J Mater Cycles Waste Manag (2006) 8:70-77
DOI 10.1007/s10163-005-0138-1

© Springer-Verlag 2006

ORIGINAL ARTICLE

Wei Wu - Katsuya Kawamoto - Hidetoshi Kuramochi

Hydrogen-rich synthesis gas production from waste wood via gasification
and reforming technology for fuel cell application

Received: December 13,2004 / Accepted: October 6, 2005

Abstract The purpose of this study was to establish a fuel
process for an advanced power generation system in which
hydrogen-rich synthesis gas, as the fuel for the molten car-
bonate fuel cell (MCFC), can be extracted from biomass
via gasification and reforming technologies. Experiments
on waste wood gasification were performed using a bench-
scale gasification system. The main factors influencing
hydrogen generation in the noncatalytic process and in the
catalytic process were investigated, and temperature was
identified as the most important factor. At 950°C, without
employing a catalyst, hydrogen-rich synthesis gas contain-
ing about 54 vol% hydrogen was extracted from feedstock
with appropriately designed operation parameters for the
steam/carbon ratio and the equivalence ratio. However, by
employing a commercial steam reforming catalyst in the
reforming process, similar results were obtained at 750°C.
Key words Hydrogen - - Waste
wood - Catalytic - MCFC

Gasification/reforming

Introduction

Hydrogen is anticipated to become an alternative energy
source for a future “hydrogen society” in which fuel cell
automobiles and power generation systems will play an
important role in the social infrastructure.! To turn this
dream into a reality, it is necessary to develop a variety of
hydrogen-producing processes, not only by the cracking
and reforming of natural gas and the electrolysis of water,
but also by extracting hydrogen from biomass as well as
wastes.”® The purpose of this study was to establish a fuel-
processing system in which hydrogen-rich synthesis gas can
be efficiently extracted from biomass via gasification and
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reforming technologies, with the product gas well within the
tolerance level of fuels for molten carbonate fuel cells
(MCFCs).

Thus far, gasification is considered a competitive means
for efficient reuse of biomass, and the gas products are nor-
mally used as the fuel of internal combustion engines or gas
turbines for power generation. Therefore, in conventional
gasification systems, emphasis is usually placed on high
C-conversion as well as on cold gas efficiency.* In general,
to promote the decomposition of feedstock and tar crack-
ing, increasing the operating temperature is considered a
promising method. Consequently, one of the characteristics
of conventional gasification systems is the necessity to sup-
plement the system with a large amount of air or oxygen,
which is expected to burn out char and tar to supply the
required thermal energy for decomposition and reforming
reactions. However, since hydrogen has a higher flame prop-
agation speed than the other principal combustible compo-
nents, it is usually oxidized before char and tar, causing a
severe decrease in the hydrogen component, and typical
synthesis gases are deficient in hydrogen.

In the application of biomass gasification as a fuel
process for MCFCs, special emphasis must be placed on the
components of the gas product. Specifically, the main gas
components should be hydrogen and carbon monoxide,
whereas the presence of hydrocarbons and oxygen should
be strictly limited. Furthermore, the removal of a significant
amount of tar, soot, and acidic gases as well as other impu-
rities from the gas product is also required to successfully
meet the tolerance level of MCFCs.’

The addition of steam has been reported to significantly
promote the formation of hydrogen in the biomass gasifi-
cation process, in which the water-gas and reforming reac-
tions of hydrocarbons are promoted by the presence of
steam.*'? On the other hand, even though the presence of
oxygen in the gasification process has a slightly negative
effect on hydrogen formation, the addition of oxygen is
also considered a necessary element in establishing a
commercial system involving the supply of combustion-
based thermal energy to maintain a self-sufficient energy
system.”*!* To resolve the apparent discrepancy regarding
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the effect of oxygen addition on hydrogen generation,
optimization of the operating conditions such as operating
temperature, steam/carbon (S/C) ratio, and equivalence
ratio (ER), becomes extremely important. In this study, to
obtain detailed information about hydrogen conversion
from waste woods during the gasification and reforming
processes, experiments were performed using a bench-scale
two-step fluidized bed experimental facility under various
operating conditions. A follow-up survey was conducted to
investigate the mechanism of hydrogen formation, the gasi-
fication characteristics of waste wood, and the key operat-
ing factors.

