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Biomass gasification is gaining attention as a route for biomass energy production. When large scale units
are considered, bio-oil shows lots of advantages compared to solid biomass such as high energy volume
density and easy handling and storing. Syngas (H2 and CO) can be produced from bio-oil by two gas-
ification processes, also called reforming processes: catalytic reforming at medium temperature and
noncatalytic reforming at high temperature. In the literature, most of the works focus on the catalytic
reforming and mainly concern the aqueous fraction of bio-oil or model compounds. Only very few works
can be found on the noncatalytic reforming of crude bio-oil. The objectives of this work were to perform
experimentally the injection and gasification of nondiluted bio-oil in a lab-scale High Temperature
Entrained Flow Reactor (HT-EFR) and to determine the syngas composition and yield. The influence of
temperature on the gasification process has been investigated over a wide range from 1000 to 1400 !C.
Hydrogen yield increases with temperature via steam reforming of CH4 and C2H2 and with water gas shift
reaction. A thermodynamic equilibrium calculation was conducted. It shows that equilibrium is reached
within several seconds at the temperature of 1400 !C. After that, experiments of gasification were realized
at 1400 !Cwith pure ethanol and with ethanol added bio-oil and in order to study the impact of dilution on
the syngas yield. The influence of ash on the gasification process has also been evaluated. The ash seems to
cause a decrease in the total amount of gas produced.

1. Introduction

The process of obtaining energy from conventional sources
causes atmospheric pollution, resulting in problems like glo-
bal warming, acid rain, etc. The development of nonconven-
tional sources like wind, sunlight, water, biomass, etc., is
inevitable. Syngas (H2 and CO) production from renewable
sources such as lignocellulosic biomass can reduce the emis-
sions of SO2 and NOx remarkably; the CO2 neutral energy
supply can also be achieved.1 Biomass gasification process is
one of the main routes to produce either syngas, dedicated to
second generation biofuels synthesis, or hydrogen. However,
lignocellulosic biomass is a resourcewith variable composition,
wide geographical dispersion, and low energy density. These
are important drawbacks when large-scale bioenergy produc-
tion units are considered. In order to minimize the impact of
transport, an alternative to the direct upgrading of biomass
consists of preconditioning it on decentralized sites before
transportation to a centralized bioenergy production unit.

Fast pyrolysis is a thermal decomposition process operated
in the absence of oxygen with the aim to convert biomass into
liquid products (bio-oil) together with noncondensable gases
and solid char as byproduct. For a few years, fast pyrolysis
is being considered as a promising route for precondition-
ing biomass into bio-oil as liquid intermediate biofuel before

its transport to a gasification unit. Indeed, bio-oil has much
higher volume energy density than that of solid biomass
and could be easily stored and transported fromdecentralized
production sites to a large-scale processing unit. A lot of
works on fast pyrolysis have been reported within the last
years.2,3

The essential features to obtain high yields of bio-oil (up to
75 wt % on dry basis) are a moderate pyrolysis temperature
(500 !C), high heating rates (103-105!C/s), short vapor resi-
dence times (<2 s), and rapid quenching of the pyrolysis
vapors. A number of pyrolysis reactors have been developed,
including bubbling or circulating fluid bed, rotating cone,
vacuum pyrolysis reactor, ablative reactor, and twin screw
reactor.4-6 Since 1990, demonstration and precommercial
units have been developed within EU and North-America.

A lot of works have also been dedicated to bio-oil char-
acterization, upgrading, and utilization. Bio-oil is very differ-
ent compared to petroleum fuels. It is necessary to develop
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new technologies for their successful utilization,which requires
adequate understanding of their overall fuel properties.7

However, the behavior of these bio-oils within the gasifica-
tion reactor also called reforming reactor has been hardly
studied so far in the literature, and the improvement of the
scientific knowledge is necessary to the emergence of this
route. A number of experimental studies devoted to bio-oil
combustion brought some knowledge about the behavior
of a single droplet when heated and submitted to a reactive
atmosphere.

