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Disclaimer 
This report was prepared as an account of work sponsored by COSIA: Canada’s Oil Sands 
Innovation Alliance. Neither COSIA, Gas Technology Institute (GTI), nor any of their 
employees, makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by COSIA or GTI. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of COSIA. 
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Executive Summary  
  
In November 2015 the Government of Alberta announced the Climate Leadership Plan, which 
will set an economy wide carbon price at $30 per tonne (2017 onwards) increasing to $50 per 
tonne by 2022 in accordance with federal announcements, and set a GHG allocation for large 
emitters based on production output. In an effort to reduce GHG emissions from steam boilers, 
COSIA Greenhouse Gas (GHG) Environmental Priority Area (EPA) members are seeking to 
better understand the landscape of natural gas decarbonization pathways and technologies.   
In 2015 COSIA commissioned Alberta Innovates to generate the report “A Review of Natural 
Gas Decarbonization Technology for Application in SAGD Steam Generation” which provided a 
review of the technologies COSIA had received from ETAP submissions. This largely consisted 
of different processes to partially oxidize natural gas into carbon and synthesis gas. COSIA 
wished to identify all thermodynamic pathways available to decarbonize natural gas and thus 
commissioned this work. This study looks to understand the current state of knowledge on the 
different classes of technologies as well as build off the previous work done to date. 
GTI’s objective was defined as: 
“To identify chemical pathways to reduce or avoid CO2 generation from natural gas, prior to 
combustion, producing H2 (non or low carbon fuel) or heat to generate steam, and valuable by 
products, so that the co-products value offsets CO2 avoidance cost” 
A thermodynamic analysis has shown that relevant chemical routes are thermodynamically 
uphill, requiring an energy input.  This analysis has also shown if natural gas is used as the 
source of the energy input, then the process must be highly thermally integrated to avoid an 
increase in CO2 emissions resulting from the combustion of natural gas.  A fraction of the 
produced hydrogen may be used as the energy source to create a CO2 emission free system; 
however the hydrogen generating equipment will be larger, resulting in increased capital and 
operating costs.  Processes powered by electricity are subject to indirect CO2 emissions related to 
the emissions produced by the power generating grid.  This CO2 intensity in Alberta is currently 
high, making electricity-driven processes unfavorable unless the hydrogen generating process 
efficiency is greater than 75%.   
The literature scan has revealed five unique Classes of chemical pathways and 13 Sub-Classes 
that can decarbonize natural gas. 
A high level techno-economic analysis (TEA) was performed by an independent consultant to 
evaluate the merits of each technology.  This analysis has revealed that only five of the 
technologies have the potential to decrease CO2 emissions relative to SAGD operations.  These 
technologies were ranked by COSIA members using agreed upon criteria: technical viability, 
technical maturation, economics (including CO2 mitigation cost), risk, and oil sands viability.   
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It is recommended COSIA investigate the resulting four technologies in further detail to 
determine their viability.  These technologies are: 

1. Non-oxidative coupling – partial oxy-combustion with rapid product quench 
2. Small scale Fischer-Tropsch 
3. Non-oxidative coupling – aromatization 
4. Non-oxidative coupling – catalysts   

The fifth technology that reduces CO2 emissions, electrochemical conversion of methane to 
methanol, was eliminated by GTI, given the lack of technology development in this area.  
COSIA may add this technology, should future efforts be undertaken, and especially if the CO2 
intensity in the province were to decrease. 
The partial oxy-combustion technology needs further analysis of the feed conversion and product 
yield as well as an investigation of upgrading the ethylene and acetylene products to suitable 
bitumen diluents.  The small scale Fischer-Tropsch technologies need further analysis of the 
CAPEX, foot print, and a redesign to maximize hydrogen production, while minimizing CO2 
emissions and producing a suitable diluent.  Here, steam may also be available for export and 
this needs to be quantified in the desired configuration.  The remaining routes; non-oxidative 
coupling via catalysts or the aromatization specific catalyst, will not be viable if there is not a 
mechanism in place to deal with coke formation.  It is only recommended to further investigate 
technologies with a viable approach to remove the formed coke or to prevent its formation.   

Determination of the viability may be performed for each of the technologies through: 
 1.  Detailed flow sheets for required H2 to produce steam for SAGD for bitumen 

production 
 2.  System and component sizing 
 3.  Equipment availability, TRL, and suppliers 
 4.  System integration and operability 
 5.  System costs and emissions 
 6.  Co-product value, markets, and implications 
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1. Context and Objective 

COSIA GHG Environmental priority area members are seeking support in understanding the 
landscape of methane decarbonization technologies as it pertains to oil-sands related 
opportunities. 
The utilization of methane to make hydrogen for fuel and other saleable products is 
transformational because it converts the carbon in methane that would otherwise be burned to 
generate CO2, into value added products while reducing net emission of CO2 from the operating 
facility. Few methane decarbonization technologies are in commercial use with most being in 
research and development stage. 
This study looks to understand the current state of knowledge on the different classes of 
technologies as well as build off previous methane decarbonization technology landscaping 
efforts done to date with specific focus on their applicability to the oil-sands. 
The report includes: 