One of the disadvantages of conventional gasification
systems is low cold gas efficiency because of the high-
temperature operation. To reduce the operating tempera-
ture, it is necessary to decrease the activation energy of
complex decomposition and reforming reactions by using a
catalyst. Extensive studies have been published regarding
experimental investigations of the catalytic gasification
process of hydrogen production at low temperatures, and a
number of catalysts have been confirmed to exhibit a high
activation in the production of hydrogen, namely dolomite,
ZnCl,, and K,CO;.">*° The most interesting of these include
promising reports regarding a Rh catalyst in the gasification
process, in which the synthesis gas contained about 40 vol%
hydrogen at only 550°C.*'** With this technology, it is
expected that the gasification and reforming processes will
be performed using only one gasifier, resulting in a more
compact system. The catalyst was assumed to cause weak-
ness in the intermolecular interaction of polymeric chains
and, at the same time, not only catalyze interlinked dehy-
dration, but also prevent the formation of stable chemical
structures. However, most of the catalysts displayed mod-
erate deactivation as a result of the buildup of surface
carbon and “sintering” effects. Consequently, the benefits of
these catalysts were significantly reduced.”* Considering
the longevity requirements and the cost of catalysts, com-
mercially available Ni catalysts are considered more eco-
nomical than other more expensive metal catalysts, such as
Rh and Pt. Thus, interest has also focused on commercial Ni
catalysts.” In this study, one type of commerical Ni catalyst
(FCR-4) was employed in an attempt to reduce the operat-
ing temperature and to evaluate the performance of the cat-
alyst on hydrogen formation.

The gasification process consists of many concurrent and
consecutive reactions, making it virtually impossible to
identify all of the elementary chemical reactions in hydro-
gen conversion. In this study, identifiction of the main
hydrogen-forming events corresponding to variations in
operating factors was attempted.

Generally, the chemical formula of wood can be
described as C¢H,,Os, and the main decomposition reac-
tions taking place in the gasification section are expressed
as Eqgs. 1 through 6; the reforming reactions are expressed
as Eqgs. 7 through 10:

Devolatilization reaction of wood:

CH,,05 —» H, + CO, + CO + hydrocarbons + char + H,O
(1)
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Devolatilization reaction of hydrocarbons (gas and tar
yields)

C,H,, > nC+(m/2)H, ()
Steam gasification reactions:

C.H,,0s +H,0 - 6H, +6CO (3)
Complete and incomplete combustion reactions:

2CH,,05 +90, — 10H,0 +6CO +6CO, 4)
Combustion of char:

C+0, - CO, ®)
Water-gas reaction of char:

C+H,0-5CO+H, (6)
Oxidation of hydrocarbons:

C,H,, +(n+m/4)O, - nCO, +(m/2)H,O (7)
Primary and secondary reforming reactions:

Primary: C,H,, + nH,0 - nCO + (m/2 + n)H2 (8)

Secondary: C,H,, +2nH,0 - nCO, +(m/2+2n)H,  (9)
Water-gas shift reaction:

CO+H,0 < CO,+H, (10)

Experimental method
Raw materials

Most of the houses in Japan used to be built of wood, and
the old ones that are torn down produce about 5 million
tons of architectural salvage per year. The reuse and recy-
cling of these waste woods have become a severe problem.
Thermal disposal, especially via gasification, is considered
an appropriate recycling means. Consequently, in this study,
architectural salvage was used as feedstock in the gasifica-
tion experiments, in which it was crushed and sieved to a
particle size of 1-2mm. The results of ultimate and proxi-
mate analysis of architectural salvage as well as analysis of
the main metals contained in the ash are summarized in
Table 1. In the catalytic gasification experiments, the com-
mercial steam reforming catalyst FCR-4 (Siid-Chemie Cat-
alysts, Tokyo, Japan. Metal content: Ni 12wt %, supported by
Al,0;) was employed in the form of spheres 3-5mm in
diameter.

