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EXECUTIVR SUMMARY

The United States has substantial uncommitted reserves of natural gas and
large quantities of undiscovered conventional resources. Most of the uncom-
mitted gas is on Alaska’s North Slope. There are also large "unconventional”
resources in tight sands, coalbed methane, and Devonian shales, some of which
are not accessible by available pipelines. Conversior of gas to liquid fuels
could unlock these rescurces, reduce the need for imporced fuels, and provide
a secure supply of liquid fuels in geographically distriputed areas. Such
chemical conversion technalogy could also te vsed to produce cheaper chemical
feedsiocks for industry.

in 1984, DOE iritiated a program for a2xpanding the knowledge base and for
developing ccncepts, methods, and procasses to coavert natural gas to liquid
fuels. The initial research activities focused on developing a comprehensive
understanding of the fundamenta! mechanisms and kinetics when partially
nzicating methana directly to merhanol as the basis for desicning a process.
fne goal is to achieve a sufficiently high yield that an operable and eco-
nomically vizble process can be applied to converting remote natural gas to
liquids for tramsportation to U.S. markets. This research prnject is ongoing
and has progressed to include research in catalytic, noncatalytzc. and bio-
logical conversion processes.

In the conversion of gas to liquids, the promising prospect is a siﬁplé;m

one- or two-step prozess conducted under mild temperaturs and pressure
conditions that yielus high conversions and selectivity to gasoline and/et
distillate fuels. Both catalytic and noncatalytic methods should be explored
in addition to other unigue methcds, such as biological or "biomimetic® routes
that use some of the blologxcal systems’ capabilities. Some high-potential
catalytic methods are ia the conceptual stage and need further exploratica.

Noncatalytic methods are being explored as potential means to initiate
desired reactions. Biological methods are in their infancy but could develop
into a promising approach, while possibly shedding light on catalytic improve=
ments. In all processes, yield and selactivity trade-offs must be considered.
New and improved separation techniques are needed to zemove desired products
from unconverted feed and undesirable prxoducts. Techniques such as membrane,
liquid membrane, or improved fractionation and abscrptiun should be studied to
reduce costs. Methods to reduce costly recycling of unconvertad feedstock and
undesired products also need :c be invastigated.



1.0 INTRODUCTION

1.1 Background

Natural gae, consisting largely of methane with smaller amounts of
ethone, propane, and other hydrocarbons, is a plentifui domestic resource in
the U.S5. Contaminants ara also pre.snt in vary.ag amunts that may include
some or ail of the folicwing: nitroger, ca on ¢ ride, hydrogen sulfide, and
helium. Since price deregulation tegan, the suppliss of natural gas "in the
pipeline” at competitive prices have increased considerably. DOE’s assessment
shows that a technically recoveraple reserve and resource base of 1,059 tril-
lion cubic feet (Tcf) cf natural gas exists in the lower 48 States. This
resource base is made up of proved reserver, inferred reserves, and resources.
The latter requires discovery and develcpment, some using improved understand-
ing of reservoir frameworks that must be more fully develored -nd applied.

Of that, 800 Tcf exists or is estimated to exist in conventional reservoirs.
¥ore than half of the tctal rescurce evalnated in the lower 48 States, or

583 Tcf of gaw, is judged econonically recoverable (including finding costs)
at less than $3.0C per bicf (wellhead price, 1987 dollars). However, some of
the potentially producinle resources cf natural gas are not accessible to
markets because rhere are few Jipelines from these resource areas. These
unaccessible resouzces generally fall into two categories: larnz resources
intruly remote locaticns where new pipelines would be expensive, and small-
or medium-sized resources in areas where no pipelines presently exist. 1.
crder to improve the marketability of natural gas, especially those resources
located in remcte areas, a research effort to convert natural gas to "higher-
value” fuels was conceived. ‘ ‘ '

The Alternative Fuels Act of 1988 states Lhat the development of alterna-
tive fuels is a must for the U.S. This act provides for developing dual-use
vehicles and, th ~fore, requires developing alcohol fuels, such as methanol
and ethancl, as . as higher density zuels. The ability to convert natural
gas cheaply and e. <ciently intc a transportable fuel, such as gasoline, would
not only oper ne' .rkets for preseatly "usable" gas but would also contribute
to reduc.ng } <um imports to the U.S. Achieving these desirable uses ior
natural gas s contingeat on the availabilifty of a conversion process flat
produces a high yield of a transportable liquid fuel, which has favciable
energy density, combustion, and environmental characteristics.

