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We are utilizing transportation fuels at an alarming rate as the world is advancing into the
new century. It is projected that petroleum may be completely utilized within the next
fifty years. Research on finding alternative feedstocks and processes to develop liquid
fuels for the global transportation system is gaining momentum. The energy group at CE-
CERT s developing a novel multi-step process to convert carbonaceous matter to fuel.
An integrated system is being developed to convert carbonaceous matter into liquid fuel.
Hydrogasification refers to the reaction of carbon with hydrogen at high temperatures. A
combination of steam and hydrogen in the hydrogasification section is used. Simulation
studies have been carried out to model the pyrolysis and steam-hydrogen gasification
(using a mixture of hydrogen and steam) steps to convert ethanol to methane. Ethanol
was selected because of the simplicity of the system and to get an insight into the effects
of different variables on the product gas composition and extent of gasification of a
simple carbonaceous matter. Equilibrium models have been used to model the process.
The methane that is produced in this process is fed to the steam methane reformer from
which we get carbon monoxide and hydrogen that can be converted to FT fuel in a fischer
tropsch reactor. The equilibrium model is based on the element potential method and the
code is developed using Cantera. Process optimization is studied with varying reactor
conditions such as temperature, pressure and steam/carbon ratios. A comparison between
a pyrolysis/steam hydrogasification model with the experimental results from a flow
reactor will be presented.
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Background

The use of transportation fuels is increasing at an alarming rate in this century. The world
is using 404 quadrillion BTUs of energy per year (Ref: http://eia.doe.gov/). Out of this
most of the energy comes from the fossil fuels such as crude oil. America uses a quarter
of the world’s oil supply while holding a mere 3% of the global oil reserves. The
renewable and the nuclear sources account for a very small percentage of energy usage.
The energy usage is projected to increase to 632 quadrillion BTUs per year by the year
2025. In 2003 US imported 9.6 million barrels per day of crude oil. At this rate of
increase in energy usage the crude oil is not projected to last long. Hence it is important
to find an alternate source for transportation fuels that can sustain the growth in energy
requirements.

The United States was self sufficient in terms of energy until the 1950s. After that the
consumption started to increase at a much faster rate as compared to the production. In



2003, 27% of the energy was imported from other countries. Most of the energy comes
from the petroleum. Renewable energy and nuclear energy constitute only a small
percentage.

In 1970 the domestic supply of crude oil peaked at 11.7 million barrels per day. At that
time the imports were only 3.2 million barrels per day. In 2003 the domestic supply was
only 8.8 million barrels per day and the imports were 11.2 million barrels per day thereby
surpassing the domestic production. The United States has been steadily been relying
more and more on foreign energy since the 1970s. Another factor is China’s burgeoning
demand for oil. Last year China’s imports were up by 30% as compared to the previous
year. Oil dependence has considerable economic implications. Diminishing supply and
increasing demand translate into higher costs. The world is expanding the use of
petroleum and the alternative may be coal, wood or any other carbonaceous matter.

The total recoverable reserves of coal around the world are estimated at 1,001 billion
tons, which is enough to last approximately 190 years at current consumption levels.
Although coal deposits are widely distributed, 57 percent of the world’s recoverable
reserves are located in three countries: the United States (27 percent), Russia (17
percent), and China (13 percent). It is clear that the United States and other major
consumers of petroleum are no longer rich in oil. They have, however, a wealth of coal
reserves from which transportation fuel can be safely, affordably and cleanly generated.
Centuries worth of coal reserves, 27% of the world's total in US alone, billions of tons a
year of biomass, and further billions of tons of agricultural and municipal waste will be
the best alternative source for feedstock to convert to transportation fuel. Hence a
technology that can convert coal to liquid fuels is very promising. This technology can be
easily modified to use any type of carbonaceous matter as a feedstock. The idea is to
exploit the low cost and abundance of coal.

A technology that converts carbonaceous matter into fuel is the best alternative to
overcome the petroleum competition. Other benefits include the ease of storage and
safety issues. Liquid fuels also have the advantage of having high energy density. All the
developed countries have huge infrastructure in place for the supply and usage of the
liquid fuels. Hence producing liquid fuel is the best option.

The conversion techniques include methods such as partial oxidation and hydro-
gasification of carbonaceous matter. Partial oxidation is done using air that results in the
formation of product gases having a low calorific value because of dissolved nitrogen
from air. If pure oxygen is used then the product gases have a medium calorific value but
the cost of separating oxygen from air is high.

Motivation for Ethanol Equilibrium Modeling

Conversion of complex carbonaceous matter such as coal, wood and biomass requires a
basic understanding of the reactions taking place for the steam hydrogasification. The
effects of reactor operating conditions on the product gas formation are required. Steam
and hydrogen have large impact on the product gas composition and the total gasification
taking place. The effects of steam, hydrogen, temperature, and total pressure on the steam



hydrogasification of a carbonaceous matter can be understood by modeling a simple
system such as ethanol. Its chemical composition is similar to wood, which might be one
of the feedstocks for the process. The equilibrium model results were compared with the
experimental results to verify the model. Equilibrium modeling for ethanol was done
using Cantera that was developed at California Institute of Technology. Equilibrium
modeling is done via element potential method. Reaction mechanism used ofr the
equilibrium modeling was developed at Lawrence Livermore National Laboratory
(Marinov 1999).