Experimental facility and analysis system

A bench-scale gasification unit was built to conduct the
experiments; a schematic of the system is shown in Fig. 1.
This system essentially consisted of two reactors in series:
a primary reactor (gasifier) was followed by a secondary
reactor (reformer); both were made of quartz glass tube.
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The primary reactor was designed as a fluidized bed, with
an outside diameter (OD) of 55mm, an inside diameter of
(ID) 50mm, and a height (H) of 1390 mm. The capacity was
around 0.15-0.34kg/h. The secondary reactor was designed
as a tubular model, with OD 55mm, ID 50mm, and H
1620mm. Two distributors were incorporated, one at the
bottom of the primary reactor to support the feedstock and
the other at the top of the secondary reactor to support the
catalyst. The gas line between the two reactors was heated
to above 250°C using a ribbon heater, preventing the con-
densation of steam and tar. Both reactors were preheated

Table 1. Properties of architectural salvage

Proximate analysis Ultimate analysis

Volatile (wt% dry) 80.0 H (wt% dry) 5.9
Fixed carbon (wt% dry) 18.0 C (Wt% dry) 514
Ash (wt% dry) 2.0 O (wt% dry) 40.7
Moisture (wWt% dry) 9.0 N (wt% dry) <0.1
HHV (MJ/kg dry) 20.5 Cl (wt% dry) <0.01
LHV (MJ/kg dry) 172 S (Wt% dry) <0.02
Ash analysis

Al (Wt% dry) 3.1 Cd (mg/kg dry) <5
Ca (wt% dry) 4.9 Pb (mg/kg dry) 58
Fe (wt% dry) 6.3 As (mg/kg dry) 21

Si (wt% dry) 12.6 Cr (mg/kg dry) 16
Na (wt% dry) 2.5 Cu (mg/kg dry) 200

K (Wwt% dry) 7.7 Hg (mg/kg dry) <0.05
Se (mg/kg dry) <5 Zn (mg/kg dry) 360

HHYV, higher heating value; LHV, lower heating value

Fig. 1. Schematic of the bench-
scale experimental facility.
THC, Anatec Yanaco, Kyoto,
Japan

using ovens at a maximum temperature of 1100°C. The
maximum gas space velocities in the gasifier and reformer
were 1.6 and 1.8m/s (900°C), with residence times of up to
0.6 and 0.7s, respectively. However, in the catalytic gasifica-
tion experiments, the catalysts were loaded in the reformer
vessel near the entrance partition of the gas products. The
depth of the actual catalyst bed in the reformer was about
70mm (0.15kg).

When the experiments were carried out, the feedstock
was loaded into a feed hopper. After the reactors were pre-
heated to the desired temperature, the feedstock was con-
tinuously screw fed from the hopper to a transport pipe and
then carried to the bottom of the primary reactor by the
carrier gas (N,), falling down onto the distributor. The feed
rate was controlled by regulating the screw speed. Distilled
water was sucked up from a tank using a micro pump
and was quantitatively pumped into a steam generator.
The gaseous mixture of steam and oxidizing agents were
injected into the primary reactor from the bottom. As these
gases passed through the distributor, the feedstock was
blown upwards, producing a fluidized state. Feedstock par-
ticles struck the internal wall of the reactor, resulting in
the particles being heated both by heat transfer and by
absorbing radiant heat. Volatile matter escaping from the
feedstock accompanied decomposition reactions. The solid
products (char) were carried upwards via the pyrolysis gas
stream, leaving the reactor from the top and entering the
cyclone cylinder where the char was removed from the
raw gas. Tar remained in the high-temperature gas stream
and was carried into the secondary reactor where tar was
reformed into light gas components such as H,, CO, CO,,
and CH,.
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Temperature measurement

Since both the primary and secondary reactors were pre-
heated by ovens, it was assumed that temperature gradients
were present in the interior of the reactors. To monitor the
temperature in the reaction zones of the gasifier and
reformer, three thermocouples were set in the reaction
zones of both reactors to monitor the temperature at the
center, the internal wall, and the midpoint of these two posi-
tions. Moreover, to control the temperature of the steam
and the sample gas stream, three thermocouples were also
set at different locations in the series of gas lines.