Calabria and Alessio carried out lots of studies on the com-
bustion behaviors of fiber-suspended single bio-oil droplets.
The droplet size varied between 300 and 1100 μm and the
furnace temperature changed in the range of 400-1200 !C.
The droplets were observed to undergo initial heating, swel-
ling, and microexplosion before ignition. During this stage,
the temperature-time curves showed two zoneswith constant
temperatures (100 and 450 !C), which corresponded to the
evaporation of light volatiles and the thermal cracking of
unstable components, respectively. The droplets were ignited
at around 600 !C.The combustion of the droplets startedwith
an enveloping blue flame. Then, the flame developed a yellow
tail with its size increasing, which indicated the formation of
soot. After that, the flame shrank and extinguished, and the
remaining solid carbonaceous residues burned leading to the
formation of ash.8-10

Various pathways can be used for the production of hydro-
gen and hydrogen-rich gases from biomass: anaerobic diges-
tion, fermentation,metabolic processing, high pressure super-
critical conversion, gasification, and pyrolysis.11-13Among
them gasification appear to be the most feasible. The combi-
nation of fast pyrolysis of biomass followed by transportation
in large units for steam reforming has attracted considerable
attention of the research community, as one of the most
promising viable methods for hydrogen production.

In air/steam gasification process the essential steps are
pyrolysis, partial oxidation, cracking of tar, solid carbon resi-
due gasification, reforming (steam and/or dry), and water gas
shift to yield syngas, water, carbon dioxide, and unwanted
products like tars, methane, and carbon.14As a summary, a
schematic representation of air/steam gasification of single
droplet of bio-oil is proposed in Figure 1.

1. 1. Steam Reforming of Bio-Oil. The steam reforming of
the bio-oil can be simplified as the steam reforming of an

oxygenated organic compounds (CnHmOk) following

CnHmOk þðn-kÞH2O T nCOþðnþm=2-kÞH2 ð1Þ

During the past decade, catalytic steam reforming of bio-
oil components has been widely studied, focusing on acetic
acid as one of the most representative compounds.

Production of hydrogen from catalytic steam reforming of
bio-oil was extensively investigated by NREL.15,16 Czernik
et al. obtained hydrogen in a fluidized bed reactor from the
carbohydrate derived fraction of wood bio-oil with a yield of
about 80% of theoretical maximum.17The catalytic steam
reforming of the bio-oil or the model oxygenates (e.g., etha-
nol, acetic acid) has beenwidely explored via various catalysts,
e.g., Ni-based catalysts,18 Mg-doped catalysts,19and noble
metal-loaded catalysts.20-22A lower steam-to-carbon ratio
(S/C) and a lower reforming temperature are essential from
the viewpoint of economy. Noble metals (Pt, Ru, Rh) are
more effective than the Ni-based catalysts and less carbon
depositing. Such catalysts arenot common in real applications
because of their high cost.Catalytic steamreformingof bio-oil
is a costly process and presents several disadvantages such as
carbondeposit and the deactivationof catalysts due to cokeor
oligomer deposition even in the presence of an excess of steam
(S/C> 5).20,23For these reasons, there is an interest in devel-
oping noncatalytic gasificationof bio-oil, which is the propose
of this work.

Only very few works can be found on the noncatalytic
reforming of whole bio-oil. Bimbela et al. studied catalytic
and noncatalytic steam reforming of acetol (bio-oil model
compound) in fixed bed at low temperature (550-750 !C) in
order to highlight the specific role of the catalyst in this pro-
cess.24 The same study is carried out by Guus van Rossum
et al. concerning catalytic and noncatalytic gasification of
bio-oil in a fluidized bed over a wide temperature range
(523-914 !C).25 Marda et al. has developed a system for the
volatilization and conversion of a bio-oil mixed with metha-
nol to syngas via noncatalytic partial oxidation (NPOX)
using an ultrasonic nozzle to feed the mixture. The effects of
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both temperature (from 625 to 850 !C) and added oxygen
(effective O/C ratio from 0.7 to 1.6) on the yields of CO
andH2 have been explored. They obtained hydrogen yield of
about 75%of theoreticalmaximum.26 Panigrahi et al. gasified
biomass-derived oil (BDO) to syngas and gaseous fuels at
800 !C. They obtained syngas (H2þ CO) yield ranging from
75 to 80 mol %.27 Henrich et al. gasified lignocellulosic bio-
mass. The first process step is a fast pyrolysis at atmospheric
pressure, which produces large condensate, that was mixed
to a slurries. The slurries are pumped into a slagging entrained
flow gasifier and are atomized and converted to syngas at
high operating temperatures and pressures.28

