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PROJECT SUMMARY

Overview:

Page A

This Small Business Technology Transfer (STTR) Phase I project will analyze the feasibility
of the catalytic conversion of methane to propane via a gas discharge plasma. Methane can
be produced by the anaerobic digestion of organic matter and the gasification of biomass,
thus this novel process could enable the beneficial production of ’biopropane’ from waste
biomass in rural communities.

Intellectual Merit :
Research into the conversion of biomass, coal and natural gas into other useful hydrocarbons
via plasma discharges has been ongoing around the world since the 1960s. The Propane Education
and Research Council (PERC) suggests that new technologies may enable the commercial production
of biopropane within three years. However, many of the current processes for the production
of biopropane rely on energy-demanding, supercritical processes or expensive catalysts and
have not proven successful at a commercial scale.

Early work in the study of the potential commercial value of the chemical processes that occur
in gas discharge plasmas was described by the Institute for the Synthesis of Petrochemicals
of the Academy of Sciences, U.S.S.R. in the late 1960s. Specifically, methods were discussed
for the rapid quenching of the reactions produced by a plasma jet to yield higher hydrocarbons.
The production of acetylene from methane in a hydrogen gas discharge plasma was detailed and
a sound energy balance was noted. Recent work performed at the Idaho National Laboratory was
successfully able to repeatedly yield acetylene gas with high selectivity from the recombination
and rapid quenching of methane gas plasma species in a fast quench nozzle, resulting in US
Patent 5,935,293. 

Additional studies have detailed the free active species (CH3-, CH2-, CH- and H+) produced
by the decomposition of methane in both atmospheric plasma jets and dielectric barrier discharges.
Many of these processes again favored the production of acetylene and often yielded unwanted
C2 reaction products (soot), with various amounts of ethylene, ethane, propylene and propane
produced as secondary reaction products. The decomposition effects of a gas discharge plasma
favors the production of stable, short chain (C1 and C2) hydrocarbons, as longer chain molecules
are quickly disassociated into smaller molecules. This proposal seeks to determine a novel
method to yield propane as the primary reaction product from the decomposition of methane
in an atmospheric gas discharge plasma, via controlled catalytic hydrogenation of the active
species, resulting in a practical and efficient process for the production of propane from
methane produced by renewable processes.

Broader Impacts :
Propane has nearly double the energy density of ethanol per kg (46.2 MJ/kg vs. 26.9 MJ/kg).
It can be utilized in conventional internal combustion engines (as autogas) and generally
burns cleaner than gasoline, resulting in longer engine life. Worldwide over 13 million vehicles
use propane autogas. Federal, state and local governments and schools are converting their
fleet vehicles to less expensive and cleaning burning propane autogas. 

According to the U.S. Energy Information Administration, propane is the most common heating
fuel in rural areas and in mobile homes. About 83% of households with propane heating are
located in rural areas that are typically beyond the reach of the natural gas pipelines. In
the Midwest, the rural share is greater than 90%. In many areas of the country, consumers
of propane who do not have immediate access to natural gas distribution infrastructure are
co-located with large amount of excess forestry biomass, corn stover and other agricultural
waste. This process could allow methane, produced form either the anaerobic digestion of organic
matter or the gasification of biomass, to be converted into a more useful product - biopropane.
Thus, rural communities around the world could independently produce biopropane from locally
available waste biomass for transportation and heating, reducing their dependence on fossil
fuels, while yielding a cleaner environment and a net reduction in CO2 production.
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Part 1: Identification and Significance of the Invention 
 
Research Innovation Proposed: This Small Business Technology Transfer (STTR) Phase I project 
will analyze the feasibility of the catalytic conversion of methane to propane via a gas discharge 
plasma. Methane can be produced by the anaerobic digestion of organic matter and gasification of 
biomass, thus this novel process could enable the beneficial production of ‘biopropane’ from waste 
biomass in rural communities. 
 
Problem Statement: Propane is the third most used transportation fuel in the world. Propane has 
nearly double the energy density of ethanol per kg (46.2 MJ/kg vs. 26.9 MJ/kg). It can be utilized in 
conventional internal combustion engines and generally burns cleaner than gasoline. According to the 
U.S. Energy Information Administration, propane is the most common heating fuel in rural areas and 
in mobile homes. About 83% of households with propane heating are located in rural areas that are 
typically beyond the reach of the natural gas pipelines. In the Midwest, the rural share is greater than 
90%. In many areas of the country, these consumers of propane who do not have immediate access to 
natural gas distribution infrastructure are co-located with large amount of excess forestry biomass, 
corn stover and other agricultural waste.  The ability to produce propane locally via gasification and 
plasma reformation of synthesis gas would enable rural communities around the world to produce 
‘biopropane’ from waste biomass for transportation and heating, reducing our dependence on fossil 
fuels while yielding a cleaner environment. 
 