Tar measurement

Two gas-sample probes were set downstream of the cyclone
cylinder and reformer outlet. The sample gases were
injected into six tar impinger bottles that were located in
an ice-water cooling bath. The gas sampling lines were
wrapped with a ribbon heater, keeping the temperature
above 250°C to prevent condensation of the steam and tar.
As the sampling gas passed through the impinger bottles,
the tar and steam were condensed and deposited in the
bottles. After this, tar-free gas samples passed through a
series of measurement devices to determine the composi-
tion of the gases. After the experiments, the gas lines were
cleaned with acetone to recover deposited tar. Furthermore,
to prevent reactions from taking place among the compo-
nents of the sample gases, the sampling lines were designed
to be as short as possible.

Gas products analysis

The composition of tar-free sample gases after leaving the
series of tar impinger bottles was determined regularly at 3-
min intervals by a microgas chromatograph (Agilent 3000,
Yokogawa Analytical Systems Inc, Tokyo, Japan) equipped
with two columns: PLOT U, 3m x 0.32mm diameter / MS
5A PLOT, 10m x 0.32mm, for H,, O,,N,, CH,, and CO using
helium as a carrier gas. Moreover, a Shimadzu (Kyoto,
Japan) GC 7000 series was used to determine CO,, a GC
8000 was used for O,, and a Yanaco (Kyoto, Japan) THC
7000 was used for C,H,, (2<n <4).

The quantitative determination of dry gas products was
calculated by a volumetric gas meter and converted to
normal conditions. The values of the dry gas yield and com-
position reported in the following sections were obtained
after being corrected for the nitrogen flux added to the
biomass feeding system.

Experimental results and discussion
Effect of temperature on hydrogen formation

It is well known that raising the operating temperature can
improve gas yield conversion and promote a low tar level
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Fig. 2. Effect of gasification temperature on reformed gas yields (feed
rate = 5.6 g/min, d = 1.5 mm, reforming temperature = 900°C). C-Conv,
carbon conversion; ER, equivalence ratio; S/C ratio,steam/carbon ratio;
CnHm, hydrocarbon

in the gasification process.”**’ To verify hydrogen formation
rates corresponding to different operating temperatures,
experiments were conducted at the following three tem-
peratures: 750°,850°, and 950°C. The results are summarized
in Fig. 2.

These experimental results indicate that hydrogen con-
version was promoted with the increase of temperature
over the test series (from 750° to 950°C). The maximum
hydrogen content of about 39 vol% was generated at 950°C
with the addition of steam and oxygen (S/C = 1.54, ER =
0.20). Moreover, methane and other hydrocarbons almost
completely disappeared, with only 1.6vol% hydrocarbons
remaining in the reformed gases. However, in pyrolysis
experiments at 750°C, the hydrogen concentration was a
minimum at 14vol% and a much greater amount of hydro-
carbons (25vol%) remained in the reformed gases. Com-
paring the results of experiments in which the reactor
temperature was increased from 750° to 950°C in 100°C
increments with all other conditions (S/C ratio and ER)
remaining constant, all runs showed further evidence of a
tendency toward improved hydrogen and carbon dioxide
formation at higher temperatures and a remarkable reduc-
tion in carbon monoxide and methane as well as hydrocar-
bons. Clearly, increasing the temperature had a positive
effect on hydrogen formation. However, comparing the
composition of gas generated under three different operat-
ing conditions (pyrolysis, steam gasification, and gasifica-
tion), it also clear that the addition of steam and oxygen
enhanced the temperature effect for improving hydrogen
conversion. Furthermore, because similar hydrogen levels
were found in synthesis gas generated from the above three
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processes at temperatures up to 950°C, it also revealed that
temperature plays a dominant role in hydrogen formation,
whereas the addition of steam and oxygen mainly improved
the thermal degradation of hydrocarbons and led to a slight
increase in carbon dioxide.