• A definition of a framework of analysis to be used to assess and compare methane 
decarbonization technologies 

• Key theoretical and thermodynamic considerations  
• A presentation of the main technology pathways 
• Comparative analysis of the CO2 reduction and economic performance of the pathways 
• Comparative ranking of the technology pathways 
• Conclusions and recommendations 

 

1.1. Methodology 

GTI has searched patents, journal articles, and the internet for methane conversion pathways.  
GTI’s literature search was confined to identify pathways to convert natural gas to hydrogen and 
a sellable hydrocarbon product.  The intent is to use the hydrogen on site in the once through 
steam generators (OTSGs) rather than natural gas, or to blend the hydrogen with natural gas, 
resulting in low CO2 emissions related to steam generators.  The intended benefit is the CO2, 
which would have been taxed, will instead be captured in a sellable product.  The proceeds from 
the sale of the product will cover the capital and operating expenses related to the 
implementation of the conversion process.  Another constraint of the search is the carbon 
containing product must not be carbon dioxide or carbon black, as those pathways have already 
been researched by COSIA [1].  Finally, the literature search only considers natural gas 
decarbonization, not emission reduction by generating steam using renewable resources or 
electricity.   
When preparing this report, GTI has been intentional about reporting the pathways as they exist 
in the available literature and not inventing any new pathways.  There are many routes to 
produce hydrogen and byproduct CO or CO2, and these are generally excluded from this report 
because they do not produce a sellable hydrocarbon byproduct.  There are also many routes to 
produce liquids or alkanes from natural gas but these do not produce a byproduct stream of 
hydrogen.  Generally these routes have been excluded from this report; however some have been 
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included in the appendix because of their relative significance to this report or to explain why 
they are out of scope.   

2. General Framework for Assessing Methane Decarbonization Technologies 

A number of Key Performance Indicators were defined for the technology ranking evaluation.  

2.1. Technical Viability 

The majority of the discovered technology pathways are at low TRL. Hence it is important to 
rank the robustness of the chemical route. The ranking criteria used provided an insight into the 
state of the chemical route and its development into a process: 

• Is the chemistry established, with viable thermodynamics? 
• Are the operating conditions feasible for materials, corrosion and erosion? 
• Have acceptable conversion rates been demonstrated (with catalysts if required)? 
• What is the level of complexity of the proposed process? 
• Are there competing pathways (side reactions, contaminants, degradation, coking)? 

 

2.2. Technology Readiness 

This is a simple ranking that reflects the Technology Readiness Level (TRL) as it is known 
today. The ranking score is equal to the TRL level. 
 

2.3. Economic Performance 

This is a simple ranking that reflects the CO2 avoided cost, as calculated in the techno-economic 
analysis. The scoring is based on the table below. 

Scoring CO2 Avoided Cost 
0 > 200 $/t 
1 160 to 200 $/t 
3 120 to 160 $/t 
5 80 to 120 $/t 
7 40 to 80 $/t 
9 0 to 40 $/t 

10 < 0 $/t 
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2.4. Health and Safety Risks 

Health and safety ranking is intended to reflect the health risks to people and the environment 
and the safety risks of the proposed technology. The ranking criteria used contained questions 
that would provide extensive coverage of these topics despite most technologies being at a low 
TRL:  

• Operating conditions risk (high temperature, pressure, reactivity)? 
• Corrosion and erosion risk, system contaminant risk? 
• Human toxicity risk? 
• Potential environmental impact of a spill or release? 
• System complexity and required technical controls? 
• Regulatory risk, and management of required performance by legislation? 

 

2.5. Oil-Sands Applicability 

An important factor is the suitability of a technology to the unique set of conditions that oil-sands 
facilities operate within. The ranking criteria address the key areas of concern: 

• Complexity to integrate into a brownfield site? 
• Synergy of new product with oil-sands. Can it be utilized at site? 
• Capital intensity. Is initial investment high? 
• Operating complexity. Is the new process complex with catalytic reactions? 
• Marketability of new product. Is there a market? Will the market be flooded? 
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3. Thermodynamics of Natural Gas Decarbonization 

A thermodynamic analysis of reactions using methane feed and generating hydrogen and a 
hydrocarbon product is displayed in Figure 1.  The upper portion of the graph shows all reactions 
that generate a hydrogen product will have a positive ΔHreaction, making them thermodynamically 
uphill.  Processes which generate an alcohol have a higher ΔH than their alkane counterparts (see 
ethanol vs ethane) because the oxygen source for the alcohol must come from water.  The 
requirement to split water results in a greater thermodynamic barrier. In contrast, the lower 
portion of the graph shows any reaction utilizing oxygen as an oxidant and generating a water 
byproduct (rather than hydrogen) will be thermodynamically downhill.  For these reasons many 
gas-to-liquids processes utilize oxygen as a feedstock and do not generate byproduct hydrogen.  
This is because it is more thermodynamically favorable and because of the low demand for 
hydrogen in markets where gas-to liquids conversions are attractive.  Being thermodynamically 
uphill, processes which generate hydrogen will require an energy input.  The carbon dioxide 
emissions related to this energy input must be considered.  In short, it will be thermodynamically 
impossible to decarbonize natural gas to hydrogen and a hydrocarbon byproduct without 
generating carbon dioxide emissions elsewhere, unless the energy input for the reaction is 
derived from non-fossil sources or from the generated hydrogen product.     

