set at the top and bottom
joint zones between the combustor and the fuel reactor or the reformer
to prevent the undesired gas leakage. All the reactors are constructed by
310S stainless steel and externally heated by independent electrical fur-
naces to compensate heat loss. Themean temperature of each reactor is
monitored by a K-type thermocouple placed at the middle part of the
reactor. Manometers are used to indicate the pressure profiles of each
reactor and ensure the gas streams from each reactor are separated.
Specifically in the reformer, a differential manometer is installed to
monitor the gas pressure drop through the lateral particle layer and to
insure the operation to be normal.

Prior to test, about 7.2 kg of bed material as well as catalyst were
added into the gasification system. Then all of the reactors were
er, 4-Pre-fluidizer, 5-Riser combustor, 6- Cyclone separator/bunker, 7-Screw conveyor, 8-
-Needle valve, 14-Surge flask, 15-Vacuum pump, 16-Gas meter, 17-Three way valve, 18-
ump, 23-Mechanical valve.

Image of Fig. 2


Table 1
Operating conditions of the DDLG.

Total weight of bed material (kg) 7.2

Circulation ratio 10
Bed height in the fuel reactor (mm) 100
Residence time of solid in the fuel reactor (min) 20
Residence time of solid in the reformer (min) 45
Steam to carbon mass ratio(S/C) (kg/kg) 0.2–2.0
Biomass feeding rate (kg/h) 0.2
Fuel reactor temperature (°C) 700–850
Reformer temperature (°C) 700–850
Combustor temperature (°C) 850
Gauge pressure in the fuel reactor (Pa) 0
Gauge pressure in the reformer (Pa) −100 − −50
Gauge pressure in the cyclone (Pa) 0
Gauge pressure in the pre-fluidizer(Pa) 0
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electrically heated under nitrogen purging. A primary fluidization air
about 3.8 Nm3/h and a secondary fluidization air about 2.5 Nm3/h
were introduced into the combustor to fluidize the bed material in it
and to ensure the circulation of the bed material among reactors. The
circulating rate of bed material in each circulating loop was controlled
to 2.0 kg/h by three mechanical valves separately set on the top sealing
leg of the fuel reactor and the bottom sealing legs of the fuel reactor and
the reformer.

When all the reactors reached to the desired temperatures, the
biomass particles were fed into the fuel reactor at a feeding rate of
200 g/h, meanwhile steam was injected into the bottom of the fuel
reactor with a certain flow rate. With the help of a vacuum pump,
the product gas was extracted from the reformer and subsequently
cooled down in sequential ice-cooled and glycol-cooled quenchers
to capture the condensable components in it. The condensed liquids
were collected in tar traps. The aerosol in the gas was further
captured in a filter filled with cotton wool. The dry product gas
volume was determined by the gas flow meter. Through a venturi
gas scrubber, the gas from the cyclone was cooled down and the
dust in it was scrubbed by water spray. The detailed operating
conditions were summarized in Table 1.
2.2. Feedstock and bed materials

Pine sawdust with a particle size of 0.38–0.83 mm was used as
biomass feedstock. Prior to test, the pine sawdust was dried at
temperature of 105–110 °C for 3 h. The properties of pine sawdust are
given in Table 2.

Olivine of 0.38–0.83 mm from the Institute of Olivine Research,
Yichang, China, was used as catalytically active bed materials. Before
Table 2
Properties of pine sawdust.

Proximate analysisa (wt%, ad)

Moisture 9.0
Ash 0.6
Volatile 77.8
Fixed carbon 12.6

Ultimate analysisb (wt%, daf)
Carbon 47.75
Hydrogen 6.98
Oxygend 44.84
Nitrogen 0.07
Sulfur 0.36
LHVc(MJ/kg, d.b.) 18.73

a Conducted by ASTM D 3172.
b Performed by a vario EL III elemental analyzer.
c Calculated by Dulong's formula.
d Calculated by difference.
experiments, the olivine was calcined at 900 °C for 4 h. The chemical
composition of the olivine analyzed by X-ray Fluorescence (XRF) is
presented in Table 3. Silica sand with the same particle size as that of
the olivine was used as inert bed material in blank test for comparison.