In the gasification process, the dominant reactions of
hydrogen formation vary according to the operating para-
meters. In the pyrolysis process, because of the absence of
oxygen and steam, devolatilization reactions (Egs. 1 and 2)
are assumed to be the dominant reactions, and hydrogen is
assumed to be converted mainly by the devolatilization of
feedstock and hydrocarbons. High-temperature operation
makes it possible to supply the necessary thermal energy to
the above two endothermic reactions, and is advantageous
in the formation of light gases such as H,, CO,, and CO; in
particular, the promotion of Eq. 2 would lead to a high
hydrogen concentration in the gas product. This assumption
was backed up through a comparison of pyrolysis experi-
mental results at 750°, 850°, and 950°C.

Effect of steam addition on hydrogen formation

During the steam gasification experiments, steam first con-
tacted feedstock and chars because it was injected from the
bottom of the primary reactor, resulting in the steam gasi-
fication reaction of feedstock (Eq. 3) and the water-gas
reaction of char (Eq. 6), simultaneous with devolatilization
in the primary reactor. Moreover, residual steam would be
consumed in the reforming reactions of tar in the secondary
reactor. As a consequence of steam gasification and reform-
ing reactions (Egs. 8-10), hydrocarbons would be decom-
posed, and hydrogen, as the product of these reactions,
would appear to increase significantly in reformed gas com-
pared to that generated from the pyrolysis process, as shown
in the results illustrated in Fig. 2. These results indicate that
steam addition has the same effect as increasing tem-
perature on hydrogen formation as well as enhancing
the decomposition of hydrocarbons. To verify the effect
of steam addition on hydrogen conversion, the quantity of
steam was varied from S/C = 0 to 4.44 while holding tem-
perature and ER constant.

Although published reports have stated that steam gasi-
fication is advantageous in hydrogen formation,™'"'? the
results in this study indicated this is not completely accu-
rate. As shown in Fig. 3, by varying the quantity of added
steam in the wood gasification process, steam can have both
a positive and a negative effect on hydrogen conversion.
The hydrogen content increased from 18.7 to 27vol% on
increasing S/C from 0 to 1.67. However, when S/C exceeded
1.67, the hydrogen content apparently decreased on the
addition of more steam. Moreover, the maximum S/C ratio
of 4.44 resulting in the lowest recorded hydrogen content of
only 14vol%. As a consequence of this experiment, S/C =
1.67 appeared to be the optimal value for this feed rate
(3.9 g/min of feedstock) and oxygen level (ER =0.57). These
experiments also indicated that gas yields are easly affected
by the presence of oxygen. The lower hydrogen content with
oxygen still present in the gas was assumed to be the result
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Fig. 3. Reformed gas yields as a function of S/C ratio (gasification and
reforming temperature = 900°C, feed rate = 3.9 g/min, ER = 0.57)

of too much oxygen being supplied (ER = 0.57) to be com-
pletely consumed in the gasification and the reforming
processes.

Hence, the above experimental results indicate that the
effect of adding steam on promoting hydrogen formation
is based on the partial counterbalancing of oxidized and
pronounced oxidative characteristics. Furthermore, excess
steam addition led to increased CO, and hydrocarbon for-
mation and decreased hydrogen.

These facts are not successfully explained by considering
Eqgs. 1-10 alone. In spite of this, either steam gasification
reactions or reforming reactions lead to an increase in
hydrogen and a decrease in hydrocarbons corresponding
to the quantity of steam added. But in the experimental
results, only CH, appeared to have tendencies similar to
hydrogen, whereas the other hydrocarbons exhibited oppo-
site tendencies.