The natural gas-to-liquids conversion research is a multidisciplinary
effort focusing on developing an economic process that will convert natural
gas to gasoline, distillates, or other liquid fuels. T%is research effort is
expected to provide process technology i3 convert natural gas to higher-value
uses and to provide a means of transportiny naturzi gas from remote locations
to the marketplace. Some of the promising options are to convert the gas to
- liquid fuels, such as methanol, gasoline, or distillates. Conventional
technolcgy using steam reforming is expensive under current conditions. Ctuer
techniques, such as direct, catalycic-oxidative coupling, may reduce costs.
Therefore, this research effort has been initiated to develop new or improved
techniques specifically related to rate and efficiency of conversion. The
goal for accomplishing this research has been defined: develop a method for
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conversion of natural gas to liquid fuels with acceptable conversion rates

(~ 10 co 20 percent per pass) and selectivity to desired products (~ 80 per-
cert or grea:er). This will be achieved by assessing several catalytic and
ncncatalytic techaniques through laborarory experiments, theoretical analyses,
and systems analyses.

This research could have a significant impact on the energy fuzls market
with the recognition that natural c¢asz way well be an important fuel in meeting
the problems of liquid fnel shortages. Natural gas can be used for industrial
and pcwer plant energy needs by displacing residual fuel, distillates, and
r..her liquids, or by conversion tc meet transportation fuel demands
(Figure 1). By substituting gas for oil, some 2 million barrels per day
{MM bbl/d) of oil :mports can be eliminated. Both methanol and ethanol are
technically viable cptions to displace crude 0il imports.

1.2 DOR Mission

Fossil Energy’s basic strategy is to identify research opportunities and
conduct research {and transfer the results of such research to the user com-
munity) in extracting, processing, and utilizing domestic fossil fuel
resources. An important eledent of this strategy is related to promoting a
balanced- and mixed-energy supply that can he used to significantly exzpand the
nation’s fuel supply.

DOE, through the Office o Fossil Energy (FE), has developed a progrim
for the research and developuent (RiD) of gas-to-liquids conversion. This
program encourages research efforts “n ertend the fundamontai scientific and
enginecring knowledge base to prov.i.e advanced concepts and jinnovative ideas
for conversion of gas to liquida, .u particular, and gas utilization, in
general. Investigations should zesult in increased gas reserves by providing
new, higher-value market outlets and increased, domestic ligquid-fuel supplies.
These results will be obtained by developing new concepts to simplify cun-
version processes and to improve yields and selectivity as well as separation
and recovery of the end-use product. For example, the application of & low-
cost, one-steo, gas-to-liquids conversion process cculd lead to increased
utilization of natural gas from such remote areas as Alaska’s North Slope
without “he enormous costs associated with constructing 2 Trans-Alaskan
natural gas pipeline.

Within the context of the DOE/FE mission, DOE sponsors activities for the
R&D of jas-to~liquid conversion. The majo: goals of the program’s focus on
the conversion of natural gas to liquids are

‘¢ T develop a major cost reduction by exploring new concepts tc simplify
the priocess, improve yields and selectivity, and {mprove saparation and
recovery of the product. The long-term research approach is to seek the
ultimate, one-step conversion process with high yield, aigh smlectivi;y,
and a high separation/racovery efficiency. Achieviny these goais will
result in a competitive process on both la7./e and small scalas, and
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* To achieve major cost reductions by developing catalytic, noncatalytic,
and bioclogic processes &s well as _rade-off evaluatiors of separation and
recycle faciliities for conversicr and selectivity.

With signific. "t potential to decrease the transportation market areas
and to expand the ' ilization of natural gas from distant and remote areas,
development of ga. co-liquid fuel conversion methods and processing concepts
depends upon jnnovative and novel approaches. These broad issues and possible
solutions require multidisciplinary R&D expartise. The expertise of several
organizatioral entities may be required. The research areas of interest are
symearized into five categories:

* Detemining and developing new or modified catalysts for conversion of
natural gas to liquids;

* Daveloping noncatalytic techniques for gas-to-liquid conversion;

* Detemmining and developing biological-to-biomimetic techniques fo:z
conversion of natural gas to liquidas;

* £gvaluating the processes for novel concepts/innovations on separation and
recycling facilities with respect to conversion and selectivity during
the vonversion process; and

* Performing systems analysis on new and existing pzocasses to determine
areas of cost reduction and to evaluate the economics of potential market
areas. ’ '

Research efforts in these areas are necessary to expand the understanding
of the basic phenomena of conversion chemistry and potential processes, to
assess novel and innovative concepts, and to provide technical and econcmic
solutions t¢ the natural gas conmversion issue. Table 1 identifies the
research eflorts being funded throughi the Morgantown Enargy Technology Center
(METC) on tha Natural Gas-to-Liquids Conversion progiam.