Innovation Background: Research into the conversion of biomass, coal and natural gas into other 
useful hydrocarbons via plasma discharges has been ongoing around the world since the 1960s. The 
Propane Education and Research Council (PERC) suggests that new technologies may enable the 
commercial production of biopropane within three years. However, many of the current processes for 
the production of biopropane rely on energy-demanding, supercritical processes or expensive catalysts 
and have not proven successful at a commercial scale. Early work in the study of the potential 
commercial value of the chemical processes that occur in gas discharge plasmas was described by the 
Institute for the Synthesis of Petrochemicals of the Academy of Sciences, U.S.S.R. in the late 1960s. 
Specifically, methods were discussed for the rapid quenching of the reactions produced by a plasma jet 
to yield desired products. The production of acetylene from methane in a hydrogen gas discharge 
plasma was detailed and a sound energy balance was noted. Recent work performed at the Idaho 
National Laboratory (INL) was successfully able to repeatedly yield acetylene gas with high 
selectivity from the recombination and rapid quenching of methane gas plasma species in a fast 
quench nozzle, resulting in US Patent 5,935,293. Additional recent studies have detailed the 
decomposition of methane in an atmospheric plasma jet and a dielectric barrier discharge in the 
presence of a catalyst which resulted in the production of varying quantities of acetylene, ethylene, 
ethane, propylene and propane depending upon the process parameters. This proposal seeks to further 
investigate the various factors influencing the percentage yield of propane and butane produced from 
the decomposition and recombination of methane and the products of biomass gasification in a gas 
discharge plasma and to optimize those factors, including catalyst development, resulting in a practical 
and efficient process for the production of biopropane. 
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Part 2: Background and Technical Objectives 
 
Background: Converting methane to value-added products, like higher hydrocarbons or oxygenates, 
has been an industry-favored process for several decades. It is also an important reaction in C1 
chemistry which has been extensively studied.[1-3] However, traditional approaches of methane 
reforming are often constrained by thermodynamic limitations due to the high stability of C–H bond in 
the methane molecule.[1,4] These efforts continue to face challenges towards successful 
commercialization. 
 
Gas plasma discharges, especially, non-thermal plasmas, have been demonstrated to be a promising 
technology in methane reforming due to its high non-equilibrium characteristics, i.e., the existence of 
high energetic electrons at the low gas temperature (even at room temperature).[5-26] One of the most 
outstanding features of a plasma is the high energetic electrons (1 to 10 eV), that act as an efficient 
“catalyst” that can easily activate methane under mild conditions (Figure 2.1) to generate highly active 
radical species.[6-26] Moreover, the products distribution of methane reforming can be modified by 
controlling the energy of high energetic electrons, and can further change the reaction pathway by 
modifying the active state of methane.[7-22]  Gas plasma discharges also demonstrate good compatibility 
with other catalytic methods and systems. 

 
 

Figure 2.1 - Decomposition of methane in gas discharge plasma 
 
Through manipulating the plasma reaction conditions such as changing the type of plasma (such as 
corona, microwave, DC plasma, radio frequency discharge, spark, dielectric-barrier discharge DBD), 
adding co-feed gas or co-reactant (O2, CO2, H2, H2O, natural gas or nitrous oxide), or introducing 
catalyst (metal oxide and zeolite), different targeted products can be produced such as C2 or C3 
hydrocarbons,[8-13, 25,26] syngas,[11,14-16] liquid hydrocarbons,[7,14] methanol,[17-23] formaldehyde,[17,18] 
formic acid or methyl formate.[17,19] For this project, we intend to focus on selectively reforming 
methane, originated from natural gas or biomass resource, into propane. Such technology will enable 
the successful production and commercialization of a new renewable fuel – biopropane. 
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Technical Objectives: The methane reforming reactions in plasma can be explained by a free-radical 
mechanism. The initiation step is the production of CH3 radical from methane.[27-30] High electron 
density contributes to consecutive dehydrogenation of CH3, CH2 and CH to finally produce an atomic 
carbon radical C: 

CH4 → CH3 → CH2 → CH → C 
 
The excitation threshold for the formation of CH3, CH2, CH and C radicals from CH4 was ca. 9.0, 
10.0, 11.0 and 12.0 eV, respectively.[30] This implies that C radicals can be formed easily in a plasma. 
A C radical can easily react with another one to form a C2 radical, and C2 radicals can react with two 
H radicals to form a C2H2 molecule. Following this reaction pathway will lead to the high selectivity 
to C2H2 due to the high concentrations of C2 radical.[30] The C radicals are also able to polymerize to 
form carbon deposits (soot). Both results are common and unfavorable outcomes of this process. To 
achieve the goals outlined in this proposal, it will be required that C2 radicals react with CHx radicals. 
High concentrations of C2 radicals should lead to a high selectivity to propane, as shown in Figure 2.2.  
 

 
 

Figure 2.2 - The main formation pathway of acetylene, propane and propene 
 
Unfortunately, the minimum excitation threshold of activating methane to radical state is 9 eV,[30] 
which far exceeds the best input energy density (6 eV) for the formation of higher hydrocarbons such 
as propane or propylene.[27] Since a C3

+ molecule is bigger than a methane molecule, the C-C bonds in 
propane are weaker than the C-H bonds in methane, implying that if even higher hydrocarbons are 
formed, they can easily re-decompose in the methane plasma. Moreover, carbon-carbon bond coupling 
reactions and multistep hydrogenation reactions are needed for the formation of C3 or higher 
hydrocarbons, which is much more difficult than the formation of acetylene. As detailed in current 
scientific literature and prior art, neither propane or other higher hydrocarbons were the main resultant 
products of various methane gas plasma discharge experiments. The pursuit of propane as a final 
product from the decomposition of methane in a gas plasma discharge appears to be an area of new 
scientific research. To successfully increase the yield of propane from the plasma methane reforming, 
parallel reactions such as polymerization of C radicals, acetylene formation, and re-decomposition of 
propane must be suppressed. The inclusion of physical and chemical catalysts in the plasma might 
modify the plasma chemistry and the catalytic properties of gas plasma discharge to the desired state.  
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For example, zeolite catalysts were found to be able to inhibit the formation of carbon black and can 
restrict the higher hydrocarbon chain buildup, thus preventing plasma polymerization. The selectivity 
of higher hydrocarbons in the presence of zeolites was also improved, compared to that in the absence 
of the zeolite. Pushkarev et al. used metal Ni/ZSM-5 catalyst for methane plasma reforming, and 
found that it preferentially improved the selectivity to long chain alkenes, especially for C6