 
Figure 1.  Reaction change in enthalpy comparison for reactions that utilize oxygen as an oxidant with water 

product compared to reactions without oxygen reactant and with hydrogen product.  Enthalpy values taken from the 
NIST WebBook. 
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4. Theoretical CO2 Reduction Considerations 

It is important to understand the CO2 reduction potential, if any. The first step is to estimate the 
CO2 emissions for various hydrocarbon products generated from methane decarbonization. This 
was done by calculating the theoretical minimum energy consumed for the decarbonization 
reaction: 

 
Figure 2.  Simple process flow diagram of a generic natural gas decarbonization route. 

Total external energy input = (ΔHhtr + 0.9ΔHc + ΔHrxn)/0.95 
The total external energy input consists of the heat of reaction plus the difference in energy to 
heat the feed and cool the product. The formula assumes 90% of the heat released in cooling the 
product to 100°C is recovered to preheat the feed gas, and there is a 5% system heat loss. The 
total energy input is converted to equivalent methane (on HHV basis at 100% efficiency) and its 
associated CO2 emissions.  
Figure 3 shows the CO2 emissions to generate various hydrocarbon products and sufficient 
hydrogen to completely fuel a 33 kbpd standard SAGD facility. For each hydrocarbon product 
the CO2 emissions are reported for a range of reaction temperatures.  It can be seen from Figure 
3 that CO2 emissions are unavoidable yet it is theoretically possible to generate less CO2 
emissions than at a typical SAGD facility. Reducing CO2 emissions can only be achieved if the 
system is very well thermally integrated.  The calculation in Figure 3 assumes the product is 
cooled to 100°C and most of the heat can be applied to preheat the feed, to maximize heat 
integration.   
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Figure 3.  Minimal carbon dioxide emissions based on enthalpy required to heat methane feed and heat of reaction. 

In Figure 4, the CO2 emissions components are separated into the enthalpy of reaction and the 
enthalpy required to heat the feed (neglecting heat recovery, ∆Hc in Figure 2).  As the process 
temperature increases, the CO2 emissions related to heat of reaction remain relatively flat and 
slightly decrease. On the other hand, the reaction temperature has a profound impact on CO2 
emissions related to preheating the feed. It is therefore preferred to have a reaction temperature 
as low as possible, preferably below 1,000°C, unless the product heat can be efficiently 
recovered.   
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Figure 4.  Results from Figure 3 separated into the contributions from heat of reaction and heat required to heat the 

feed to the reactor conditions, neglecting any heat recovery. 

 
The emissions reported for each hydrocarbon product account solely for the heat of reaction, 
associated heating and cooling and their process inefficiencies. In reality there will be other 
parasitic energy consumers such as pumps, compressors, product separation, and purification, 
etc.  These additional energy inputs will further increase CO2 emissions. Electrical consumers 
will also have higher indirect CO2 emissions related to the Alberta grid CO2 intensity of 0.65 Mt 
CO2/MWh. 

4.1. Additional Hydrogen Generation to Fuel Decarbonization Process 

The calculations above are based on generating sufficient hydrogen to completely fuel the SAGD 
facility, meaning all the reported CO2 emissions is related to the new hydrocarbon generating 
technology alone. We could extend the concept further and increase the decarbonization 
technology capacity to generate all the hydrogen required to fuel both the SAGD facility and 
decarbonization technology. To do this the scale of the decarbonization technology plants and 
the required methane feed rate would both need to increase by at least 20-32% relative to the 
processes assumed for Figure 2.  In this report, GTI has analyzed the decarbonization routes 
assuming 100% of the hydrogen is used in the SAGD OTSGs and without syphoning off a 
fraction to heat the reactor or provide process energy. Doing so would require optimization by 
the technology provider and more accurate information on balance of plant operations which is 
beyond the scope of this study.  With that being said, it will be theoretically possible to reduce 
CO2 emissions of the decarbonization process through additional capital and operating costs.   
 