This phenomenon was previously assumed to stem from
the temperature decrease corresponding to steam injection
because of the large thermal capacity of steam. But in the
experiments, only a 30°C temperature variation was found
in the fluidized bed layer over the range of steam flows, and
it is difficult to explained these results in terms of this tem-
perature variation. When we assumed that feedstocks were
cooled by the great amount of added steam, leading to a
sharp decrease in solid temperature, the results of the oxi-
dization reactions were obstructed. The temperatures
indicated by the thermocouples were assumed to mainly
represent the temperature of the gas products but not of the
feedstock; in other words, the temperature of the feedstock
was not correctly represented. Consequently, to resolve the
discrepancy in the positive and negative effect correspond-
ing to the amount of steam addition on hydrogen forma-
tion, it was proposed that a counterbalance approach should
be taken by controlling the quantity of steam addition to
attain the optimal value.
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Fig. 4. Reformed gas yields as a function of ER (gasification and
reforming temperature = 900°C, feed rate = 3.9 g/min)

Effect of oxygen addition on hydrogen formation

To investigate the effect of the amount of oxygen addition
on hydrogen conversion, especially in the case where steam
was present, steam gasification experiments were conducted
and the quantity of oxygen was varied. The results are
shown in Fig. 4. Usually, oxygen addition leads to oxidiza-
tion reactions as well as combustion reactions (Egs. 4,5, and
7). These oxidization reactions caused a sharp decrease in
H,, CO, and CH, as well as in hydrocarbons, whereas CO,
levels increased. The results shown in Fig. 4 indicate a sig-
nificant reduction in hydrogen formation as more oxygen
was added, except in the case of S/C = 1.11, when a similar
hydrogen content was generated for both steam gasification
and oxygen addition at an ER of 0.28. With increased steam
addition (S/C = 1.67 and 2.22) addition of oxygen exhibited
a stronger negative effect on hydrogen formation. In par-
ticular, in the case of ER = 0.28 and S/C = 2.22, the hydro-
gen concentration was only 21 vol%, compared with a value
of 43vol% for S/C =2.22 and no added oxygen.

Against the negative effect on hydrogen levels gener-
ated, oxygen exhibited a positive effect on the decomposi-
tion of hydrocarbons. The hydrocarbons were successfully
cracked in proportion to the amount of oxygen added, espe-
cially when accompanied by the appropriate amount of
added steam. Consequently, the addition of oxygen is con-
sidered to improve the combustion reactions, leading to a
decrease of hydrogen and hydrocarbons and a slight
increase in CO,.

However, with an S/C ratio of 1.11, the hydrogen con-
centration did not vary greatly and the results show a
decrease in hydrocarbons as more oxygen was added. Thus,
the appropriate addition of oxygen is considered necessary
to promote the shift reaction and the reforming reactions
by suppling thermal energy through the combustion of
hydrocarbons.

Fig. 5. Comparison of pyrolysis gas yields and reformed gas yields
(pyrolysis temperature = 950°C, reforming temperature = 900°C, feed
rate = 2.4 g/min; d = 1.5mm). a, pyrolysis gas; b, reformed gas
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Fig. 6. Effect of operating conditions on hydrogen production (the
operating conditions are the same as for Fig. 5)

Effect of reforming performance on hydrogen formation

The reforming performance was evaluated by comparing
the gas yields generated from pyrolysis and reforming
processes for the same experimental conditions. From Figs.
5 and 6, it is clear that the amount of hydrogen generated
and the hydrogen content were substantially increased with
reforming for all three sets of conditions.

The increase in hydrogen levels during the reforming
process is considered to be the result of the cracking of
hydrocarbons and tars. During run 23, with steam injection,
hydrocarbons were almost completely reformed into hydro-
gen and the maximum value of the hydrogen content,
54vol%, was achieved after reforming. In contrast, only
41vol% hydrogen was generated from the pyrolysis test. In
the case of steam gasification, the reduction of CO, after
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Fig. 7. Effect of ER on reformed gas yields utilizing a catalyst in the
reforming process (temperature = 750°C, feed rate = 1.78 g/min, d = 2
mm, S/C ratio = 1.83)

reforming was assumed to be the result of dilution by the
large amount of H, and CO generated simultaneously.
Because of the high-temperature operation, the concen-
tration of hydrocarbons were distinctly lower as a result
of both steam gasification and oxygen addition. Clearly,
reforming had a significant effect on conversion of hydro-
carbons into hydrogen.