+.[31] This is 
due to the pore size (5.5ǺA) in ZSM-5, which is very suitable for C6

+ hydrocarbon molecular 
formation. NaY-encapsulated Cobalt(II) nanoclusters also showed a higher activity and selectivity of 
C2

+ hydrocarbons.[33] The application of zeolite A inhibits the formation of carbon black and plasma 
polymers and leads to a higher selectivity of light hydrocarbons (C2

+).[4] While in contrast, with non-
channel structure material such as  the  Pd/Al2O3 catalyst, the selectivity to higher hydrocarbons such 
as propane or propylene are very low.[32]  
 
Gas plasma discharges such as plasma torch and corona, pulsed and microwave discharges have been 
determined to be too aggressive for synthesizing larger hydrocarbons from methane. These types of 
gas plasma discharges favor the generation of smaller hydrocarbons such as acetylene, ethylene and 
hydrogen (as H2) and carbon monoxide.[6-10,14-15, 21-26]  For this project, the dielectric barrier discharge 
(DBD) reactor (Figure 2.3) will be used. They are easy to construct and operate and are cost-effective 
to build,[12,13, 16-20] and the strength of discharge can be easily controlled by adjusting the chamber 
geometry and the delivered power, resulting in sustainable long hydrocarbon chains.  
 

 
 

Figure 2.3 – Dielectric barrier discharge (DBD) reactor configurations 
 
We hypothesize that by precisely controlling the process conditions (temperature, flow, pressure, 
power density) within a dielectric barrier discharge reactor, propane precursors (such as CH3, CH2, 
CH, and H+) can be produced at sufficiently high yields to enable the production of propane by 
employing a highly selective (proprietary) catalyst.  
 
Based on the above analysis, we propose a two-stage, hybrid process consisting of a gas plasma 
discharge reactor and a shape-selective catalyst utilizing “microreaction cages” for the selective 
reforming of methane into propane (and potentially other higher hydrocarbons).  
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Specifically, by utilizing a shape-selective molecular sieve catalyst in a two-stage dielectric barrier 
discharge (DBD) reactor, plasma radical reactions, coupling or cracking, will be confined inside the 
cages of the molecular sieve catalyst, forming a heterogeneous hydrocarbon pool. Only those 
hydrocarbons smaller than the catalyst pore size can diffuse outside the cage. Therefore, a high 
selectivity to propane could be obtained from a gas plasma methane reformer employing a catalyst 
with a pore size larger than but very close to the critical diameter of propane, 4.9 Ǻ.   

 
Figure 2.4 – Two-stage, hybrid plasma-catalyst process with “microreaction cages” 

 
As shown in Figure 2.4, the proposed plasma reactor is composed of two stages. Stage 1 is a 
conventional dielectric barrier discharge reactor for methane activation. Stage 2 is plasma-catalyst 
stage employing a shape-selective catalyst for synthesizing higher hydrocarbon products.  
 

 
 

Figure 2.5 - Shape selective reactions in and out of the “microreaction cage” 
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As shown in Figure 2.5, the active radicals, cations and molecules (CH3
-, CH2

-, CH- and H+) created by 
the decomposition of methane in the dielectric plasma discharge from Stage 1 will become precursors 
for catalytic reactions inside the “microreaction cages” of the molecular sieve catalyst in Stage 2.   
 
The plasma electric field E will induce the catalyst particles to generate an inductive electric field E’, 
which is in opposite direction with E. The inductive electric field E’ will offset some of the impact of 
plasma electric field E, and weaken the strength of electric field E’’ of the “microreaction cage”. The 
undesirable secondary decomposition of the higher hydrocarbons should be suppressed within the 
“microreaction cage” as the effects of the plasma are substantially reduced within this area. Thus the 
best place for higher hydrocarbon molecular formation will be within the catalyst particle. Various 
hydrocarbons are expected to be products in the “microreaction pool.” 
 
To increase the selectivity to longer hydrocarbons, hydrogenation metals will be introduced into the 
molecular sieve “microreaction cage”catalyst. This will result in more efficient hydrogenation reaction 
of the unsaturated hydrocarbons (CH3

-, CH2
-, CH-). Moreover, with the presence of a hydrogenation 

metal catalyst, the H-H bond in H2 will dissociate on the metal, and each of the hydrogen radicals (H+) 
will attach to the metal catalyst surface, forming metal-hydrogen hydride bonds.  
 
Unsaturated C2 intermediates will react with surface metal hydrides, and hydrogen atoms will be 
transferred to the C2 hydrocarbon framework, forming acetylene (C2H2) or ethane (C2H6). Unsaturated 
C3 intermediates will react with surface metal hydrides, and again several hydrogen atoms will be 
transferred to the C3 hydrocarbon framework, forming propylene (C3H6) or propane (C3H8). Longer 
hydrocarbon chains may also be products in the “microreaction pool.” However, only hydrocarbons 
smaller than the catalyst pore size of 4.9 Ǻ. can be diffuse outside the cage. 
 
One of the significant advantages of this two-stage reaction system is that the methane activation and 
higher hydrocarbon formation could be conducted simultaneously and efficiently in a one-pot process. 
Moreover, we can limit the molecular size of the hydrocarbon product by adjusting the dimensions of 
the “microreaction cage” pores. More valuable olefins (alkene) products such as ethene (ethylene) or 
propene (propylene) may also be produced by this process.   
 