4.2. Electrical Energy for Methane Activation 

Some conversion processes use electrical energy to activate methane. Since the Alberta grid 
intensity factor is high at 0.65 Mt CO2/MWh it is likely that electrically activated routes will 
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likely not be favored. Figure 5 shows the calculated minimum CO2 emissions for each 
decarbonization route where the reaction heat is electrically driven (100oC reaction temperature) 
and for a range of electrical conversion efficiencies.  
It shows that the high grid intensity factor leads to higher emissions than heat driven reaction, 
and significantly higher than the standard SAGD facility in all but the 100% conversion 
efficiency cases. The same analysis had been performed using a lower grid intensity factor of 
0.3mt CO2/MWhr and the results are displayed in Figure 6.  With this lower grid intensity factor 
the use of electrical energy becomes a more viable option. However, the specific process 
parasitic energy consumers are not yet included in this analysis. 

 
Figure 5.  Theoretical minimum CO2 emissions for electrically driven processes (assuming 100oC reaction 

temperature) grid intensity factor 0.65 t-CO2/MWh 
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Figure 6.  Theoretical minimum CO2 emissions for electrically driven processes, grid intensity factor 0.3 t-

CO2/MWh 
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5. General Presentation of Technology Pathways 

A map of the in-scope pathways for methane decarbonization of natural gas to produce hydrogen 
and hydrocarbon byproducts is displayed in Figure 7. Thirteen different routes have been 
identified and are categorized as either direct or indirect pathways.  Direct pathways convert 
methane directly to a hydrocarbon product, while indirect pathways make an intermediate 
compound such as CO, or CS2 before further reaction to a final product.  The direct pathways 
have two different chemical routes.  The first route involves the endothermic activation and 
subsequent coupling of methane to larger hydrocarbons with a release of hydrogen.  The second 
route uses an electrochemical activation inserting an oxygen molecule (originating from water) 
into the methane molecule to produce methanol. Hydrogen is produced from the water splitting 
reaction.  A full detailed description of these pathways is provided in the Appendix A.2.  Table 1 
below provides a brief summary of the pathways and chemical reactions. 
 

 
Figure 7.  Map of in-scope pathways that produce hydrogen and hydrocarbon products. 
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Table 1.   Chemical reactions and brief descriptions of the natural gas decarbonization pathways 

  Route Chemical Reaction Brief Description 

D
ire

ct
 R

ou
te

s 

N
on

-o
xi

da
tiv

e 
co

up
lin

g 

Remove H2 
Electro-
chemically 

Generally 

2CH4  C2Hn + H2 

3C2Hn  C6H6 + xH2 

C6H6  Coupled Aromatics + H2 

Coupled Aromatics  Carbon + H2 

An electrochemical cell is used to remove 
hydrogen from the reaction as it is formed, 
driving equilibrium to higher conversion. 

Remove H2 
with Selective 
membrane 

A hydrogen-selective membrane is used to 
remove hydrogen from the reaction as it is 
formed, driving equilibrium to higher 
conversion. 

Catalysts Catalysts are used to lower reaction 
temperature, increase conversion and 
selectivity 

Aromatization 
Catalysts 

Catalysts with high selectivity towards 
aromatic compounds are utilized 

Partial Oxy-
combustion 
with rapid 
quenching 

A small fraction of the feed is combusted 
with oxygen, this provides heat for the 
coupling reaction of the remaining feed, 
which is accelerated to supersonic speeds 
and then rapidly quenched with a fluid to 
prevent further coupling beyond ethylene and 
acetylene 

Non-thermal 
Plasma 

Non-thermal plasma is used as the energy 
source to drive the reaction. 

Electron Beam Electron beams are used as the energy source 
to drive the reaction. 

Microwaves Microwaves are used as the energy source to 
drive the reaction. 

Ultraviolet 
light 

Ultraviolet light is used as the energy source 
to drive the reaction. 

 Electro-
chemical 

Anode 
2OH- + CH4

 
  H2O + CH3OH + 2e- 

Cathode 
2H2O + 2e-  H2 + 2OH- 

Net 
H2O + CH4

 
  CH3OH + H2 

An electrochemical cell very similar to a 
nickel metal hydride battery in charging 
mode is used to generate a NiOOH, which is 
known in the literature as a catalyst for the 
methane to methanol reaction.  

In
di

re
ct

 R
ou

te
s 

R
ef

or
m

 to
 S

yn
ga

s 

Fischer-
Tropsch 

SMR 
CH4 + H2O  CO + 3H2 

Fischer-Tropsch 
(2n+1)H2 + nCO   CnH(2n+2) + nH2O 

Methane is first reformed to syngas, the 
hydrogen in the syngas is under-utilized in 
the F-T reactor, resulting in product stream 
of liquid hydrocarbons plus hydrogen. 

Bio-
technological 

SMR 
CH4 + H2O  CO + 3H2 

Bio-Reactor 
6 CO + 3H2O  C2H5OH + 4CO2 
5 H2 + 2 CO2  C2H5OH + 3H2O 

Methane is first reformed to syngas, the 
hydrogen in the syngas is under-utilized in 
the bioreactor, resulting in product stream of 
ethanol plus hydrogen. 