Description of Conversion Technology

The process developed at CE-CERT for converting carbonaceous matter to fuel consists
of three steps. The first step involves steam hydrogasification of the carbonaceous matter.
In this step the carbon in the feed is converted to gases such as methane, carbon
monoxide and carbon dioxide with some char and ash residue also. The feed consists of a
mixture of water and carbonaceous matter (coal) and hydrogen. The product gases
include methane, carbon monoxide, carbon dioxide, hydrogen and steam. The methane
rich gas from the hydrogasifier is fed into the steam methane reformer where it is
converted to a mixture of carbon monoxide and hydrogen. The excess hydrogen can be
recirculated into the hydrogasifier and the mixture of carbon monoxide and hydrogen in
2.1:1 ratio is fed into the Fischer-Tropsch reactor. Liquid fuel is obtained containing high
carbon number alkanes.
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Fig. 1: Flow diagram for the complete process. Ref Hackett et al.




Steam hydrogasification is the best method in terms of cost effectiveness and also
producing high calorific value gas. Steam hydrogasification is more energy efficient and
easier to operate because it does not require expensive gas separating system. The CE-
CERT process does not involve expensive drying of the feed material. It is observed that
steam enhances the rate of conversion of carbon to methane and also to increase the
composition of methane in the product gases and hence increase overall carbon
conversion.

The process developed is self-sustainable because the hydrogen required in the
hydrogasifier is received from the extra hydrogen that is produced in the steam methane
reformer. Fischer-Tropsch reactor need H2/CO ratio of 2.1 whereas we are producing
H2/CO ratio of 3 in the steam methane reformer. The process is also self-sustainable in
terms of energy because the steam hydrogasification and Fischer-Tropsch reactions are
exothermic. The energy required for the steam methane reformer is provided by the
exothermic steam hydrogasification and Fischer-Tropsch reaction.

Ethanol Equilibrium Modeling

Simulation models have been developed for the processes involved in converting ethanol
to methane by steam-hydrogasification. Ethanol was selected as a starting material for the
modeling and simulations because of the homogeneous reaction conditions. The reaction
with ethanol does not involve multiple phase reactions. Ethanol also has a chemical
composition similar to wood. At later stages wood alone or as a mixture with coal can be
used for the gasification hence ethanol is the ideal compound to carry out the equilibrium
modeling. Models were developed to simulate the reactions taking place and the product
formation under various conditions and to find out the optimum operating conditions for
the hydrogasifier to maximize the formation of methane from steam hydrogasification
section. Experiments were also carried out to test the validity of the models proposed.
Equilibrium models have been developed using software developed at California Institute
of Technology called Cantera, by element potential method. The model is used to study
the product compositions under different operating conditions and different feed steam to
carbon ratios.

Cantera is a very flexible tool for carrying out modeling and simulations. It is better as
compared to other commercial packages used for simulations. It has the advantage of
carrying out simulations and getting an insight into the various processes that are being
involved while the reactions takes place. The commercial packages are not a good
scientific tool because the major processes take place in the background and do not
provide an insight to the basic theoretical understanding of the processes. Personal
rection mechanisms can be fed into Cantera to carry out simulations for reactions specific
to our own process. Reactor networks can be defined according to our needs.

A chemical reaction mechanism developed by Marinov for high temperature ethanol
oxidation was used to model the ethanol steam hydrogasification in this study. The
compiled mechanism consists of 56 species and 351 reversible reactions. The product
gases were optimized to produce maximum methane using the equilibrium model.
Sensitivity analysis with respect to temperature, pressure and steam/carbon ratio and



hydrogen/carbon ratio was done. The model developed was based on element potential
method. The equilibrium conversion of the ethanol with hydrogen and steam was
calculated for temperature range of 100°C to 900°C and a pressure range of 24 bar to 34.5
bar. The hydrogen to carbon molar ratio was also varied from 0.3 to 3.0 and ethanol to
water mass ratio was tested for 1:1 and 3:1 conditions.

Results and Discussion

The results indicate hydrogen to carbon ratio has a large effect on the carbon conversion
efficiency to methane. When H,/C ratio was varied from 0.3 to 3.0 the carbon converted
to methane increased from 66% to 95% shown in Fig 4. This shows that increase in
hydrogen composition in the feed increases the formation of methane. With increase in
temperature carbon conversion to carbon monoxide starts increasing which implies that
the oxidation reaction of carbon/gases increases with temperature. Methane composition
decreases with increase in temperature. Pressure does not have a big impact on the carbon
converted to methane, carbon monoxide and carbon dioxide in the pressure range 24-34
bar. It was observed that pressure dependence is more important when the reaction is
carried out at low pressure.