Finally, in the proposed complete process, propane would be separated from unreacted methane and 
other undesired (H2, C2Hx or C3Hx) products by condensing the propane from the combined products at 
modest pressure, thus converting the propane to a liquid to be drawn off, leaving the undesired 
products as a gas. The remaining gas product would be recycled and combined with the methane feed 
gas and reused in Stage 1 of the reaction. This will have the beneficial effect of increasing free H2 and 
C2 radicals, thus promoting the selectivity for longer chain C3 hydrocarbons.   
 
The primary objective of this STTR Phase 1 proposal, will be to develop and evaluate a bench-scale, 
two-stage dielectric barrier gas plasma discharge reactor employing a novel catalyst for the efficient 
and selective conversion of methane to propane, while minimizing undesired products in the effluent 
stream. 
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Part 3: STTR Phase 1 Research Plan 
Given the proposed research and development timeline, projected financial resources and available 
human resources, the research work described herein is expected to be completed within 12 months. 
The project calendar has been organized into four major steps (with specific milestones), each of 
which will require approximately 90 days to complete, with a start date of July 1, 2013. 
 
Step 1 – Definition, design and manufacturing (90 days) 
Step 2 – Test stand integration and catalyst production (90 days) 
Step 3 – Initial test-stand qualification (90 days) 
Step 4 – Plasma gas processing and product analysis (90 days)  
 
Efforts will be made to determine the best of prior art and maintain awareness of the state of the art in 
plasma and catalytic sciences, as this area of research has seen significant interest in recent years. As 
new scientific information and process technologies become available, they will be assessed for any 
potential impact on the proposed objectives. Also, as the results of each step become available, they 
will be assessed for their impact on the proposed timeline and objectives of the project.  
 
Step 1 – Definition, design and manufacturing: The members of the project team will develop a 
detailed Gantt chart for this project and develop task assignments and milestones to meet the overall 
project objectives. The primary technical objective of Step 1 will be to develop the specifications and 
the designs for the components for the reactor test stand and the gas plasma discharge reactors 
themselves and to develop a test plan matrix.  
 
Each of the various configuration of DBD reactors (Figure 2.3) will be considered for their particular 
applicability to this project based upon prior art. Each reactor is expected to have a total volume of less 
than 100cc. Once the reactor configuration(s) for this project have been selected, component parts will 
be designed in CAD. Where possible, each test reactor will share common parts – such as flanges, gas 
fittings, mounting components, power delivery systems and gas delivery systems.  
 
A test plan and test matrix will be developed. The test plan will be a subset of the overall project plan.  
It will define the overall product gas analysis and data capture methods as well as defining safe 
operational limits and good operating procedures. The test matrix will define the operating envelope of 
each reactor under test. The test matrix will determine the upper and lower limits for each of the 
process envelope variables, which include power delivery (AC voltage), reactor pressure, reactor flow 
rate and reactor temperature. For the purposes of this proposal, the operating pressure is expected to be 
near atmospheric and the operating temperature is expected to be near ambient. Design stresses, 
physical hazards and explosion hazards should be minimized. 
 
Step 2 – Test stand integration and catalyst production: A common area at the Apollo Bioenergy 
facilities will be dedicated for this project. It will be facilitated with power delivery, gas delivery and 
safety systems (gas cylinder restraints, electrical cut-off, fire suppression, etc.). Power delivery and 
gas delivery and gas analysis systems will be configured and integrated into the test stand area during 
this Step. Receipt of the components parts of the test stand and reactor(s) is also expected to occur. 
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The proprietary hybrid catalyst will be manufactured by Hongfei Lin, PhD, Assistant Professor, 
Chemical and Materials Engineering at the University of Nevada, Reno. The commercially available 
microporous zeolite SAPO-34 (which is almost inert to dehydrogenation) will be used as the micro-
reaction cage. A standard industrial metal catalyst such as nickel, palladium, platinum or a binary 
metal alloy will be selected as the metal-hydrogenation agent. Corresponding metal oxides may also 
be utilized, as metals oxides will be reduced to metals in the presence of abundant hydrogen radicals 
(H+) in a methane plasma. 
 
The catalyst support is the most important factor for the realizing of the “microreaction cage” system. 
The silico-aluminophosphate zeolite SAPO-34 is a microporous molecular sieve with 8-membered 
ring windows (~0.38nm) displaying chabazite structure and has an extremely good shape-selective 
effect for propane. SAPO-34 is an efficient catalyst showing improved catalytic performance in 
reactions such as methanol conversion to olefins, oxidative dehydrogenation of propane, and 
conversion of light alkenes. Its catalytic properties are mainly attributed to its mild acidity, high 
thermal stability and excellent shape selectivity. In addition, due to its unique cage size and shape, 
SAPO-34 has been found to be suitable for selective formation of linear hydrocarbons by restricting 
the formation and diffusion of branched hydrocarbons.  
 
Step 3 – Initial test-stand qualification: Once all of the required mechanical components have been 
designed, manufactured, purchased and received, a gas plasma reactor test stand will be assembled 
(Figure 3.1) at the Apollo Bioenergy facilities. The gas analysis instrumentation will be provided and 
operated by Desert Research Institute (DRI), with the exception of the fiber optic mass spectrometer. 
 