The present study is focused on the noncatalytic steam
reforming in the absence of O2 of whole wood bio-oil in a
High Temperature Entrained Flow Reactor (HT-EFR). The
objectives of this work are to determine the syngas yield and
composition as a function of temperature and to carry in
parallel a thermodynamic equilibrium calculation to deter-
mine the temperature at which the thermodynamic equilib-

rium is reached. Moreover, the impact of bio-oil alcohol-
dilution on the syngas yield has been investigated. Finally the
influence of ash on the reforming process has also been
evaluated.

2. Materials and Methods

2.1. Description of Experimental Device. The steam re-
forming experiments of bio-oils were carried out in a labora-
tory scale HT-EFR. It consists in a vertical tubular reactor
electrically heated by a total 18 kW three-zones electrical
furnace and is able to reach 1600 !C in a 1 m long isothermal
reaction zone, as illustrated in Figure 2. The atmosphere gas is
generated by feeding the controlled flows of water and nitro-
gen in a 2 kW electrical steam generator. This atmosphere gas
is then preheated to 900 !C using a 2.5 kW electrical battery of
heating elements before reaching the isothermal reaction zone.
The HT-EFR was initially set up to achieve high heating-rate
gasification of solid biomass and was equipped for the present
work with a specially designed bio-oil pulverization feeder,
with the aim to obtain a very constant mass flow rate spray.29

The feeder consists of a 1 m long and 14 mm o.d. probe
cooled with water at 50 !C. At its extremity a stainless steel

Figure 1. Schematic representation of air steam gasification of bio-oil droplet.
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nozzle is integrated. Which allows uniform distribution
with fine atomization. Nozzle type (DELAVAN WDB) is a
solid cone, with orifice diameter of 0.46 mm and a spray
angle of 60!.

The oil is fed with a syringe which is pushed automatically.
The expected mass flow rate of 0.3 g/min was too low for
direct pulverization. Therefore, a 3.5 NL/min N2 flow rate
was used to entrain oil in the feeding probe and to ensure a
thin spray of the oil. The spray of droplets is dispersed on the
section of a 75 mm i.d. alumina reactor swept by 16 NL/min
of an atmosphere gas containing 10 vol. % of steam in N2.
The steam to fuel mass ratio (fuel includes inherent water
in bio-oil) was S/F = 4.5, which is equivalent to steam to
carbon molar ratio of S/C = 8.3.

Steam reforming takes place along the reactor during a
controlled vapor residence time, which was about 3 s. The
gas residence time is calculated as ratio of the reaction zone
to the average gas velocity in the reactor. At 1760 mm down-
stream of the injection point, gases and solid residue were
sampled by a hot-oil cooled probe. Gas and solid residue
were separated using a settling box and a filter, both heated
to avoid water condensation. The water and potential re-
maining tars were first condensed in a heat exchanger, and

noncondensable gases were forwarded to a microchromato-
graph analyzer (μGC) to quantify H2, CO, CO2, CH4, C2H2,
C2H4, C2H6, C3H8, and C6H6.
Gases were also analyzed by other analyzers that allowed

to check the absence of O2, to confirm the analysis, and to
control continuously gas production during the gasifica-
tion: a Fourier Transform InfraRed (FTIR) analyzer, a
Non-Dispersive InfraRed (NDIR) analyzer coupled with a
paramagnetic analyzer for O2, and a Thermal Conductivity
Detector (TCD) to quantify H2.

2.2. Feedstock. The feedstock used for all experiments
is a bio-oil produced by fast pyrolysis of hardwood on an
industrial-scale fluidized bed unit (provided indirectly through
CIRAD, France). Its physicochemical properties have been
measured (see Table 1). The water content of the bio-oil
measured by Karl Fischer method (ASTM E203) is around
26wt%which is in agreementwith the average values reported
in the literature. It can be noticed that the solid particles
content is rather high (2.34 wt %), while the ash content
remains low (around 0.06 wt %). This confirms that the solid
particles mainly consist of high-carbon content char particles.
These particles were entrained by the gas stream to the bio-oils
condensers. Ultimate analysis and LHV of the bio-oil are very

Figure 2. Schematic view of the entrained flow reactor of Ecole des Mines d’Albi.



similar to those of wood. The LHV is measured according to
the NFM 07-030 standard, which is technically equivalent to
the ASTM D240 standard.