The reforming performance was also verified by the
overall quantity of hydrogen formation. Figure 6 shows the
quantity of hydrogen generated before and after reforming.
The results indicate that the quantity of hydrogen generated
from the reforming process was much higher than that from
the pyrolysis process alone. With a steam addition of S/C =
1.91, about 1.3m’ hydrogen was generated per kilogram of
feedstock after reforming, which proves that the reforming
process is indispensable for hydrogen production. From
these results, it is clear that reforming improves not only the
concentration but also the quantity of hydrogen generated.

Evaluation of catalyst performance

As described above, hydrogen-rich synthesis gas could be
generated at high temperatures, especially with appropriate
steam and oxygen addition. Low-temperature gasification is
an interesting alternative from the energy point of view, but
this process usually causes a high tar yield. However, with
the use of a catalyst, it was expected that tar could be elim-
inated. In this study, to confirm the performance of com-
mercial Ni reforming catalyst on the promotion of hydrogen
conversion at lower temperatures, catalytic experiments
were carried out at 750°C; the experimental results are
shown in Fig. 7. The results show that hydrogen was effec-
tively extracted from feedstock through the utilization of
the commercial Ni catalyst in the reformer at lower oper-
ating temperatures in the presence of steam. Compared
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Fig. 8. Influence of operating conditions on hydrogen production (the
operating conditions are the same as for Fig. 7)

with the results obtained from noncatalytic gasification
experiments, the maximum hydrogen concentration present
in the synthesis gas was 52vol%, which is similar to the
results generated from the experiments of noncatalytic
steam gasification at 950°C. This indicates that even though
the temperaure was rather lower, at 750°C, with catalyst
utilization, hydrogen-rich synthesis gas could also be effec-
tively generated. These experimental results proved that the
activation of commercial FCR-4 Ni catalyst was somewhat
higher in the secondary reactor and was stable, with no
further deactivation found after 20h. Moreover, coke for-
mation was not observed on the catalyst surface.

The performance of the catalyst was also evaluated in
terms of the overall quantities of hydrogen produced. The
quantities of hydrogen from the catalytic gasification exper-
iments are shown in Fig. 8; however, even though hydrogen
concentration is similar to that from non-catalytic gasifica-
tion at 950°C, the overall quantity of hydrogen generated is
much less. The reason is considered to be that the amount
of pyrolysis gas generated was less as a result of incomplete
devolatilization at the lower temperature. Taking account of
the hydrogen concentration and the amount of hydrogen
produced, the maximum hydrogen conversion was achieved
with added oxygen at ER = 0.07 in the FCR-4 catalytic
gasification process.

Another advantage of using catalysts in the reforming
process is considered to be the promotion of tar cracking.
In the absence of catalyst in reforming at 750°C, the average
tar level in the reformed gases (from run 1 to 3) was
27.3g/m’y. However, at the same temperature, this value
was successfully reduced to 8.3g/m’y on using FCR-4
catalyst in the reforming process (runs 25-29).

Conclusions

From the above experimental results, we concluded that
hydrogen can be efficiently extracted from biomass via
high-temperature steam gasification and reforming tech-



nologies with considerable oxygen addition. Temperature
was verified as the most important factor influencing hydro-
gen formation. Although the appropriate amount of steam
and oxygen addition promotes hydrogen conversion, exces-
sive addition had a negative effect. Therefore, the optimal
design of operating parameters for efficient hydrogen pro-
duction is essential. At 950°C, with appropriately selected
operating conditions, hydrogen-rich synthesis gas contain-
ing about 54 vol% hydrogen was generated. However, it was
also demonstrated that the use of a catalyst could promote
hydrogen generation, and by using a commercial steam
reforming Ni catalyst in the reforming process, similar
hydrogen concentrations as above could be generated at
only 750°C. Therefore, the application of a catalyst is con-
sidered as a potential means to effectively produce hydro-
gen via low-temperature gasification and reforming.
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