 
 

Figure 3.1 – Dielectric Barrier Discharge (DBD) reactor test stand 
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The test stand will be provided with up to three gas supplies – methane, hydrogen and propane. 
Normally, the system will operate only with methane as the primary feed gas for the plasma reactor. 
At commercial scale, the propane production systems are projected to yield excess hydrogen in the 
recycle loop (Figure 4.2), thus the effects of excess hydrogen in the reactor should be studied by the 
addition of a hydrogen supply. In some cases, the portable gas analysis equipment provided by DRI 
may not be available. A mass spectrometer will be provided (by Apollo Bioenergy) to perform real-
time analysis via flame emission spectral analysis. A propane gas supply can be connected to the 
system to provide a reference for the mass spectrometer. Expected blends of methane and propane can 
also be simulated and profiled by the mass spectrometer, with the plasma off, for reference as well. 
 
A test-stand qualification plan will be developed prior to process development. The system will be 
leak checked. All instrumentation, monitoring gauges and system safety equipment (thermal safety, 
pressure relief valves) will be tested. Initially, each reactor under test will be profiled without a 
catalyst. The ignition voltage of methane at various gas flow rates and pressure will be recorded. The 
gas products of each reactor under test (without a catalyst) will be recorded. The pressure regime will 
be near atmospheric (100-200 KPa). Initially, no additional heat will be added to the reactor. 
 
Each reactor under test may be modified to achieve a desired plasma density and gas ignition 
characteristics. These modifications may including adjusting the electrode spacing, changing the 
electrode geometry or changing the dielectric materials (glass, pottery and porcelain, enamel, mica) to 
vary the dielectric constant. The voltage and current characteristics (power) of each reactor will be 
recorded at various gas pressures and flow rates. Some of the reactor designs under test may 
demonstrate insufficient performance and will not be pursued for further process testing.  
 
Step 4 – Plasma gas processing and product analysis: Once the test stand has completed 
qualification by demonstrating stable and consistent results with prolonged operation of each DBD 
reactor under test, catalytic process testing will begin. The proprietary modified SAPO-34 catalyst will 
be introduced into the reactor. Conversion performance tests will begin and baseline performance will 
be established. The arrangement and position of the catalyst will be recorded. It is hypothesized that 
the relationship between the position of the catalyst relative to the active species in the gas plasma 
sheath will have a significant effect on the performance of the hybrid plasma reactor. 
 
Beneficial effects of immediate changes to the 
excitation voltage, temperature, pressure and flow 
rate will be visible in real-time by the optical fiber 
mass spectrometer, as indicated by peaks in C2 and 

C3 spectral emissions (Figure 3.2). These effects 
can be confirmed by the portable gas analyzer. If 
the process control envelope has been exhausted 
and C3 production is unremarkable, excess H2 will 
be introduced into the reactor in an attempt to 
increase hydrogenation reactions. The reactor may 
also be mildly heated to increase chemical activity. 

 
 

Figure 3.2 – Emission spectra of propane 
gas flame 
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When an experiment demonstrates peak production of C3 hydrocarbons (indicating the presence of 
propylene or propane), the process parameters will be recorded. The gas products will be confirmed by 
the portable gas analyzer and a gas sample will be taken for detailed GC analysis at DRI (via a gas 
sampling canister). The project budget allows for the GC analysis of the ‘ten best’ process samples. 
 
Part 4: Commercial Potential 
 
Value Proposition:  Propane (liquefied petroleum gas) is a byproduct of petroleum refining, thus its 
price is tied to the fossil fuel energy markets. The cost of petroleum products will increase as demand 
continues to outstrip supply. This pricing relationship could be decoupled if propane was produced 
from biomass, thus the price of propane in rural areas could be tied to the cost of waste biomass, not 
crude oil. According to the U.S. Energy Information Administration, propane is the most common 
heating fuel in rural areas and in mobile homes. About 83% of households with propane heating are 
located in rural areas that are typically beyond the reach of the natural gas pipelines. In the Midwest, 
the rural share is greater than 90%. In many areas of the country, consumers of propane who do not 
have immediate access to natural gas distribution infrastructure are co-located with large amount of 
excess forestry biomass, corn stover and other agricultural waste. This technology could enable rural 
communities around the world to economically produce ‘biopropane’ from waste biomass, reducing 
their dependence on fossil fuels, while yielding a cleaner environment. 
 
Market Opportunity: Biopropane, like commercial propane (LP gas) can be utilized in conventional 
internal combustion engines (as autogas) and generally burns cleaner than gasoline, resulting in longer 
engine life. Propane is the third most consumed transportation fuel in the world, behind gasoline and 
diesel. Worldwide over 13 million vehicles use propane autogas. Federal, state and local governments 
and schools are converting their fleet vehicles to propane autogas. Propane is the only commonly 
available fuel that can be safely be used as a transportation fuel, as a home heating fuel, to run a (solid 
oxide) fuel cell or a power generator, to cook or boil water and to fuel domestic or commercial drying 
equipment. The total annual global demand for propane is in excess of 250 million tonnes.[34] 
 
Intellectual Property: Upon the conclusion of the experiments performed in Step 4 of this project, a 
detailed final report will be produced, including the results of gas chromatograph analysis of the ‘ten 
best’ reactions. If the final analysis of the project data suggests that the research goals of project have 
been achieved and this effort has resulted in a process that has meaningful commercial value, patent 
protection for the intellectual property will be pursued, as allowed under the terms of the forthcoming 
cooperative research agreements (CRA) between Apollo Bioenergy, UNR and DRI. 
 