H
2S

 / 
C

S 2
 Soft Oxidation Reactor 1 

CH4 + 2H2S  4H2 + CS2 
Reactor 2 

CS2 + 3H2  -[CH2]-  + 2H2S 

Methane is endothermically reacted with H2S 
to produce H2 and a CS2 intermediate which 
is then exothermically oligomerized and 
hydrogenated.  There is leftover hydrogen. 
H2S is produced and then recycled to the first 
reactor. 
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6. Comparative Analysis of CO2 Reduction and Economic Performance 

6.1. CO2 Reduction 

Direct and indirect CO2 emissions have been estimated for each pathway, having made 
simplifying assumptions for the source of process energy requirements.  The resulting avoided 
CO2 emissions are summarized in Figure 8.   

 

 
Figure 8.  CO2 Avoided by pathway. 

 
The results show only 5 of the 13 pathways will reduce CO2 emissions.  
Note the potential CO2 emissions by the use of the end product have not been included in this 
analysis.  This is due to the fact that many of the end products can be used as fuels or inputs into 
other chemical processes.  A lifecycle Greenhouse Gas (GHG) analysis is beyond the scope of 
this study.   
One notable omission is in pathway “Reforming to Biological Conversion” where direct CO2 
emissions from the syngas fermentation step were not calculable with available public 
information.  Given the scale of the required facility for the desired H2, the CO2 emissions from 
the reforming step alone are enough to potentially disqualify this pathway from further analysis. 
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6.2. Economic Performance 

This section constitutes the Techno-Economic Analysis (“TEA”) of the identified technology 
pathways.  LSM Advisory (LSM) has prepared this report, under subcontract to GTI, with the 
purpose of providing an independent third party evaluation of technologies, including some 
proprietary GTI technologies.  LSM has utilized technical data and assessments assembled by 
GTI, along with publically available information to perform this TEA.  Given the technology 
readiness level of many of these technologies, and the fact that even commercially proven 
technologies are being evaluated for use in hydrogen production versus their typical commercial 
use where hydrogen is a byproduct, the economics presented here should be considered 
indicative and directional and by no means definitive.   
This report summarizes the results of the TEA and includes certain important methodological 
notes for each modeled pathway.  Detailed calculations and notes can be found in the TEA 
spreadsheet supplied as Appendix 3 to this report.   
The TEA evaluated cash costs to produce 13mt/hr of H2 for replacement of natural gas in the 
SAGD facility.  Each technology pathway was scaled to this level using available information, 
and in several cases assuming theoretical yields were achieved when empirical data was not 
available.  Cash costs included methane consumption, non-methane operating costs, and an 
allowance for the payment of the CO2 tax for the pathway emissions.  Co-product revenue at 
market prices has also been estimated and used to offset cash production costs, resulting in Net 
H2 Cash Cost of Production.  Note, in situations where the revenue from the co-product is greater 
than the cash costs, this value is effectively equivalent to operating income (EBITDA).  High 
level capital costs have also been estimated or assumed for each pathway, based on available 
information, and a capital charge reflecting a 10% cost of capital has been calculated and 
included.  Furthermore, approximate CO2 emissions have been estimated for each pathway.  
These results are reported in Table 2 at the end of this section.   
Net cash costs were compared to annual SAGD costs for CO2 tax and natural gas which would 
be avoided if H2 were produced by the given pathway and used in the SAGD boilers.  These total 
avoided cash costs are estimated to be CAD$82 million.  Cash costs of production of each 
pathway are compared to this benchmark to come to estimated annual cash cost savings for each 
pathway.  The cash cost savings are shown in Figure 9 .   
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Figure 9.  Cash cost savings by pathway. () means annual cost increase 

 

Some general assessments are evident from Figure 8.  The direct conversion pathways involving 
non-oxidative coupling using thermal energy (excluding electrochemical [E-chem] hydrogen 
removal) result in an improvement in CO2 emissions over the baseline SAGD case.  However, in 
the case where electrical energy is utilized, emissions are significantly higher due to the low 
energy efficiency (10-20%) of these processes and the high indirect emissions of power.  In 
addition, the emissions estimated for the reforming with Fischer-Tropsch pathway assume the 
operation of that process in a unique, undemonstrated way to obtain high H2 output and low 
relative CO2 emissions vs. traditional Fischer-Tropsch processes.   
If the pathways that resulted in increases in CO2 emissions over the SAGD baseline are 
excluded, namely the non-oxidative coupling routes such as electrochemical separation, plasma, 
electron beam, microwave, plus the electrochemical methane to methanol, reformer to 
bioreactor, SMR derived H2, and soft oxidation, a net cost (benefit) for CO2 avoided is realized.  
These net costs include a 10% capital charge for the estimated capital of each pathway.  These 
costs are summarized in Figure 10.  In several situations, there is a cash cost benefit from 
pursuing the pathway, and these benefits are depicted as a negative cost in Figure 10.   
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Figure 10.  CO2 Avoided Cost per ton. n/a is the result when the CO2 emissions increased relative to the baseline 

33,000BPSD bitumen production baseline. 