2.3. Sampling and analysis

About 1 h after the start of gasification, when the gasification system
reached a steady state, the product gas was sampled with gas bag every
15 min. The composition of the gas sample was analyzed by a gas chro-
matograph GC7900 equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). The compositions of dry
gas excluding nitrogen presented in this paper are averaged values of at
least three samplings with respect to time on stream. After each test, liq-
uid products including tar and water were washed with solvent tetrahy-
drofuran. The solvent was removed by evaporation at 40 °C under
reduced pressure. The water was separated from the liquid mixture
using ethyl acetate extraction, and then the tarwas obtained by evaporat-
ing off the ethyl acetate solvent at 45 °C under reduced pressure. Specifi-
cation of the tar sampling and analysis can also be found in detail
elsewhere [39,40]. To evaluate the performance of the process, the pa-
rameters are defined by the following formula:

Drygasyield Nm3=kgdaf
� �

¼
Volume of thegasdryproductgas Nm3

� �

Mass of biomass of dryash‐free basis fedinto the system kgð Þ ð1Þ

Taryield %ð Þ ¼
Volume of thegasdryproductgas Nm3

� �

Mass of biomass of dryash‐free basis fedinto the system gð Þ � 100 ð2Þ

Tarcontent of productgas g=Nm3
� �

¼ Mass of tarcollected in the test gð Þ
Volume of thegasdryproductgas Nm3

� � ð3Þ

Coldgasefficiency %ð Þ

¼
Lower heat value of productgas kJ=Nm3

� �
� Gasyield Nm3=kJ

� �

Lower heat value of biomassfedinto the system kJ=kgð Þ
� 100 ð4Þ

Carbon conversion %ð Þ
¼ Mass of carbon in the productgas kgð Þ

Mass of carbon in biomassfedinto the system kgð Þ � 100 ð5Þ

Water conversion %ð Þ

¼ Mass of water introduced into the gð Þ−Mass of water collected in the test gð Þ
Mass of water introduced into system gð Þ � 100

ð6Þ

Steamtocarbonmass ratio S=Cð Þ
¼ Mass of steam introduced into the system kgð Þ

Mass of carbon in biomassfedinto the system kgð Þ ð7Þ

Circulation ration C=Fð Þ

¼ Mass of bedmaterial into the fuel reactor or reformerperhour kg=hð Þ
Mass of biomassfedinto the systemperhour kg=hð Þ

ð8Þ
Table 3
Chemical composition of olivine by XRF analysis (wt%).

MgO SiO2 Fe2O3 Al2O3 Cr2O3 CaO NiO

51.80 36.50 9.14 0.88 0.60 0.37 0.36



Fig. 3.Variation of dry gas compositionwith time on stream (biomass feeding rate 120 g/h,
fuel reactor temperature of 800 °C, reformer temperature 850 °C, S/C 1.2 and circulation
ratio 10).
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3. Results and discussion

3.1. Stability test

In order to validate the reliability of the system, a 12 h long-term
operation of the system for biomass steam gasification was examined
at the biomass feeding rate 120 g/h, fuel reactor temperature 800 °C,
reformer temperature 850 °C, S/C 1.2 and circulation ratio 10. The
Fig. 4. Effect of fuel reactor temperature on biomass steam gasification
variation of dry gas composition with time on stream is shown in Fig.
3. H2, CO, CO2 and CH4 are the main components in the product gas.
The H2 and CO2 concentrations gradually increase whereas those of
the CO and CH4 decrease at the initial 40 min. There is no significant
change on dry gas composition with the time on stream during the fol-
lowing 11 h. The concentrations of the H2, CO, CO2 and CH4 in the dry
gas keep steadily at 38.5 vol%, 18.0 vol%, 29.5 vol% and 10.7 vol%, respec-
tively. Other trace gases, i.e. C2H4, C2H6, C3H6 and C3H8, are 2.3 vol%,
0.7 vol%, 0.3 vol% and 0.03 vol%, respectively. The results demonstrate
that the system is of good stability and reliability for biomass steam gas-
ification. In this case, all of the experiments in this study were kept for
2 h and the product gas was sampled at a steady state.