2.0 RELATED RESEARCH

2.1 [Tossil Enerqgy Progrvms

METC interest in producing and utilizing methane h&s been supplemented by
the fuel cells program, where natural ~1s is a primary fuel, and the surface
gasification program, where methane is either the sought-after product, as in
high-Btu ccal gas, or a fixed-bed gasifier by-product that must be further
converted to syngas (H, and CO) for subsequent processing to liquids. DOE’s
fuel cells program, with industrial groups that are heavily involved, is aimed
at Jdeveloping more efficiant ard cheaper fuel celis using coal-derived,
natural gas to produce electricity. In addition to work on relatively con-
ventional, phosphozic acid fuel cells, the DOE research effort focuses on
developing molten carbonate and solid oxide fuel cells and explorii novel
Cypes of cells that may have even highar efficiency. Whilc the direct
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Table 1. Natural Gas-to-Liquids Research and Rarticipants

Technical Activity Participants
lytic Reses
* Catalytic Selection and Evaluation METC
* Development of Synthetic Catalysts LLNT!
* Analysis of Dual Redox Catalysts for Lehigh University
Methane Oxidation Conversion
¢ Evaluation of New Cbncepts/?rocessea TBD?
Based on Biclogic Structures
Noncatalvtic Research
* Proof of Concept Experiments for Thermally LANL’
Induced Conversion
Utilization Technology
¢ Evaluation of Conversion Economics MRTC

' Lawrence Livermore
! To be determined
' Los Alamos National Laboratory

feedstock to the cell is usually assumed to be hydrogen, some effort is being
expended tc allow the cells to use methane directly by means of "internal
refoming, " a catalytic breakdown of methane occurring at the surface of the
Cell electrode. A cell using methane directly would have eignificant economi.
advantages over those requiring separate steam reformars to produce fuel. The
surface gasification program sponsors work on all three major types of gasi-
fiers (fixed bed, fluidized bed, and entrained) to produce gas for a variety
7" applications, including combinea cycle power production, synthesis of fuels
and chemicals, and incustrial heat. Fiqure 2 indicates a schematic blending
of wari’us DOE/FZ programs into a natural gis reseaxch effort,.

2.2 Pacic Rnexgy Sciances ¥rogram

DOE"s Office of Basic Energy Sciences spunsnrs fundamental investigations
of catalyst act.vity and structure through its programs in Chamical :ciences
and Materiais Sciences (Sunmary Report 1987). Approzimats. 70 projects in
this ares azo suppesied priuciily at universities. While s ¢t of these proj-
@cts relate directly to methane activation or conversion, ar projects
undoubtediy cuntribute to a better understanding of catal: mechanisms and,
thus, indirsc:ly support chemical gas conversion affort-
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FE’'s program on indirect liquefaction (IL) of coal is managed by the
Pittsburgh Energy Technology Center (PETC), the other major DOE Fossil Energy
Center (Proceedings 1988).

The IL program sponsors studies of synthesis gas conversion to liquid
hydrocarbons (through the Fischer-Tropsch process) and oxygenates as well as
work on upgrading Fischer-Tropsch liquids. Syngas conversion studies are not
listed in Table 1 since they are beyond ths scope of th.s report. However,
3ome syngases produced from coal gasification contain considerable amounts of
- methane, and research studies have been sponsored on conversion of syngas
(methane and other iight alkanaes) to higher hydrocarbons and alcohols.

Union Carbide Corporation, under PETC funding, is investigating catalytic
rocesses for conversion of methane to ethylene, which is a useful chemical
feedstock for their product line. PETC is also currently involved in a
research effort using halogens as possible catalysts. The effort has been
titled "Oxyhydrochlorination."”

2.3 Gas Regearch Ipstitute Program

Gas Research Institute (GRI) supports research on gas conversion pri-
marily through the methane reaction science program, which is funded both by
the reqular program ard an indugtrial associates program, and sponsor. related
work through its advanced gas saparation science and technology program (Gas
Research Institute 1988). The objoctive of the methane reaction science
activity is to identify aud characrerize new chemical and biological concepts
for:the conversion of methane, or for modifications of its physical fomm that
could lead to new or improved services for the gas consumer. The methanc
reaction sciencs activity sponsors work in six areas: chemical reactions,
biochemical reactions, natural gas as a chemical feedstock, metal oxide reduc-
tion chemistry, methans chlorination, and technicai evaluation of chemical
processes. The ubjective of the gas separation activity is to provide a
Ycientific basis for improving existing technology and developing new concepts
for separating gas mixtures and for converting methane into higher form=-value
products,

1.4 Industrial Programy

While much industrial research is proprietary to protect competitive
Positions in technology, many orgsnizations have interasts and active research
in natural gas conversion. Several groups are participating as members of
SAI's Industrial Acscociat:s Program, and DOEZ has had discussions on sponsored
research vith several cmanies. Union Carbide has published data on oxide
catalysts for oxidative coupling of methane, as have Atlantic Richfield (ARCO)
and Phillips. Exxon ha: patented procrsses for conversion of methane to
olefina and aromatics. 9P America (formrarly SOHIO) has obtained patents on
catalytic and noncatalytic processes for converting methane to aromatic
hydrocarbons. A number of other U.S. companier are known to have active
ressarch programs.
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3.0 STIATE OF TECHNOLCSY

The overall focus of this research area i3 expanding the technology base
on converting gas to .iquids {1) through theoretical and experimental
investigations .nto areas of technical uncertainty, and (2) assessments of
innovative concepts for improving process performance. Exploratory research
to investigate the technical feasibility of new ideas is a key element of this
advanced research and development program. The areas of investigat'on are
discussaed in the followina sections.

