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Abstract
A calculational and experimental study was undertaken to determine whether a liquid metal

could be used as a heat source for the pyrolysis of methane to carbon and hydrogen. The
thermodynamics and energetic for production of hydrogen by methane pyrolysis, followed by
generation of electricity in a fuel cell, were determined to be favorable. The financial penalty from the
sequestration of carbon is only about $100 per ton of carbon produced. Substitution of this process for
combustion of natural gas by a turbine would make a major contribution to reducing greenhouse gas
emissions.

Introduction
We are investigating whether the molten Pb-Bi eutectic under consideration for the Generation

IV nuclear reactor could be employed as a heat source for the conversion of methane to carbon and
hydrogen. The hydrogen could be used as a chemical feedstock or as fuel in an electrochemical fuel
cell. The carbon could be used as a fuel or could be sequestered as part of efforts to abate greenhouse
gas emissions.

With respect to the important international issue of reducing greenhouse gas emissions,’>2this
pyrolysis process would leave the carbon content of the methane uncombusted and sequester it as
elemental carbon. This would appear to be much more attractive than the conventional wisdom that
would burn the carbon, recover the carbon dioxide, and immobilize the carbon dioxide in some
manner yet to be identified. The development of methane pyrolysis is consistent with other activities
within the energy industry in which, with time, the C/H ratio of fuels approaches zero (wood to coal
to natural gas).

This paper presents calculations reIated to methane pyrolysis, discusses some previous
experiments by others, and concludes with some encouraging results from our preliminary
experiments.



.

Thermodynamics
Figure 1 shows the equilibrium concentrations of hydrogen, carbon, methane, and higher

hydrocarbons resulting from the pyrolysis of one mole of methane. The calculations were performed
using as input the free energies of methane, ethane, ethylene, and higher hydrocarbons in the
temperature range O-2000”C. The calculations show that in this temperature range only methane,
hydrogen, carbon, and acetylene are signit3cant. At 250°C, about 5’%0 of the methane is present as
carbon and hydrogen, at 500°C about 35% of the methane is converted to these elements, and at
1000”C over 95% of the methane is decomposed. Above 1500”C, 170 of the carbon and hydrogen is
present as acetylene.

The thermodynamics for producing hydrogen from methane are encouraging. We determined
the heating wdues (QZTSK)of methane and the hydrogen in methane from the following reactions:

CH4 +202= COW -t 2HzO(~) Q273K= -191 kcal
Cm +02= C (s,+ 2H2QQ) Q273K= -98 kcal

Pyrolysis of the methane and use of the hydrogen leaves the carbon unburnt and reduces the
heat available from methane oambustion by about 50%. However, this is not the final answer since we
need to consider the efficiency of converting methane (energy) to electrical energy before we can
identify any penalty. We next compare et%ciencies between methane combustion with a gas turbine
and use of the hydrogen from methane conversion in a fheI cell.

Combustion of Methane in a High Efficiency Gas Turbine
Mitsubishi Heavy Industries, Ltd.4 claims high eftlciency with its 501G gas turbine. A 330-

megawatt (MlJ/) power plant being tested achieved what the company said is the world’s highest level
of heat efficiency, 49.590, with this turbine. The combustor operates at 1500”C to maximize efficiency
and to produce low NOXemissions.

With a heat of combustion of methane of 191 kcal/mol, the electrical energy produced
through this system is 94 kcaVmol.

Conversion of Methane to Hydrogen and Its Use in a Fuel Cell
The best polymer electrolyte fuels cells using pure hydrogen fuel and operating at 0.9 V have

energy conversion efficiencies of 77.590.5

Combining this efficiency with the 98 kcal/mol energy available from the hydrogen, the
electrical energy produced by this system is 76 kcal/mol.

While the calculations above are crude, with no allowance being given for balance-of-system
issues, it is not an unreasonable conclusion that methane can be converted sequentially to hydrogen
and electricity at about 8070 of the efficiency of 501G technology.

Using the more conservative operating efficiencies of 30% for the gas turbine and 55% for the
fuel cell, we obtain electrical outputs of 57.6 lccaI/mol and 53.9 kcal/mol, respectively. Clearly, in the
worst case comparison, pyrolysis of methane and sequestration of the carbon reduces the available
electrical energy production by 20Y0. In more conservative cases, the electrical energy production
approaches the same value for both systems.



Volume and Value of Carbon Produced
An Energy-Environment Policy Integration and Coor~ation Study by the Electric Power

Research Institute 1suggests that in 2020 the United States will produce almost 500 GW of electrical
power from natural gas.