3.2. Effect of fuel reactor temperature

In the configuration of DDLG, the volatiles from the fuel reactor are
further cracked/steam-reformed in the reformer. In order to investigate
the effect of fuel reactor temperature on biomass steam gasification, ex-
periments were conducted by varying the fuel reactor temperature
from 700 °C to 850 °C, keeping the reformer temperature constant at
700 °C, S/C 1.2 and circulation ratio 10. As shown in Fig. 4, with the in-
crease of the fuel reactor temperature, the dry gas yield, cold gas effi-
ciency, carbon conversion and water conversion increase remarkably,
although the water conversion is limited under a low level especially
at lower temperature. The concentration of H2 in product gas increase
sharply, and the concentrations of CO, CH4 and CO2 show a little de-
crease. It indicates that the devolatilization (pyrolysis) of biomass, the
steam gasification of char and the Boudouard reaction have been pro-
moted at the higher fuel reactor temperature. The contribution of the
water gas shift reaction leads to the decrease of CO and the increase of
H2/CO ratio. With the increase of the fuel reactor temperature, the tar
(reformer temperature 700 °C, S/C 1.2 and circulation ratio 10).

Image of Fig. 3
Image of Fig. 4


Fig. 5. Effect of reformer temperature on biomass steam gasification (fuel reactor temperature 700 °C, S/C 1.2 and circulation ratio 10).
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content in product gas decreases obviously but the tar yield exhibits a
little increase. It suggests that the tar cracking/reforming reaction is re-
stricted because of the insufficient residence time of the volatiles from
biomass pyrolysis in the fuel reactor.

As discussed above, biomass devolatilization/gasification makes a
great contribution to the biomass gasification, and there still remains a
large amount of tar in the gas from the fuel reactor. In order to increase
the gas yield and decrease the tar in it, the tar cracking/reforming
should be strengthened. In the DDLG, these reactions would be en-
hanced under optimized reformer temperature and S/C, and in presence
of catalytic bed materials.
3.3. Effect of reformer temperature

Biomass steam gasification as a function of varied reformer temper-
ature was investigated at fuel reactor temperature 700 °C, S/C 1.2 and
circulation ratio 10. The results are shown in Fig. 5. Higher reformer
temperature gives rise to dramatic increase of the dry gas yield and de-
crease of the tar yield. The carbon conversion and cold gas efficiency
meanwhile increase significantly. Water conversion is at a low level
but still increases clearly with the reformer temperature. In product
gas, H2 concentration increases while the concentrations of CO2 and
CO decrease slightly. It confirms that endothermic reactions such as
cracking and steam/dry reforming of tar have been strengthened with
the increase of reformer temperature, which leads to the increase of
H2 at the expense of tar, H2O and CO2. The downward tendency of the
CO concentration exhibits that the water gas shift reaction plays an im-
portant role in this reformer temperature range, which was also found
by Koppatz et al. [41] and Franco et al. [42].
3.4. Effect of S/C

The effect of S/C on biomass steam gasification was investigated in
the S/C range of 0.2 to 2.0, fixing the fuel reactor temperature at 800
°C, reformer temperature 850 °C and circulation ratio 10. As shown in
Fig. 6, with the increase of S/C, the dry gas yield, carbon conversion,
water conversion and cold gas efficiency show a significant increase.
H2 concentration in the product gas ascends gradually while those of
CO and CH4 descend slowly, which results in H2/CO ratio rising linearly
with the S/C. The tar yield and tar content in product gas display a little
increase with the increase of S/C. It is reasonable to believe that the gas
yield improvement and gas composition variation are mainly caused by
the char steam gasification and water gas shift reaction promoted by
steam addition. Nevertheless, the unreacted steam and the incremental
gas yield decrease the residence time of the volatiles in both the fuel re-
actor and the reformer, which restrains the tar cracking/reforming to
some extent. For a practical application, excessive steam addition
should be avoided because it will consume a large amount of energy
and deteriorate the gasification condition.
3.5. Effect of bed materials

Bed materials, especially the catalytically active materials, may have
a significant impact on tar cracking/reforming. The behavior of olivine
as bedmaterial comparedwith that of silica sand for biomass steamgas-
ification was investigated at the fuel reactor temperature 800 °C, re-
former temperature 850 °C, S/C 1.2 and circulation ratio 10. The
results are shown in Table 4. Compared with the silica sand, the olivine
as bed material shows a superior gasification performance in terms of

Image of Fig. 5


Fig. 6. Effect of S/C on biomass steam gasification (fuel reactor temperature 800 °C, reformer temperature 850 °C and circulation ratio 10).

Table 4
Gasification performances of DDLG and other similar gasification systems with silica sand
and olivine as bed material.