 
Of the five technologies that have net CO2 benefit, Aromatization and Partial Oxy-burn have 
high enough product values to show positive returns. Of the other three the Non-oxidative 
coupling with H2 selective membrane has an avoidance cost too high to consider, and the Fischer 
Tropsch and Non-oxidative coupling with catalysts have costs in a range that may have potential 
for reduction to 30 $/t given the costing accuracy of this study.
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Table 2.  Techno-economic Analysis for each pathway. 

 



GTI Scan and Evaluation of Natural Gas Decarbonization Technologies  Page | 23  

7. Comparative Ranking of Technology Pathways 

All technology classes were ranked using the criteria described in Section 2. This section 
provides the results for each ranking sector, starting with a bar chart showing the comparative 
results, followed by a short descriptive analysis. 
 

7.1. Technical Viability 

 

 
Figure 11.  Technology Pathway Ranking by Technical Viability. 

All technologies included in this report have been evaluated as having viable chemistry and 
thermodynamics, which was an early stage evaluation metric.  No technologies were included in 
this report if they were believed to be impossible or violate the laws of thermodynamics.  Each 
pathway has gone through proof of concept experiments, and thus most technologies received 
high scores in the first category.  Similarly most technologies operated under feasible operating 
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conditions.  The technologies which received low scores for operating conditions are 
electrochemical H2 removal and H2 selective membranes because of accelerated coking.  The 
electrochemical methane to methanol may have corrosion issues.  The soft oxidation technology 
requires very high temperatures of 1100oC and a recycle loop of H2S which pose limitations on 
feasibility of the operating conditions.  The most significant viability challenges are complexity 
and competing pathways.  The most complex processes are the Fischer-Tropsch, bioreactor, and 
partial oxy-burn routes which require many unit operations or separations.  Many of the 
pathways have serious technical issues with regard to competing pathways, such as coking, 
which are not easy to overcome.  All of the non-oxidative coupling pathways (the top eight in 
Figure 11) will coke.  The only one of these with a viable strategy for coke mitigation is partial 
oxy-burn.  The other non-oxidative coupling routes will require some sort of periodic chemical 
coke removal (possibly by CO2 or steam) which may or may not be viable.    
Fischer Tropsch received the highest scores for overall technical viability which is indicative of 
its high TRL (commercial) status.  The technologies which received the lowest scores for 
technical viability were electrochemical H2 removal and soft-oxidation.  Refer to Appendix 2 for 
more detail on the pathways and their technical challenges.   
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7.2. Technology Readiness 

 
Figure 12.  Technology Pathway ranking by Maturity Level. 

Technology classes receive a score equal to their technology readiness level. The bulk of 
technologies are TRL 2 to 4, reflecting the state of development in this space. Fischer Tropsch 
and Bio-reactor stand out significantly, having TRLs of 7 and 6 respectively.  
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7.3. Economic Performance 

 
Figure 13.  Technology Pathway Ranking by Economic Performance. 

Economic scoring is based solely on the estimated cost of CO2 avoided using the table described 
in Section 2.3. 
The results show that Aromatization and Partial Oxy-burn technologies show positive 
economics, generating income. This is a reflection of their significant reduction in CO2 
emissions (by 1,653 and 1,015 t/d, see Figure 8). Fischer Tropsch scores 3 in light of its CO2 
reduction of 1,209 t/d and CO2 avoided cost of 131 $/t. All other technologies score zero because 
they either have a CO2 avoided cost greater then 200 $/t or they cause CO2 emissions to increase 
rather than reduce. 
Refer to Section 6.2 for further analysis. 
 
 
  
 
  

0 2 4 6 8 10 12

Soft Oxidation
Bio-reactor

Fischer Tropsch
E-chem CH4 to methanol

Microwave
Electron beam

Plasma
Partial Oxy-burn

Aromatization
Catalyst

H2 Selective Membrane
E-chem H2 removal

Ranking Score

Economic Comparison
< 0 $/t > 200 $/t 

0 

CO2 Avoided Cost 



GTI Scan and Evaluation of Natural Gas Decarbonization Technologies  Page | 27  

7.4. Health and Safety Risks 

 

 
Figure 14.  Technology Pathway ranking by Health and Safety Risk. 

Technology classes were ranked on perceived safety risks based on the available information for 
each one. In general the nature of the product and the operating conditions guided the scoring. 
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7.5. Oil-Sands Applicability 

 

 
Figure 15.  Technology Pathway Ranking by Oil-Sands Viability. 