3.1 catalytic Technologies for Conversion cf Matural Gas to Liquids

Existing ‘ommercial catalytic technology for conversion of natural gas is
typified by the Naw Zealand plant, which uses steam reforming to produce a
hydrogen/carbon monoxide mixture (called synthesis gas), followed by a
methanol synthesis step and the wall-known Mobil-M process for conversion of
methancl to gascline. Several studies have indicated tha:t such a process is
not, at this time, economically competitive with either refinery production of
gasoline from crude oil or anticipated world cruda oil pr'ces, and that the
New Zealand plant requires government supsidies, Prelimiiary systems studies
at METC have indicated that capital costs of such plants will increase
drastically when they are sited in remote locations such aJ North Alaska, and
economic competitiveness of the product fuel at market locations will be
correspondingly poorer. Althougn variations and incremental improvements in
the basic process arze possible, they are unlikely to lead to major cost
reductions since the steam reformer stage of the current process, the highest
cost 3section, represents a relatively mature technology. Imprcvements in the
methancl synthesis and Mobil-M steps have little leverage on the overail ccst.

While no commercially available technology exists to convert natural gas
to gasoline or an equivalent "high-value" fuel at ~ompetitive costs, a MEIC
feasibility evaluation indicates that a new process could be duveloped that
would be less complex, require fewar conversion steps, and pcssibly be
cheaper. Other recen® review articles validate these conclusions. Laboratory
research has shown that direct, catalytic, partial oxidation of msthane
(reacting methane with oxygen over a catalyst) can produce methanol or an
ethylene/ethane mixtuze, depending on process conditions. Effective catalysts
include a vide range of metal oxides, and the presence of non-methane hydro-
carbons appears tc enhance conversion in some cases. Either of these products
can be further reacted to make gasoline in a separate catalytic step. Siace
bench- or larger-scale d»ta are not available on such a methodology, the
economics aze speculative, but preliminary estimates indicate significant cost
reductions based on the simplicity of the process. However, the percentage of
mathane converted (callec conversion) and the percentage of "desirable”
product from the total product mix (called selectivity) achieved in selected
1ab tests may not be high enough for commercial viability, ard the factors
controlling these parameters are not well understood. Factors that affect
results include catalyst type (metal oxides, zeolites, and natucal materials),
oxidunt (oxygen, air, and oxygen-donor in the catalyst), gas composition
(ratio of methane to other hydrocarbons), aad proaduct separation and recycle

298



techniques. While the simplifizd two-step process appears to be promising,
the "ultimate” cuzld be a conceptual one-step, "combined catalrst" process
that might convert: methane (and other associated gas con-~:ituents) directly to
gasoline-range ccroounds. Figure 3 shows a simple schematic of various routes
available thro  conversion processes. Such a process has not been found
even on laboratory scale, but a possible approach is suggested by experiments
that produce ethylene, a very reactive compound, which might be mace to
pulymerize (react with itself) to form larger hydrocarbons. Aa altarnative to
the "pure"” one-step process might be one in which "intermediates," such as
ethylene, would pass into a second catalyst bed without an intervening
separation/recycle step.

The previously described catalysts fall into the heterogeneous classi-
fication. Recent advances i- organometallic chemistry have resulted in
developing combined metal-hy .ocarbon complexes that activate the hard-to-
react methane molecule at much lower temperatures than do the presently known
heterogeneous catalysts. These developments might lead to a new class of
homogeneous catalysts for natural gas conversion,

The overall research objectives for catalytic technologies relative tc
natural gas-to-liquids conversion are

* To derive fundamental information and concepts about chemistry reactions
achieved during conversion phases,

* To enhance the conversionu ra.e anc selectivity percsitage thiough the use
of catalysts, where feasible in the processing cycles, and '

* To obtain high conversion/high selectivity percentages in an "ultimate"
low~cost, one-step conversion process.