From the ultimate analysis, the chemical formula of the
bio-oil can be established as CH1.18O0.48.0.4H2O.

The bio-oil was stored in a refrigerator. Before experi-
ments, it was heated and filtered on a 30 μmsieve to eliminate
larger solid particles; this represented less than 0.01%wt.

3. Results and Discussion

3.1. Effect of Temperature.The first objective was to study
the influence of temperature - over a wide range - on the
syngas yield and composition.

Generally the gas mixture formed from catalytic reform-
ing of bio-oil is composed of hydrogen, carbon monoxide
and dioxide, methane, acetylene, unconverted steam, coke
(carbon), and soot. Figure 3 presents themole fraction of the
gaseous products from this work (in dry basis and without
N2) as a function of temperature in the range 1000 to 1400 !C.
Error bars were established by repeating each test 2 or 3
times. The species C2H4, C2H6, C3H8, and C6H6 are not det-
ected by chromatograph. Whatever the operating tempera-
ture between 1000 and 1300 !C, bio-oil ismainly decomposed
to H2, CO, CO2, CH4, and C2H2. Above 1300 !C C2H2 dis-
appears, while CH4 disappears above 1400 !C. As the tem-
perature rises, the fraction of H2 increases monotonically at
the expense of carbon monoxide, methane, and acetylene.
Above 1300 !C the hydrogen content remains almost stable.
At 1400 !C hydrogen mole fraction reaches the maximum
value of 64 mol % of the syngas.

The reactions that may explain the increase of hydrogen
with temperature are

-The steam reforming of CH4 and C2H2 into H2 and CO

ð2Þ

-The water gas shift reaction COþH2O T CO2 þH2 ð3Þ

Thewater gas shift reaction can also explain the increase of
carbon dioxide and the decrease of carbon monoxide be-
tween 1000 and 1200 !C. Above 1200 !C, carbon monoxide
slightly increases. This may be explained by steam gasifica-
tion of the solid carbon residue resulting from the pyrolysis
of oil droplets to yield carbon monoxide and hydrogen
following the reaction

CþH2O T COþH2 ð4Þ

and potentially following the Boudouard reaction which
would explain the slight decrease of CO2

CþCO2 f 2CO ð5Þ

It was observed that as the temperature increases the
amount of collected solid decreases significantly above
1000 !C. The process allows achieving very high heating rate

estimated at 2000 !C 3 s
-1.30 In these conditions, the char

yield measured is very low: < 1 wt%. At 1400 !Cmore than
the 99.9% the bio-oil is converted to gas.

3.2. Equilibrium Calculation. The thermodynamic equilib-
rium calculation is independent of reactor to predict the yield
of final products, based on the minimization of the Gibbs
free energy of the system. It was conducted here using Fact-
Sage software 5.4. to establish whether the syngas was closed
or not to equilibrium at the different temperatures. Operat-
ing temperature varied from 1000 to 1400 !C; pressure was
fixed at 1 atm. The software is not presented in detail in this
paper; details of the thermodynamic calculation could be
found in FactSage Web site.31

The results of prediction are presented in Figure 4, ex-
pressed in g of gas produced per g of crude bio-oil injected.
As the temperature increases from 1000 to 1400 !C the calcu-
lated equilibrium yield of H2 remains approximately con-
stant at 0,11 g/g, while the yield of CO increases from 0.3 at
1000 !C to 0.45 g/g at 1400 !C. The CO2 yield decrease from
1.1 g/g at 1000 !C down to 0.9 at 1400 !C.

At 1000 !C the calculation yields are far away from the
experimental results. The deviation from equilibrium at
lower temperatures is also reported by Sakaguchi et al.18

At 1200 !C the thermodynamic equilibrium begins to estab-
lish. The calculation nevertheless does not retrieve the pre-
sence of CH4 and C2H2. At 1400 !C the experimental yields
are very closed to the equilibrium calculation yields: 0.11 and
0.12 respectively for H2, 0.45 and 0.45 respectively for CO,
and 0.86 and 0.88 respectively for CO2. It can be concluded
that at this temperature the equilibrium is reached.