The technologies were ranked according to their perceived viability for implementation near oil 
sands production sites.  Electrochemical H2 removal, electron beam, electrochemical methane to 
methanol and soft oxidation received the four highest scores for oilsands viability.  Low 
complexity to integrate into a brownfield site and low operating complexity, coupled with 
relatively low capital intensity, provided the electrochemical H2 removal and electrochemical 
methane to methanol with high scores in this comparison.  The synergy and marketability of the 
new products from electron beam and soft oxidation processes contributed to their high scores 
for oilsands viability.  None of these four technologies were recommended for further 
investigation due to limitations described elsewhere in this report.  The Fischer-Tropsch process 
ranked 5th in this comparison and received high marks for synergy of the new product and 
marketability of the new product, but received only a moderate overall score due to zero points 
awarded for integration complexity and operating complexity.  Aromatization and Partial Oxy-
burn both received moderate scores of four due to receiving moderate marks across all sub-
criteria.   
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7.6. Overall Comparison 

To provide the overall ranking comparison each ranking sector was weighted prior to summing. 
The weighting used reflected the higher value placed on technical viability, economic 
performance and Oilsands viability: 

• Technical Viability  5 
• Technical Maturation  3 
• Economic Performance 5 
• Oilsands Viability  5 
• HSE Risk   4 

 
 

Figure 16.  Overall Technology Pathway Ranking. 

Results show there are three technology pathways that outperform the others: Aromatization, 
Partial Oxy-burn and Fischer Tropsch. These are the same three that have a positive Economic 
Performance ranking score, and all reduce CO2 emissions by greater than 1000 t/d. 
Other technologies that reduce CO2 emissions are Non-oxidative coupling (using H2 selective 
membranes) and Non-oxidative coupling (using catalysts). Out of these the catalytic route may 
have some potential because of its similarity to the Aromatization process. 
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8. Conclusions and Recommendations 

Thirteen different technologies for natural gas decarbonization were discovered, evaluated, and 
ranked.  When considering the factors: thermodynamics; economics; CO2 mitigation potential; 
viability; risk; and technical maturity, four technologies are appropriate for further investigation.  
These technologies are:  

1. Non-oxidative coupling – partial oxy-combustion with rapid product quench 
2. Small scale Fischer-Tropsch 
3. Non-oxidative coupling – aromatization 
4. Non-oxidative coupling – catalysts   

The proposed detailed investigation may be performed for each of the technologies through: 
 1.  Detailed flow sheets for required H2 to produce steam for SAGD for bitumen 

production 
 2.  System and component sizing 
 3.  Equipment availability, TRL, and suppliers 
 4.  System integration and operability 
 5.  System costs and emissions 
 6.  Co-product value, markets, and implications 

Below are recommendations pertaining to each of the technologies: 
1. Non-oxidative coupling – partial oxy-combustion with rapid quench 

The highest ranked technology was partial oxy-combustion with rapid quenching.  This is 
the only non-oxidative coupling pathway with a viable approach to prevent coke 
formation.  Since the process is non-catalytic, if coke is formed periodic cleanings of the 
reactor may be performed assuming it is carried out with relative ease.  Another attractive 
aspect of this technology is that it has been piloted and is being pursued commercially by 
at least two companies.  These companies have publically released very few details on 
the processes.  GTI recommends further discussions with these companies with non-
disclosure agreements in place to better understand conversion, yields, CO2 emissions, 
and CAPEX.  The biggest disadvantage of this process is that it stops at ethylene and 
acetylene as the end products which may pose transportation challenges for delivery to 
customers.  GTI also recommends investigating the local markets for these products and 
exploring the known routes to further upgrade the products to a suitable bitumen diluent.  

2. Small scale Fischer Tropsch 
The Fischer-Tropsch technology is well proven on a large scale.  Several technology 
providers are targeting smaller scale production but none of them operate in a manner 
which produces excess hydrogen.  GTI recommends discussions with technology 
providers to see if they can design a system which maximizes hydrogen production, 
minimizes CO2 emissions, and targets a suitable bitumen diluent hydrocarbon product.  
More information is needed on the capital cost and footprint of the technology.  

3. Non-oxidative coupling - Aromatization 
The Aromatization pathway scored third highest in the overall comparative ranking.  A 
significant contributor to this score was the high economic assessment score.  
Aromatization was one of only two technologies assessed with a negative CO2 mitigation 
cost (the other being partial oxy-burn), indicating a positive return on investment.  The 
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potential to make liquid aromatic hydrocarbons which are easy to store and transport 
makes this technology more attractive than those which produce a gas such as ethane or 
ethylene, which is more difficult to transport and sell from remote oil sands locations.  It 
is also possible that the aromatics could be used as a bitumen diluent.      

4. Non-oxidative coupling – catalysts 
Because of its similarity of the aromatization pathway, GTI also recommends further 
analysis of the non-oxidative coupling catalyst technology.  GTI recommends this 
technology because of the exceptionally good results reported by Guo et al. [3], and 
because the only difference relative to aromatization is the catalyst used.  For these 
catalytic routes, coke formation is likely to be inevitable.  GTI would recommend only 
investigating technology providers with a viable approach to remove the formed coke.   