Company Background 
Apollo Bioenergy, Inc. performs bioenergy market research and develops advanced chemical and 
physical processes relating to biofuel production. The company started operations as a consulting 
service in 2008. Executive office space in the C4CUBE business incubator in Reno was rented in 
April of 2010. The company was incorporated in September of 2010. The company has leased an 
1,100 sq ft commercial office and warehouse space in Sparks, Nevada since January 2011. From  
2008 to 2011 the company focused on ‘wet’ process chemistries such as biodiesel production and the 
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supercritical hydrolysis of biomass. In 2009, with funding from Springboard Biodiesel, the company 
developed the patent-pending INCOSEP process which reduces the time to separate glycerin from 
biodiesel from 8 to 12 hours to less than 30 minutes. Since 2011, the company has been focused 
exclusively on the development and the commercialization of a biopropane production system.  
 
Corporate Team 
Lauren A. Scott holds a B.A. in Business Administration and an Associates in Applied Science. She 
is the President and CEO of Apollo Bioenergy. She has held various technical management positions 
in government and private industry for over 20 years. In her role as the Electrical Design Manager at 
Plasma-Therm (1993-1998), she was the lead electrical systems engineer for semiconductor plasma 
etch and deposition equipment. In December of 2010, she was an invited guest speaker at the USDA 
Pinyon-Juniper Summit. As the PD/PI she will be responsible for overall STTR project management. 
John F. Kohls holds a B.S. in Chemistry and a B.S. in Mathematics. He has held various positions 
relating to material sciences and control system design and for over 20 years. As a chemist at General 
Electric, he was responsible for the specification and implementation of data collection systems on 
laboratory instruments. He has provided early-stage funding and technical support to the company.  
He is the acting Chief Technical Officer. He will provide general technical support for the project. 
Michael Salogga has held various positions relating to accounting and management for over 15 years. 
He holds an M.B.A. in Finance and a B.S. in information systems. He has provided accounting and 
financial management services to the company. He is the acting Chief Financial Officer.  
 
Academic Research Partners  
Hongfei Lin, Ph.D. is an assistant professor in the Chemical and Materials Engineering Department at 
UNR. He has performed research in the area of catalytic processes for the conversion of biomass into 
hydrocarbon fuels. He previously held various chemical engineering positions in the private sector. 
Ji Su, Ph.D. is a postdoctoral fellow in the Chemical and Materials Engineering Department at the 
University of Nevada, Reno. Dr. Su has performed published academic research in the areas of 
dielectric barrier discharges in atmospheric pressure gas plasma reactors.  
S. Kent Hoekman, Ph.D. is a research professor in the Division of Atmospheric Sciences at DRI.  
His area of research focuses on the development of renewable and sustainable energy systems and the 
conversion of biomass to biofuels. In his role as the Liaison to the joint DRI/UNR Technology 
Transfer Office, he assists in identifying and protecting intellectual property and licensing such 
property to the private sector. He will be supervise and validate the gas collection and analysis. 
Curtis Robbins is an assistant research engineer in the Division of Atmospheric Sciences at the 
Desert Research Institute. His duties at DRI consist of engineering and project management support 
for renewable energy projects. He will be responsible for the collection and analysis of product gas.  
 
Product: Once developed and optimized, the methane-to-propane catalytic hybrid DBD reactor 
system will be the enabling core technology for several disruptive business opportunities. After 
completion of this Phase 1 project, we expect to complete for Phase II STTR funding which will fund 
the construction of a small scale system that will produce 10kgs of propane (20 lb propane tank) in 
eight hours. This ‘demonstration scale’ system will consist of five single DBD reactors operating in 
parallel in a single chamber. It is estimated that each of the DBD reactor tubes will produce at least 
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6.5g/min of propane. In a commercial scale gas production module, we expect to integrate up to 125 
DBD reactor tubes in parallel to reach a combined production rate of 50kg/hr per unit. The physical 
form of that unit will be similar to existing commercial scale ozone generators (Figure 4.1). 
 

    
 

Figure 4.1 – Commercial scale parallel, two-stage DBD reactor concept 
 

The commercial scale DBD reactor module will be combined with a natural gas turbine generator, a 
propane condenser/dephlegmator, odorant supply, metering equipment and a control system to form an 
self-contained, skid mounted product for the conversion of natural gas to propane (Figure 4.2). 
 

 
 

Figure 4.2 – Natural gas-to-propane conversion system schematic 
 

The natural characteristic of propane to be in a liquid state under modest pressure or slightly reduced 
temperatures contributes to the simplicity of this system. In a complete system, the gas product from 
the DBD reactor unit will be condensed in a dephlegmator where the propane will become a liquid. It 
will be decanted off, compressed, blended with an odorant and stored as a final product. The unreacted 
methane and lighter co-products (acetylene, ethylene, ethane, propylene) will remain in a gas phase. 
They will be recycled (Figure 4.2) to again contribute to free radical gas species in the DBD reactor.  
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The integrated, skid mounted 50kg/hr natural gas-to-propane production system will be the first 
commercial product to use the core methane-to-propane catalytic hybrid DBD reactor developed from 
this STTR grant. The system will allow a 3000 gallon propane ‘bobtail’ to be filled on a weekly basis. 
A system such as this would be of interest to suburban and rural suppliers of propane (AmeriGas, 
Ferrellgas, Suburban Propane, etc.) when the regional propane supply sources have limited, central 
availability, when compared to natural gas supply lines. The system would be automated and would 
add very little maintenance or labor cost to an existing propane distributor’s operational expenses. 
 
With such a system, propane suppliers could manufacture propane from readily available natural gas 
supplies, thus augmenting their centralized supply chain. Recently, the governors of Nevada, New 
Mexico and Michigan declared a state of emergency due to prolonged extremely cold weather which 
depleted rural propane reserves in their state. This system could have augmented the supply of propane 
and potentially averted such an emergency.  
 