Gasification system DDLG FICFB DTBG MIUN T-DFBG

Bed material Silica
sand

Olivine Olivine Olivine Olivine Silica
sand

Fuel reactor
temperature (°C)

800 800 850 600 850 820

Reformer temperature
(°C)

850 850 – 800 850 820

S/C 1.2 1.2 1.7 1.3 1.2 1.1
C/F 10 10 – 22 – –

Dry gas composition (vol%)
H2 35.0 40.8 40.0 40.4 32.9 23.7
CO 22.0 17.1 26.0 12.5 36.1 36.6
CH4 13.2 10.8 10.0 10.3 11.8 15.8
CO2 25.2 28.6 18.0 34.0 14.5 12.4
C2H4 3.7 2.0 2.0 2.0 4.2 7.6
C2H6 0.7 0.5 0.3 0.5 0.3 3.8
C3H6 0.3 0.2 b0.1 0.2 b0.1 0.1
C3H8 b0.1 b0.1 0.5 b0.1 b0.1 b0.1
H2/CO ratio 1.6 2.4 1.5 3.2 0.9 0.6
Dry gas yield (Nm3/kg
daf)

0.87 1.02 1.10 0.84 – –

Tar yield (%) 5.2 1.4 – – – –
Tar content (g/Nm3) 59.8 14.1 7.5 11.1 26.0 32.0
Carbon conversion (%) 68.1 73.3 67.0 54.0 – 70.0
Water conversion (%) 2.2 6.6 6.0–7.0 – – –
Cold gas efficiency (%) 66.6 68.9 70 53.0 – 80.0
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the dry gas yield, carbon conversion,water conversion, cold gas efficien-
cy and tar yield. The concentration of H2 in the gas is higher and that of
light hydrocarbons are lower. Especially, the dry gas yield increases by
17% and the tar yield decreases by 73%. It indicates that the olivine has
a superior catalytic activity for tar cracking/reforming, which is ascribed
to the FeOx species on the olivine. The CO is lower and CO2 is higher,
suggesting that water gas shift reaction has also been catalyzed by the
olivine.

As discussed above, in the DDLG, the separation of the fuel reactor
and the reformer makes them possible to be run under optimized con-
dition. Especially the tar from the pyrolysis/gasification could be further
cracked/reformed in the reformer at suitable temperature and with ex-
tended residence time of the volatiles and excellent contact between
the volatiles and the olivine catalyst. As a result, a hydrogen-rich prod-
uct gas with low tar content could be obtained. The gasification perfor-
mance of the DDLG at similar operating conditions but relative lower S/
C is comparable to that of the typical dual bed gasification process, e.g.
FICFB [41], in regards of H2 concentration, tar content, dry gas yield, car-
bon conversion, water conversion and cold gas efficiency.

A comparison of the DDLG to the other similar three-bed decoupling
gasification systems, e.g. T-DFBG [21], MIUN [22] and DTBG [39], is also
made in Table 4. In terms of hydrogen concentration and tar content in
the gas, the performance of DDLG with olivine as bed material is at the
same level as that of the other processes with olivine as bed material
under similar operating condition but superior to that of the T-DFBG
with inert silica sand as bed material.

Nevertheless, similar to other steam gasification systems [17,43], the
water conversion in the DDLG is still poor. Specifically, negative water
conversion values were obtained under mild reaction conditions, i.e. the
lower fuel reactor or reformer temperature and S/C. That could be attrib-
uted partially to thewater generation from the pyrolysis of pine sawdust.
In addition, the reduction of the catalytic bedmaterial olivine contributes
greatly to the water formation. In the reformer, the reduction of the oliv-
ine from the combustor yields water at the cost of hydrogen in the prod-
uct gas, which is going to be studied in the future.

Image of Fig. 6
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4. Conclusions

The rationality of the decoupled dual loop gasification system for
biomass steam gasification has been validated with pine sawdust as
feedstock and calcined olivine as the circulating bedmaterial. The pyrol-
ysis/gasification of pine sawdust is improved markedly by increasing
the fuel reactor temperature. In comparison, the reformer temperature
plays more effect on tar cracking/reforming. The dry gas yield increases
and tar yield decreases evidently at the higher reformer temperature.
The concentration of H2 increases and that of CO decreases with the S/
C, which makes it possible to flexibly adjust H2/CO ratio. Compared
with silica sand as bed material, olivine shows a superior catalytic
activity for tar cracking/reforming, which favors tar removal and
hydrogen-rich gas production.
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