3.2 Noncatalytic Techaiquss for Natural Ges-to-Liquid Conversion

While temperatures in the range of 1,000°C and above are known to pac«
tially decompose methane, processes based strictly on pyrolysis are not
believed to be promising because of the high temperatures zad low selectivity
for desirable products. Some noncatalytic methods attempt to circumvent the
extreme thermal stability of the methane moleculs by utilizing other forms of
energy as an "initiator" to accivate methane and form a move active precursor
tbat will then undargo gas-phase reactions to form desirable products. LANL
is investigating the use of piasmas formed by a laser to provide this initia~
tion step. Other schemas are possible, and these could include photocharical
reactions, electrolytic reactions, chemical initiators, and conceivably other
types of radiation fields and/or particle Lombarcmant. Soma potential schemes
rely on gas-phase reactions for selectivity of products, and there is some
coucern that the potential of such methods mav be more limited than those
using catalysts.
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Figure 3. Conversion Routss for Liquid
Rydrogen From Mathsza '

The overall research objectives for noncatalytic techniques for the con-

version of natural gas to liquids are

3.3

To extend the current knowledge base of conversion processes and reaction
engineering to systems that have significant potentizi to achieve con-
version without the use of catalytic agents, and

To conduct laboratory-scale experiments to study plasma-, electrolytice,
or electron-initiated conversion technologies.

Biological Techaiques for Matursl Gas-to-Ligquid Conversicn

While bioiogists have long known that certain bacteria can utilize meth-

ane as a "food" by transfomming it into complex ccmpounds, the chemical bases
for such reactions are nct well understood. When a better understanding of
the biochemistry of such bacteria is achieved, it may be possible through
genetic manipulation to develop bacteria that would produce hydrocarbon fuels
rather than proteins. Alternatively, it might be posaible to isolate a
"methane-activatin;” chemical from the bacteria and mass-produce such a
chamical synthetically to be used as a hcmogeneous catalyst in natural gas
conversion,
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~ The overall research objectives for biological techniques on natural gas-
to-liquids conversion are

¢ To evaluate the current knowledge base on biological engineering and its
potential for convarting natural gas to higher hydrocarbons .liquid
phase), )

* To conduct 1aboratory-acéle experiments to study hio-controlled conver-
sion techniques orn conversion -ntential, selectivity potential, and
by-products produced, and '

* To conduct investigations that use biomimetic methods. which use the
derirable aspects of bio-conversion but avoid negative aspects, such as
slow reactions, large reactors, and product separation problems.

3.4 Novel Concepts/Innovations for Separation and Recycling Facilities

Separating desirable products and recycling feed gases are likely to be
necessary in any process on conversion of natural gas to a liquid fuel. TFor
example, assume tha® methane is first converted to methanol by an oxidation
catalyst, and methanol is then convarted to gasoline in a second stage. A
typical methane conversion might be 20 percent for a single pass, so most of
tae feed gas must be recycled a number of timas to reduce unconverted methane
to a lov value. Methanol would likely bé separated by selective condensation
fzom unconverted feed gas and othaer gaseous praducts such as CO,. Other
potential intermediate products (such as ethylene) might require more exotic
separation techniques. The nature and difficulty of separation and recycle
methods sre clearly linked to the type(s) of products, the conversion rates
and selectivities, the operating conditions, and the number of conversion
stages. In addition, they may be affected by economic factors, such as the
cost of feedstock and the potential nonprocess uses for unconverted gas.
Separation and recycle concepts must clearly be considered in a systems con-
text in addition to the basic conversion technologies.

The overall research objectives for novel concepts/innovations on sepa-
ration and recycle facilities are

* To evaluate the current knowledge base on separation/recycle facilitijes
applicabie to natural gas-to~liquids conversion processes,

* To expand the understanding of reaction or interac-ions between the ~on-
version process and its reactor vessel/facility, and

* To evaluate novel/innovative concepts for developing luw-cost, mobile
conversion facilitias that use remote areas of gas procduction.

3.5 Wdlizstion Technology/Svstems Analvses

The research necessary within utilization technology/systems analyses is
to evaluate the current systems for economics relative to converting natural
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gas to liquids and to identify those areas where technology advancement could
reduce the costs related to the corversion process. The overall research
objectives are

* To provide a preliminary estimate of gas transportation cost from remote
areas such as Alaska,

* To determine the economics relative to current and poteniial conversion
process systems, and

e To identify areas where technology research and development could reduce
conversion costs to commercial compatibility.

These activities encourage advanced research efforts to extend the funda-
mantal scientific and engineering knowledge base to provide advanced concepts
and innovative ideas on conversion of gas to liquids, in particular, and gas
utilization, in general. These investigations should result in increased gas
reserves by providing new, higher-value market cutlets and increased, domestic
liquid-fuel supplies by developing new concepts to simpiify conversion
processes and to improve yields and selectivities as well as separation and
recovery of the end-use product. While yields of 28 to 30 percent are being
sought, the important factor is high selectivity. (See Figure 4.) For
example, the application of a small-scale, low-cost, one~step gas-to-iiguids
conversion process could lead to increased utilization of natural gas from
such remote areas as Alaska’s North S)ope without the enormous prohibitive
costs assc“iated with conmstructing a T ans-Alaskan natural gas plpellne
These research activities encompass several R&D areas.