Even though such a product has commercial potential, it still requires the availability of a natural gas 
source. In most cases, with the exception of a large scale anaerobic digester, that supply would not be 
renewable. Nor does that system provide any benefit for remote areas or developing countries that 
could benefit from the use of propane. That system would be dependant on a centralized model, being 
co-located with large supplies of natural gas as a feedstock and using over-the-road trucking of bulk 
propane product to rural areas, thus creating additional atmospheric CO2 loading in the process. 
 
With the addition of a commercially available gasifier and a methanation process step (Figure 4.3), a 
system could be built that would allow the production of propane from biomass. The gasifier selection 
(updraft, indirect, plasma) will be determined by the feedstock. The system may allow for the disposal 
of municipal solid waste. There are several existing methanation processes that could be employed. 

 

 
 

Figure 4.3 – Biomass-to-propane conversion system schematic 
 

The proposed complete self-contained, biomass-to-biopropane conversion system (Figure 4.4) could 
be assembled in the United States, packaged in standard 40 ft cargo containers and shipped to remote 
communities anywhere in the world. The system could also leverage low-grade (50kW) geothermal 
energy sources, thus increasing production efficiency and further reducing greenhouse gas emissions. 
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Figure 4.4 – Complete ‘community scale’ biopropane production system 
 

Thus this STTR project would accelerate global sustainability by enabling the development of an 
important (and otherwise unknown) disruptive biofuel production technology that could empower 
communities around the world, providing them local access to a versatile renewable energy source. 
 
Competition: In 2007, researchers at the Massachusetts Institute of Technology (MIT) announced the 
formation of ‘C3 Bioenergy’ to commercialize a proprietary process for the production of biopropane 
from biomass. According to Biopact, “The C3 BioEnergy process depends on supercritical water - 
water at a very high temperature and pressure.” The process was not commercially successful, 
probably due to a poor energy balance. 
 
In 2010, the Propane Education and Research Council suggested that new technologies may enable the 
production of biopropane within three to five years. Several companies (Neste Oil, Dynamic Fuels, 
ConocoPhillips) are developing biofuel production methods which produce biopropane, either as the 
primary product or as a by-product of renewable diesel production. As with the MIT process, these 
processes have not proven to be successful on a commercial scale. 
 
Revenue/Finance: The $225,000 grant from this STTR Phase 1 project will provide the funds needed 
to develop the enabling core technology for several different business opportunities. We expect to 
complete for Phase II STTR funding of up to $750,000 which will fund further optimization of the 
DBD reactor performance and enable the construction of a small scale ‘demonstration scale’ system. 
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This system will be used to demonstrate the process for potential investors and quantify the process for 
financial models. It will also be used to meet the process validation requirements set forth by the US 
Department of Agriculture (USDA) and the National Renewable Energy Laboratory (NREL).  
 
As reflected by their letter of support, we expect significant interest in our products from the USDA 
and other government agencies such as the Bureau of Land Management (BLM) and the Forest 
Service. This system can reduce the logistics costs of harvesting and processing forestry waste, while 
producing a valuable product that can be consumed in rural areas adjacent to forestry thinning 
operations. We will work with rural business leaders to pursue SBA loans, USDA biorefinery loans 
and Rural Energy for America Program (REAP) loans for the lease or purchase of our equipment. 
 
Funding for ongoing business operations will come from a combination of government grants, 
commercial loans and private investor capital. We estimate the need for $2.5 million to facilitate and  
build first natural gas-to-propane processor and $5 million to build first integrated biomass processor. 
 
We expect significant interest from propane distributors such as AmeriGas, Ferrellgas and Suburban 
Propane. The World LP Gas Association has shown interest in increasing the availability of propane in 
developing countries. We intend to vigorously market our products in these and other areas. 
 
Part 5: Consultants and Subawards/Subcontracts 
 
University of Nevada, Reno: The hybrid catalyst will be prepared by Dr. Hongfei Lin, Assistant 
Professor, Chemical and Materials Engineering at the University of Nevada, Reno (UNR). Dr. Lin will 
also supervise the contributions of Dr. Ji Su. Dr. Su is post-doctoral fellow from Dalian University of 
Technology. He completed his doctoral work in catalytic chemical engineering. In addition to his 
academic experience in catalytic reactions, Dr. Su has specific experience in the study of catalytic 
reactions in gas plasma discharges. He will contribute to the design of the plasma reactor, work to 
optimize the process and interpret test data analysis. The budget for UNR includes charges for catalyst 
preparation, academic consulting and general technical support for the 12-month duration of this 
STTR Phase 1 proposal. Refer to the UNR budget justification for a detailed description of these costs. 
 
Desert Research Institute: Analytical laboratory equipment and gas analysis services from the Desert 
Research Institute (DRI) will be provided by Dr. Kent Hoekman and his associates. The budget for 
DRI  includes charges for academic consulting, gas canister preparation, gas chromatography and 
mass spectrometry analysis and organic analytical laboratory data validation and general technical 
support regarding gas analysis for the duration of this STTR Phase 1 proposal. Refer to the DRI 
budget justification for a detailed description of these costs.  
 
Per the terms of the STTR requirements, the combined compensation for the services provided by both 
UNR (est. $75,000) and DRI (est. $55,000) exceeds 30% of the total budgetary award.  
 