For our purposes here it is assumed that all of that production would be through gas turbines. If
instead this production were to be through methane pyrolysis to form pure hydrogen followed by the
generation of electricity using a high-efficiency fuel cell, then we estimate the following:

1 metric ton of carbon will be produced for each 2 MWh of power produced, and 2X108
metric tons of carbon will be produced per year.

Additionally, we estimate that the revenue loss from not burning the carbon within the
methane wouId be about $100 per metric ton, assuming that the value of each kwh not generated is
$0.05. This “value” is close to the $240 estimated 6’7value of a ton of carbon emissions calculated by
Ellerman and his associates. In these studies Ellerman considered a free market trading model to
calculate the price of a metric ton of carbon emissions when the carbon emission right was tr~ed in
order that the host country meet the requirements of the 1997 Kyoto Protocol. 1’2

Previous Experiments
Since the work of Kasse18and Storch9 in 1932, methane has been a popular subject f;r gas-

phase kinetics studies. Their experiments were concerned with decomposition mechanisms, but since
there are two initiation steps and the decomposition operates through a chain mechanism, which is
accelerated by the pyrolysis of the reaction products, the mechanisms and energetic were not clearly
elucidated.

During the 1940s, 50s, and 60s hydrocarbon research was driven by the need to understand
petroleum refining and combustion processes. Mass spectrometry, shock tubes, mercury
photosensitization, and flash photolysis provided the tools to identify mechanisms and energetics.l”’”
Complete pyrolysis was a problem to be avoided since carbon or coke blocked tubes and reactors.

The mechanism for pyrolysis of methane includes the following steps and, depending on the
conditions and reaction time, will yield hydrogen and hydrocmbon compounds with hydrogen-to-
carbon ratios ranging from 3 to O(i.e., ethane to coke):

CHQ + CHS+ H
H+Cfi + CH3 + H2
CH4 + CH2+ H2
2CHS + CZH6
CzHfj + C2H5+ H
CZHS+ CHS -+ C3H* +’ products

With a shortage of high-quality liquid hydrocarbons and an available surplus of natural gas, the
emphasis shifted to methane pyrolysis using short residence times and rapid quenching of the product
stream.’2’13’*4Not surprisingly this approach was not completely successful. The autocatalytic nature
of the reaction in which the products of the pyrolysis catalyze the chain initiation step causes the
reaction rate to be very sensitive to reaction conditions, leadlng to an unstable process.
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Processes for pyrolyzing methane to create liquid hydrocarbons were found to be
unsatisfactory not only because the reaction conditions were irreproducible, but also because the
formation of coke plugged the reactor.

Our Experiments
The experimental system is shown in Figures 3 and 4. The apparatus is simple. The reaction

gas, a mixture of argon and methane, is controlled by two process controllers, FIC 200 and FIC 300.
The reaction gases are introduced into a quartz chamber, where they flow over liquid metal. The
reaction gas is shielded from the quartz tube by a flow of argon controlled by FIC 100. The reaction
temperature is measured by thermocouple T1510. The bulk of the products are vented through
PSV630 with a small fraction sampled through valve V620. This sample undergoes gas analysis using
a quadruple mass spectrometer. Details of the reactor design are shown in Figure 3.

Results
Preliminary results for hydrogen production are shown in Figure 1. These initial experiments

were performed at atmospheric pressure, with 100% methane feed. The space velti~ty was high so
that little autocatalysis would occur from further reaction of the products. A sigmficant yield of
hydrogen, 2%, is formed under these conditions even at temperatures as low at 500°C. Concomitant
quantities of C2+compounds accompanied the formation of the hydrogen.

/
Conclusions

Our calculational and experimental results show that it is possible to use lead-bismuth eutectic
at 900°C as a heat source for the complete dissociation of methane to carbon and hydrogen. With this
reaction the heat transfer medium currently under consideration for the Generation IV nuclear reactor
could be used directly to convert methane to hydrogen and carbon.

The thermodynamic data, Figure 2, show that the equilibrium concentration of hydrogen at
temperatures as low as 400”C is attractive. The question is whether sufficient concentrations of
methyl, and other rdkyl radicals, can be produced from intermediate hydrocarbon products to catalyze
the dissociation of methane at such a low temperature. If this reaction will work at 400-500”C, then
opportunities exist for using degrade heat from a Generation IV nuclear reactor or primary heat from
reactors such as EBR-11. In the near future the catalytic effects of recycle and the potential for the
insertion of catalytic compounds will be examined.
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Figure 1. Hydrogen produced from Methane pyrolysis as a function of temperature. The Hydrogen
produced is expresses as a percentage of the Methane feed.
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Figure2. Equilibriumconcentrationsof hydrogen,carbon,andhydrocwbonsresultingfrom the pyrolysisof
methane.An expandedscalewill showlow concentrationsof acetyleneat temperaturesabove 1500”C.
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