Relative conversion of carbon to different
gases depending on H2/C ratio
100 -

a0 —

80 —

70 i —

O %EtOH-CH4
60 || —

Y%age s .

B %EtOH-COZ

conversion i |

30 H | O %EtOH-CO
20 —
) F B n
o Ll | , , ,._|,l_|,l_|,l‘l,-|,
0.3 [sX-3 09 1.2 1.5 18 241 24 27 a3
H2/C Ratio

Note: Ethanol to water ratio of 3 is used for this study

Fig. 2: Product gas dependence on hydrogen to carbon ratio for ethanol hydro-
gasification (Ethanol/Water Mass Ratio=3)
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Fig. 3: Product gas dependence on hydrogen to carbon ratio for ethanol hydro-
gasification (Ethanol/Water Mass Ratio=1)
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Fig. 5: Product gas dependence on pressure for ethanol hydro-gasification

Conclusions from Ethanol Equilibrium Modeling
Effect of Hydrogen/Carbon Ratio
e With increase in hydrogen/carbon ratio the percentage of carbon converted to
methane increased
e With increase in hydrogen/carbon ratio the percentage of carbon converted to
carbon monoxide and carbon dioxide decreased

Effect of Ethanol/Water Ratio
e With decrease in ethanol/water ratio the percentage of carbon converted to
methane decreased
e With decrease in ethanol/water ratio the percentage of carbon converted to carbon
dioxide increased
Effect of Temperature
e With increase in temperature the carbon converted to methane decreased. It was
observed that if ethanol steam hydrogasification is done for maximum methane
production then the reactor should not be operated more than 500 °C
e With increase in temperature carbon converted to carbon monoxide increased
Effect of Pressure
e Pressure has a negligible effect on the carbon conversion to gases at high pressure
range

Comparison between experiments and model results

With the insight obtained from the ethanol equilibrium modeling it was desired to test it
with the experimental results in a flow reactor. It is to be noted that the flow reactor was
heated along its length and even though it was desired to keep a constant temperature
throughout the length of the reactor some experimental difficulties did not allow the




reactor to be at constant temperature along its length. From experimental temperature
observation done at the six zones it was found that the temperature increased along the
length of the reactor. Equilibrium model results were obtained by using a reaction
temperature that was observed in the zone six of the reactor.

E-8

lurry Feed Tank A Ceramic Tubular
Z Electric Heater
2.2 KW @240V AC

%
>
N

Diaphragm Fump Gulse Damper

|_
= —
[Im| o
> - =]
P
| =
Reactor Volume B600cc RGA (MS)
Norminal gas input 4slpm
Normian! carbon input 3.8gram/min NDIR
Water to carbon ratio 0.5mole ratio
Steam Feed rate (as slurry) 3.5  slpm

Yalume Hourly Space Velocity
(by feed gas) 750 1/Hr
(Gas Travel Time estimation = 1 min at norminal P,T)

MNorminal Temperature 750C
Norminal Pressure 400psi

O Gas Meter

Heat Excl

E3

Reactor Prassurs Conrol

vz T v
Condensate Removal Ash Reroval System
System v

Fig 6: Free-fall reactor at CE-CERT used for steam-hydrogasification




Apparatus

The reactor used for steam hydrogasification of ethanol is shown in Fig . 6. It is a flow
reactor placed vertically. The carbonaceous matter (ethanol in this case) is fed from the
top along with water and gases such as hydrogen (helium in case inert gas is required)
from the top. The reactor is heated along its length and temperature is monitored at six
zones with the first zone at the top and the last zone at the bottom of the reactor. The
product gases are obtained at the bottom of the reactor and sent to the RGA for real time
analysis.
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Fig. 7: Comparison of model results with experimental results for methane concentration
in the free-fall reactor

The Fig. 7 shows the comparison of experimental results with the equilibrium model
results for the concentration of methane at the exit of the reactor. It was assumed in the
model calculations that the exit gases from the flow reactor had reached equilibrium at
the exit temperature in the zone six. The experimental results were found to be in
excellent agreement with the model results. The difference between the results increased
in the experiments where it was observed that the average temperature was significantly
different then the zone six temperature. It was previously shown that the temperature had
a large impact on the equilibrium modeling and hence the differences are justified.
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Conclusions

The ethanol equilibrium modeling showed that temperature had large influence on the
product gas composition from the gasification of ethanol. Pressure was found to have
negligible influence on the product gases. Steam and hydrogen had considerable
influence on the product gas composition. The comparison of the model results with the
experimental results from a flow reactor were in excellent agreement even though the
model assumed that the product gases were under equilibrium conditions at the exit of the
reactor. The effects of these variables on ethanol gasification gives an insight into the
product gas formation which will be helpful in determining the operating conditions for
the steam hydrogasification of complex carbonaceous matter such as coal and wood or
their mixtures.
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