Since the overall objective of t_is gas-to-liquid research effort is to
develop a low-cost, one-step conversion process for natural gas to liquids, it
will be necessary to evaluate each of the research efforrs for both technical
and economic feasibility, Furthemmore, it is important that by-products of
each research effort be thoroughly studied and evaluated.

4.0 CURRENT RESEARCH

4.1 Statzs of Chemical Conversion

4.1.1 Methana Conversion tu Syngams Followed by Methanol Synthesis or
Fischer-Tropsch Conversion to Rydrocarbons

As far as the natural gas-to-liquids research program is concerned, the

Fischer-Tropsch process is considered "conventional" technology. However,
incremental improvements are being made in severa! aspects cf this route.
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Tigure 4. Selectivity-Convarsion Iilatiouships

for Methane Coaversion to Sthylene/Bthane

Brookhaven National Lab, under DOE furding, ha: developed a liquid-phase
methznol synthesis reactor, wh’ch can utilize syngas made from methane by

partial oxication with air ra.her thaa oxygen (O’Hare et al. 1986).

Methanol

is synthesized in a ~atalylic soiucion that converts syngas to metnanol at
> 90 percwnt convezsion in one pas:, obviating tne need tor recycling qgas.
a parallel development, Air Products and Chemicals and Chem Systems, Inc.,

under DOE sponsorship, are developing a liquid-phase methanol synthesis
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process that allows easy removal of reaction heat and is particularly suited
for high CO content gases (Studer et al. 1986). This process has been tested
it a process develogment unit (PDU) scale in Laporte, Texas. These and other
developments could improve the economics of the conventional steam reformer~
based processes, which are not presently favorable in the U.S. ?

4.1.2 Direct 2artial Oxidation to Merhanol

Both catalytic and noncatalytic procasses have been investigated for
producing methanol from natural. gas. Only processas that use oxygen or air as
an oxidant will be discussed, since use of other oxidants, such as nitrous
oxide cr halogens, would be prohibiiively expensive unless the reagents are
recycied. These prccesses, based on direct, partial oxidation, offar relative
simplicity and relatively low heat trinsfer requiremerts, but economically
promising ccnversion rates and selectivities have nct been prover in large-
scale equipment.

Noncatalytic conversion, sometimes called "cool flame oxidation," takes
advantage of high-temperature chemical equilibria, which favor mathanol forma-
tion. Temperatures in the range of 350 to 500°C are needed for the process to
be effective, and hign pressure (> 40 atm) also favors methanol formation.
Shor: residence times and rapidly quenching products improve methanol selec-
tivity. Formaldehyde is usuzlly produced in addition to methanol. As with
mOst methane conversion processes, conditions that favor high selectivity
(> S0 percent) to desirable products tsually favor low conversion of methane
per pass through the reactor (< 5 percent). Promising results on this o
process, indicating > 80 percent selectivity to methanol with conversion per
pass approaching 10 percent, and negligible formaldehyde have been obtained at
the University of Manitoba but have not bsen verified elsewhere.

In 1984, METC initiated funding of a project at LANL to investigate the
potential for high-temperature plasma technology on convarsion of natural gas
to methanol. This project has continued and evolved into a modelling and
laboratory study of the kinetics of gas-phase methane chemistry, which serves
as the basis for noncatalytic tharmal coaversion technology. LANL has
developed a comprehensive model for methane gas-phase reactions, verified the
model by extensiva comparison, with literature data, and used the model to
predict conditions thazt should give favcrable conversion in thermal reactors.
The modalling results indicate that high temperaturas (500 to 3G0°C) and high
prassures (50 atm) will be necessary to achieve sccnomically favorable results
in noacatalytic systems. A proof-of-concept expsariment is baing planred to
validate the thaoretical predictions. :

Proposed catalytic processes for direct, partial oxidation to methanol
typically use metal oxide catalysts and cperate in similar temperature and
pressure ranges as the noncatalytic processes, but offer promise of higher
conversion sfficiency. While publications are numerous, no one has achieved
and confirmed usefully high yields with only oxygen or air as an oxidant.
Recent research has neglected this approach in comparison with work on forming
C; hydrocarbons, but the lower temperatures necessary for methanol formation,
the increasing interest in the U.S. in methanol fuels, and the ability to
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easily convert methanol into other products may lead to a resurgence of
interest. Using zeolite catalysts to convert methane to methanol is being
explored by Lehigh University as a promising route to reduce temperature
Lequirements waile achieving good yields of product. In fiscal year 1989,
METC initiated funding to Lehigh University to pursve research in this avea.