It is also interesting to compare the obtained experimental
yields at 1400 !C to theoretical yields corresponding with
complete gasification of oil that would follow

CH1:18O0:48:0:4H2Oþ 1:12H2O f CO2 þ 2:11H2 ð6Þ

Themaximum stoichiometricH2 yield for this oil would be
0.150 g per 1 g crude bio-oil, while a value of 0.126 g was

Table 1. Ultimate Analysis and Several Characteristics of Bio-Oil Derived from Hardwood Fast Pyrolysis

ultimate analysis (wt %)

C H O N H2O (wt %) ash (wt %) solids (wt %) LHV (MJ/kg) kinematic viscosity at 20 !C (mm2
3 s
-1)

42.9 7.1 50.58 <0.10 26.0 0.057 2.34 14.5 103

Figure 3. Composition of the produced syngas (dry basis and with-
out N2) - effect of temperature, at S/F = 4.5.

(30) Van de Steene, L.; Salvador, S.; Charnay, G. Controlling pow-
dered fuel combustion at low temperature in a new entrained flow
reactor. Combust. Sci. Technol. 2000, 159, 255–279.

(31) Thermfact Ltd. & GTT-Technologies GmbH. http://www.
factsage.com/ (accessed 2006).



obtained experimentally. This shows that in our experimental
conditions and at 1400 !C steam reforming of bio-oil lead to
a production of H2 with a yield of about 84% of theo-
retical maximum.

3.3. Effect of Dilution by a Solvent.Most of the published
works of steam reforming concern the aqueous fraction of
bio-oil, model compounds, or a mixture of bio-oil/solvent.
This choice is essentially linked to injection problems of the
very viscous bio-oil. The injection of a mixture bio-oil/solvent
is a classical way to facilitate nebulization of crude bio-oil and
to avoid injection plugging. It was therefore decided in this
work to study the gasificationof alcohol addedbio-oil in order
to evaluate the impact of dilution on the syngas yield. Bio-oil
and ethanol were simply mixed and agitated in a container.
The two components appear to be miscible; no segregation
was observed even after storage. Figure 5 shows the gas yields
of steam reforming of crude bio-oil, 75/25% bio-oil/ethanol
mixture, 50/50%bio-oil/ethanol mixture, and pure ethanol at
1400 !C. We can notice that the hydrogen and carbon mon-
oxide yield increases when we increase the fraction of ethanol
in crudebio-oil,whileCO2 remainsmoreor less constant,CH4

and C2H4 were not present in the produced gas at 1400 !C.

Considering the yield of pure ethanol and crude bio-oil, we
can observe that the H2 and CO yields seem to follow an
additivity law: theoretical yields as calculated from an addi-
tivity law fit with experimental yields of gasification products.
Some dispersion can be observed concerning CO yields.
Nevertheless, the difference between experimental results
and calculated values remain smaller than experimental
error bars. This validates an additivity law. The fact that
an additivity law is observed cannot be interpreted as a
noninteraction between bio-oil and the solvent along the
primary pyrolysis step, but rather by the fact that at high
temperature and closed to equilibrium conditions the com-
position of the gas tends toward a sum of the gas that would
be produced from bio-oil and solvent separately. This result
essentially allows to trace a crude bio-oil behavior if it is
diluted in a solvent.

3.4. Effect of Ash. Ash is known for their catalytic effect
during thermo-chemical conversion of biomass, as previously
approved the works done on solid biomass. They indicated
that biomass ash acted catalytically and specifically in tar steam
reforming; it lowered the temperature of steam reforming
reactions during gasification.32,33

The aim of this part was to evaluate the potential influence
of the presence of mineral matter on yields of final products
from bio-oil gasification. Crude bio-oil containing 0.057%
of minerals and crude bio-oil with 3% of ash were prepared
to highlight effect of minerals in gasification process. The
added ash is prepared by burning crushed beech wood
(particle size of 300-400 μm) in a furnace equipped with 3
drawers at 600 !C. The choice of this temperature is designed
to perform a , mild . heat treatment in order to preserve
the initial properties of minerals present in the biomass, as in

Figure 5. Yield of H2, CO, and CO2 during gasification at 1400 !C
and S/F = 4.5 of crude bio-oil with different dilutions (CH4 and
C2H4 were not present in the produced gas at 1400 !C).