Part 6: Equivalent or Overlapping Proposals to Other Federal Agencies 
 
There are no equivalent or overlapping proposals to other federal agencies. 
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Facilities, Equipment and Other Resources 

Apollo Bioenergy, Inc. (the small business entity) is a development-stage company that performs 
bioenergy market research and develops advanced chemical and physical processes relating to biofuel 
process technologies. The company started in the C4CUBE business incubator in April of 2010 and 
was incorporated in September of 2010. The company has leased a combined 1,100 sq ft commercial 
office and warehouse space in Sparks, Nevada since January 2011. The company previously focused 
on wet-chemistry processes such as biodiesel production and supercritical hydrolysis of biomass.  

Apollo Bioenergy will provide basic laboratory facilities and office space for this project. Additional 
utility services such as internet access, facility power, water and restroom facilities will be provided. 
The technical resources include basic wet-lab facilites (precision scale, desk centrifuge, fermentation 
equipment and distillation equipment), electronic repair and troubleshooting equipment (multimeters, 
oscilloscope, soldering equipment), hand tools, metal fabrication tools (drill press, grinder, metal saw), 
and a technical reference library. Computer facilities (two IBM Intellistations, a Dell laptop and a HP 
CP2025 color laser printer) will also available for this effort. An Ocean Optics HR4000 mass 
spectrometer (owned by Apollo Bioenergy) will also be available for real-time emission analysis. 

A DJ Electronics 5-gas analyzer (owned by Desert Research Institute) will be used to provide real-
time measurements of CO, CO2, and total hydrocarbons (THC). This instrument utilizes an Andros 
6251A gas bench which has a non-dispersive infrared (NDIR) sensor for CO, CO2, and HC 
measurements (and electro-chemical sensors for O2 and NOx). The NOx sensor also responds to H2,
thus this instrument can provide surrogate real-time measurements of H2.

A SRI 8610C portable gas chromatograph (owned by Desert Research Institute) will be used to 
sample and analyze permanent gases produced in the plasma reactor. The GC is equipped with a 0.5 
mL gas sampling loop and a thermal conductivity detector (TCD). It is configured with a 10-port 
sampling valve and two columns that enable analysis of all gases of interest with a single injection.

Gases produced by the plasma reactor will be sampled into electro-polished canisters and the contents 
will be analyzed for hydrocarbon compounds at the Desert Research Institute facilities using an 
integrated gas chromatography, mass spectrometry, flame ionization detector (GC/MS/FID) method, 
based upon guidance provided by EPA Method TO-15. This GC/MS/FID system includes a Lotus 
Consulting Ultra-Trace Toxics sample pre-concentration system built into a Varian 3800 gas 
chromatograph instrument with a FID, coupled to a Varian Saturn 2000 ion trap mass 
spectrometer. This equipment is permanently installed at the Desert Research Institute. 

The proprietary microporous zeolite/metal catalyst will be produced at the laboratory facilities 
available to Dr. Hongfei Lin in the Department of Chemical and Materials Engineering at the 
University of Nevada, Reno. 



Data Management Plan 

This data management plan applies only to National Science Foundation Small Business Technology 
Transfer (STTR) Phase I funding opportunity 13-501 submitted by Apollo Bioenergy, Inc. of Sparks, 
Nevada entitled “Conversion of Methane into Higher Hydrocarbons via Gas Discharge Plasma.”

All data generated in the course of this STTR Phase I research project is considered 
proprietary and will remain the property of Apollo Bioenergy, Inc..



Postdoctoral Researcher Mentoring Plan 

This postdoctoral researcher mentoring plan establishes guidelines for work to be performed by a 
postdoctoral researcher in support of the NSF STTR Phase II project awarded to Apollo Bioenergy, 
Inc., entitled “Conversion of Methane into Higher Hydrocarbons via Gas Discharge Plasma”. The 
postdoctoral researcher will work in the Department of Chemical Engineering laboratory and at the 
facilities provided by Apollo Bioenergy and will conduct research on gas discharge plasmas.  

1. Orientation will include in-depth conversations between Lauren Scott (CEO, Apollo Bioenegy), 
Dr. Hongfei Lin (Assistant Professor Chemical & Materials Engineering) and Dr. Ji Su (postdoctoral 
researcher). Mutual expectations will be discussed and agreed upon in advance. Orientation topics will 
include (a) the amount of independence the Postdoctoral Researcher requires, (b) interaction with 
coworkers, (c) productivity including the importance of scientific publications, (d) work habits and 
laboratory safety, and (e) documentation of research methodologies and experimental details so that 
the work can be continued by other researchers in the future. 

2. Career Counseling will be directed at providing the postdoctoral researcher with the skills,
knowledge, and experience needed to excel in his/her chosen career path. In addition to guidance 
provided by Dr. Hongfei Lin, the postdoctoral researcher will be encouraged to discuss career options 
with other researchers and managers at the University of Nevada, Reno. 

3. Experience with Preparation of Grant Proposals will be gained by direct involvement of the 
postdoctoral researcher in proposals prepared by Apollo Bioenergy, Inc.. The postdoctoral researcher 
will have an opportunity to learn best practices in proposal preparation including identification of key 
research questions, definition of objectives, description of approach and rationale, and construction of 
a work plan, timeline, and budget. 

4. Publications and Presentations are expected to result form the work supported by the grant. These 
will be prepared under the direction of Dr. Hongfei Lin and in collaboration with researchers at Apollo 
Bioenergy, Inc. as appropriate.  

5. Instruction in Professional Practices will be provided on a regular basis in the context of the 
research work and will include fundamentals of the scientific method, laboratory safety, and other 
standards of professional practice.

6. Technology Transfer activities will include regular contact with researchers at Apollo Bioenergy, 
Inc.. The postdoctoral researcher will be given an opportunity to become familiar with the university-
industry relationship including applicable confidentiality requirements and preparation of invention 
disclosure applications. 