4.1.3 Oxidative Coupling to Olefins

In a process called "oxidative coupling," oxygen can be rmacted with
methane over an oxide catalyst to "activate” me-hane and form hydrocarbons
containing two or mora carbon atoms, typically ethylene and ethane. These
reactions occur at 1 atm pressure, but _ypically require temperatures +in the

600 to 800°C range. A similar process uses a metai oxide as 2n "oxygen donor”
to perform the methane activation, thus requiring no oxygen addition to the
methane stream, but requiring a separate step to regenerate the catalyst in a
stream of air. Once light olefins, such as ethylene, are formed, they can be
used as feedstock for produ.ing gasoline or chemicals in separate process
steps using known techrology. Some investigators have considered combining
several process steps into a "combined-function" catalyst to produce gasoline-~
range hydrocarbons directly from methane. Several lavoratories are investi.-
gating the basic chemistry of these reactions and testing various types of
catalysts. °

As far as is known from published data, no grcup has yet achiaved a
selectivity/conver-ion comparable to an overazll yield of 30 percent, estimated
by different groups tc ke necessary for a commercially successful process. By
comparing partial oxidation to methanol, oxidative coupling to olefins has two
G‘'*advantages: (1) light olefins, such as ethylene, are more difficult to
sevarate foom the unreacted methane and reacticn by-products, such as carbon
oxides, s¢ gas recycle can be accomplished, and (2) heat trancfsr requirements
are more complex possibly leading to increased heat exchange duties and couts.

In a project tnat is co~funded by METC and GRI, LLNL is investigating
potential banefits of silicon oxide-based material, with a high surface area,
as a support for meta. atcms that provide catalytic sites for methane activa-
tion. This is a new proiect, just begianing to achieve significant results.

METC has an in-house activity to screen promising catalysts for conver-
sion activity, invesctigate the mechanisms of oxide catalysts for partial
oxidation aand oxidative coupling, and evaluate novel concepts. A new series
of mixed, metal-ogzide catalysts has been developed that gives C, yields (the
product of conversion and selectivity) in the 19-perceni range.

4.1.4 Hbﬁo:yg-n lnag.nti

As previouily noted, routes using oxidants or reajents other thaa oxygen
or air must allow for recycling of expensive reagents to be economic. PETC
has developed a process based on conversion of mathane to chloromethane by
oxyhydrochlorination, followed by conversion of chioromethane to gasoline in a
zeolite catalysis step (Tavlor et al. 1987). Similar processes have been
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reported by British Petroleum and Mobil. The process shows favorable

conversion rates and operates at lower temperatures {- 350°C) than the partial
oxidation-based processes. Fotential problems with the corrosion of recycled
hydrogen chloride and the formation of undesirable by-products require Ffurther
investigation.

4.2 long-Range Research

At present, two other promisiny options exist that might, in the long
range, l#ad to .a true breakthrough in natural gas conversion. Recent advances
in organcrstallic chemistry sponsored oy DOE Basic Emergy Sciences have
resulted in developing combired metal-hydrocarron "complexes" that activate
the hard~to-react methane mc cule at much lower temperatures than do
pressntly known catalysts. _.mong others, Lawrence Berkeley Laboratory and
Yale: University are conducting work in this area. Significant laboratory
rerearch is still required on the synthesis and properties of these sp =~ial
chemical cuarplexes before process conditions, products, and yields can ve
defined even on a laboratory scale.

Ancther option, and perhaps the most promising, is a process based on
biclogical activation of methane. While biologists have known for a long time
that certain bacteria can utilize nerhane by transforming it into complex com-
parnds, the chemicil bases and mechunisms for such reactions are not well
understood. When a better understanding of such microorganisms and their
biochemistry is achieved, it may be possible through genetic manipulation to
develop bacteria that would produce hydrocarhon fusls or methancl effectively.
Alternatively, it might be possible to duplicvte the essential functions of
the bactezial enzymes in a chemical that could be used zs a heterogeneous or
homogeneous catalyst. This technique is called biomimetic. With internal
funding, LLNL is evaluating possibis routes for duplicating Lhe critical
funci.ions of methane-metabalizing bacteria to het:erogeneous or hosaogeneous
catalys*s for methane conversion to methanol. Others are investigating
biologicz) activity in connection with conversicn processss. Sandia National
Latoratccy (3NL) is using fundamental, molecular-modelling techniques to
investigate methane interactions with catalysts based on biolegical porphyrin
structures. The University of Warwick and Celgene Corporation are studying
msthacotrophic bacteria to assess whether kcy functions could be duplicated in
useful catalyets.