Figure 4.Gas yield frombio-oil reforming at 1000, 1200, and 1400 !C,
S/F = 4.5.
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the case of the production of bio-oil by pyrolysis. The wood
is distributed in the drawers on a thin layer of 1.5 cm
thickness to ensure good heat transfer and air diffusion.
Air was fed to the reactor at low flow rate, 30 NL/h, to avoid
ignition and high temperature rapid combustion of wood.

The analysis of the elements most cited in literature was
performed in the prepared ash. Silica, especially, is an
important element that reacts easily with alkali metals and
creates fusion and deposition problems during combustion
and gasification.34 Calcium is present in considerable amount
in ash, while potassium is at lower amounts quite volatile at
high temperature. Trace elements Fe, Ni, and Al, are known
to get involved in various steam reforming reactions during
gasification.33,35 The ash componentswere quantified by ICP,
presented inTable 2. It canbenoticed thatCa,K,Mg, andMn
are present in high concentration. Other minority elements
such asCo, Cr, Cu, Fe, Pb, Si, Zn, andCd are present inmuch
lower concentration.

The gasification temperature of 1200 !C was chosen, be-
cause as demonstrated before at this temperature the equi-
librium is not reached. Error bars were established by repeat-
ing each test 2 or 3 times. Figure 6 shows the obtained gas

yields from ‘‘crude bio-oil” and ‘‘crude bio-oil þ3% beech
ash”. Surprisingly one cannotice a clear decrease in the yields
of all gas species when the amount of ash is increased. The
results are expressed in g of gas produced per g of ash free
crude bio-oil injected. Among them, the H2 yield decreases
from 0.094 to 0.067 g/g. CO and CO2 yields decreased
significantly: from 0.38 to 0.20 g/g and from 0.84 to 0.67 g/g,
respectively. An explanation could be that added minerals
favor polymerization reactions. These reactions lead to the
formation of larger quantity of carbonaceous solid residue
that is not gasified, causing a decrease in the amount of
produced gas, especially CO and CO2.

At the high gasification temperature, volatilization of
alkalies probably played a negative role on ash catalytic
effect. The fact that ash did not favor gas formation at the
temperature of 1200 !C could also be explained by the work
ofMasek et al.33who pointed out ash deactivation at 950 !C.
Such a high temperature was shown to accelerate iron sinter-
ing leading to a loss of Fe dispersion.32

4. Conclusions

Whole bio-oil was successfully steam reformed in a lab-
scale High Temperature Entrained Flow Reactor. The reac-
tion temperature has a significant influence on the process. An
increase in the reaction temperature implies higher hydrogen
yield and higher solid carbon conversion. A thermodynamic
equilibrium calculation showed that equilibrium is reached at
1400 !C but not at 1300 !C and below for residence times of
about 3 s.

The gasificationofmixtures bio-oil/alcohol showed that the
yields of gas follow an additivity law based on the yields of
solvent and of bio-oil.

When adding ash to bio-oil, it has been observed a strong
decrease in gas yield, while an increase was expected as in the
case of catalytic process. Ash may favor polymerization reac-
tions, causing a decrease in the yield of gas. The volatilization of
alkalies and the iron sintering at high gasification temperature
may have also played a negative role on ash catalytic effect.

Experiments conducted in a high-temperature entrained
flow gasifier showed the capability of this technology to obtain
highgaseousproduct yieldusingnoncatalytic steamgasification.
ThisworkwasperformedwithoutO2as first simplified approach.
Prior to up scaling, experiments in the presence of O2 will be
required.
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Table 2. Composition of Ashes (from Combustion of Wood)
[wt %, Dry Ashes]

Ca K Mn Mg P Ni Na Al

11.67 3.80 1.74 1.54 1.01 0.25 0.24 0.10

Figure 6. Yield of gas species during gasification of crude bio-oil
and crude bio-oil with 3%of ash at 1200 !C and S/F=4.5- effect of
ash on product yield.
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