4.3 Economics of Chemical Gas Comversion

Conventional technology on conversion of natural gas to liquid fue.s,
such as methanol and/or gasolire-range hydrocarbons, uses steam reforming to
proriuce syngas (carbon monoxids and hydrogen), followed by catalytic conver-
sion of syngas to methanol and conversion of metharol to gasoline by Mobil
technology, as exemplified by the New Zealand project. This technology is too
expensive to be used in the U.S., considerinj the cost of feedstock. Table 2
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Table 2. Cumparison of Conventiocnal and Advenced
Processcs for Ccnvarsion of Natuzal Gas
to Liquid Fuels

Basis: ZJero-Cost Gas Feed

Advanced Process

Convent ional Partial Oridation or
Equivalent Equivalent
Gasoline Crude Gasoline Crude -
Price Price Price Price
$/bbl $/3b1 $/hbl _§/bbl
Gulf Coast 31 25 28 19
(Fluor)
Alaska’s North Slope 61 47 47 36
(METC)

illustrates this pcint with cost estimates made by METC #nd Fluor~Daniel
Corporation in a scudy for GRI (Green 1388). For no-cost gas, this technology
at a U.S. Gulf Coast. location can produce gasoline at a co3t competitive to

" gasoline made from crude oil at a crude price of $25/billicu barrels (Bbbli).
ficwever, gas at this location would cost: > $2/Mcf (§71/Mcm), raising the crude
0il break-evsn price to > $40/Bbbl. At an Arctic location, plant costs will
increase because of higher construction costs, resuliing in an estimated crude
0il break-even price of $47/Bbbl, assuming zero cost gas, Costs would also be
added for moving product gasoline through the existing pipeline, shipping it
to the lower 48 ports, and recoreriny qasoline from the crude oil mix in the
pipelina. New developments in steam reforming and methanol conversion
technology may reduce these costs somewhat in the future,

Cost estimates for new technologies, such as oxidative coupling and par-
. tial oxidation, can only be preliminary since laboratory data must be extrapo-
lated with the attendart lack of accuracy. Recognizing this caveat, Table 2
compares Fluor and METC estimates for the break-ever. crude oil price of a con-
ceptual proceas based on partiii oxidation to that .f conventional, steam
refoming technology as previocusly described. Costs for processes based on
oxidative coupling should be similar. Although chers is a cost raduction
cumpared to steam reforming, it is not >lear that tre improvemant is subatan-
tial encugh to justify comstruction of such a plant at today’s oil prices,
unless a favorable combination of low gas cost and low const:ruction cost can
be found. Simulation of mass and energy balances for plants based on partial
oxidation aad oxidative coupling indicates that partial oxidation to methanol
is iaore promising in terms of simplicity aad heat transfer requirements than
oxidative cuupling to olefins, while both new processes offer sfficiency
improvements relative to steam reforming (Kuo 1987). The goal for R&D is to
reduce costs further by improved efficienc; and simplification.




METC, as lead center for gas supply and utilization, has been involved in
research and technology developr.:at uecessary for the conversion of natural
gas to iiquids and/or higher-value hydrocarbons. These advainced research and
technology activities have been developed to conduct (1) enhanced research irn
the areas of catziytic, noncatalytic, and biologic pre.usses, (2) novel o¢ -
innovative process concepts, and (3) assessment and evaluation of concepts for
develcping a low-cost, one-step process ou the conversion of natural gas to
liquids (Figure 5). In order to comply with the FE program mission, MEIC has
vorked closely with industry and GRI so that research efforts at METC are
compatible with those resaarch efforts in industry (Pigure 2).

METC is interested in extendirg the scientific and technology base cn
conversion of gas-to-liquids processes. This advanced reseaczch and technzlogy
development program interds to coniuct fundamertal research in the areas of
(1) catalytic, ncncatalytic, and biologic processes, (2) novel or innovative
process concepts, and (3) assessment and evaluation of concepts for developing
a low=-cost, one-step process for tha conversion of gas to liquids,

METC’'s rasearch activities facus »nn

* Catalvtic Procegses Research -- Includes efforts to assess new catalytic
techniques through laboratory experiments, “teoretical analyses, and
systems analyses, in order to select the most promising methods for
further development to olefins or other "encd-use® fuels;

* Noncatalviic Procesyes Reseazch -~ Includes fundamsntal chemical
kinetics, investigations, gas phase and surface chemistry, partial
oxidation of methane to methanol, developing and validating a com-
prehensive model;

* Biclogic Research Efforts -~ Includes an investigation to determine the
potentizl for developing a gas-to-liquids ccnversion process based on
catalytic structures that mimic favorable aspscts of biological systems,
such ar methanotropic bacteria;

* Separaticn/Recvcle Svatems Regearch -- Includes the research necessary to

improve separating end products from the irput train and to reduce the
numter of conversion cycles that the gas tiain undergoes in the reactor
syscem; and

* Urdlizatiop Techmology/Systems Analvsis -— includes efforts to compara-
tively evaluats various technologicil optisns and to ideniify systems
-nvegration issues, such as selectivity/conversisn trade-offs and
Svpazrativn technology.

1.4 Future RED Keeds

As rosearch continues in the conversion of natural gas to higher-value
fuels, several research areas will need tc be analyzed. These include
{1) improved selectivity (the percentage of "desirable” preduct out of the
total product mix} for both noncatalytic and catalytic conversion to methanol
or olefins, while retaining good conversion (the percentage of methane
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