Other high ranking technologies that GTI does not recommend for further investigation are 
electrochemical H2 removal, electron beam, and electrochemical methane to methanol.  All three 
of these rely on electrical energy inputs, which ultimately result in high indirect CO2 emissions 
due to the Alberta grid intensity factor of 0.65 t-CO2/MWh.  Even with an optimistic future low 
grid intensity factor of 0.3 tCO2/MWh these technologies would still result in an increase in CO2 
emissions compared to present SAGD operations.  With a low grid intensity factor an electrically 
driven decarbonization process would have to have >50% total system efficiency to have any 
potential to reduce CO2 emissions relative to current SAGD operations. 
 
 
_________________________________________________________________________ 
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Appendices 
A.1  Spreadsheet of Technology Attributes (attached separately) 
A.2  Detailed Descriptions of the Pathways 
A.3  Techno-economic Analysis Spreadsheet (attached separately) 
A.4  TEA Methodological Notes by Pathway  
A.5  TEA Assumptions 
A.6  Out of Scope Technologies 
A.7  Technology Readiness Level Descriptions 
A.8  Bibliography 

  Spreadsheet of Technology Attributes 
This excel file is attached separately 

  Detailed Description of the Pathways 

A2.1.  Direct Pathways 
Direct pathways are routes which directly convert methane to both hydrocarbon and hydrogen 
products without the formation of an intermediate species.  The two direct pathways found in the 
literature are non-oxidative coupling and electrochemical.   

A2.1.1.  Non-Oxidative Coupling  
The non-oxidative coupling pathway involves the coupling of methane to higher hydrocarbons 
with the release of hydrogen, the reactions are presented in Figure 17.  The reactions occur in 
steps with coupling to C2 hydrocarbons first, which then couple further eventually forming 
higher hydrocarbons, aromatics, polymers or coke (solid carbon).  Processes are typically 
designed to maximize the yield of desired hydrocarbons and to minimize the formation of coke.  
Methane has the strongest C-H bonds of any saturated hydrocarbon, therefore any process that is 
capable of attacking methane C-H bonds will attack C-H bonds in the formed products even 
faster.  This makes it extraordinarily difficult to limit coke formation.  The process is 
endothermic and there are multiple approaches to apply the required energy to achieve the same 
chemical reactions.   
The pathway is sometimes referred to as thermal cracking or pyrolysis; however, those terms 
imply a high temperature process while some of the approaches listed in this report are low 
temperature.  Therefore, the term non-oxidative coupling is more appropriate.  In contrast, 
oxidative coupling of methane 2CH4 + O2  C2H4 + 2H2O is exothermic ΔH = -280kJ/mol and 
occurs at 750-950°C, and low pressure <0.5MPa, typically 0.1MPa.  The oxidative coupling 
route does not produce hydrogen, and is thus out of scope.   Non-oxidative coupling of methane 
to ethylene or other products (e.g. 2CH4  C2H4 + H2 ΔH= + 202kJ/mol) is endothermic but 
does produce hydrogen, making it in-scope for COSIA’s natural gas decarbonization pathway 
search.  The lack of oxygen as an oxidant eliminates the possibility of CO or CO2 product 
formation. Unfortunately these systems are plagued by coke formation and are thus not 
commercially practiced.  Coke formation is more prevalent as the reaction continues to higher 
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molecular weight hydrocarbons. Many literature methods will target smaller hydrocarbon chains 
in the C2-C3 range to avoid the problem.  The literature is mainly limited to laboratory bench 
scale experiments.  The research focus is on methods to improve conversion, and selectivity, 
while eliminating carbon formation.   
The routes can be divided into two classes of energy input: thermal energy input and electrical 
energy input.  The thermal energy input routes include continuous hydrogen removal [4] [5], 
catalytic routes (including aromatization) [3] [6], and rapid reaction quenching [7] [8] [9] [10] 
[11].  The electrical energy input methods include:  non-thermal plasma [12]; electron beam [13] 
[14] [15] [16]; microwaves [17] [18]; and ultraviolet light [19].   

 
Figure 17. Reaction pathways for non-oxidative coupling proposed by LBNL [5].  Not shown is the hydrogen that is 

also formed at each step. 

A2.1.1.i.  Thermal methods for non-oxidative coupling 

A2.1.1.i.a.  Hydrogen removal: membranes 
Continuous hydrogen removal has been used to shift the thermodynamic equilibrium towards 
higher conversion rates.  A simplified process flow diagram is provided in Figure 18.  This 
method has been studied by BP, the University of Leon, and Lawrence Berkeley National 
Laboratories (LBNL) [4] [5].  BP and University of Lyon have demonstrated that the continual 
removal of hydrogen led to conversion rates from methane to ethane and hydrogen of 5-6x 
equilibrium rates, obtaining a total of 0.6% conversion at 350°C and 5,000kPa.  The membrane 
used for H2 removal was Pd-Ag, the catalyst was tungsten hydride on alumina.  Coke or carbon 
depositions were not mentioned.  Simulations by LBNL based on experiments suggest the 
temperatures of 727°C and residence times of 100 sec are required to obtain 100% conversion.  
Their best experiments have shown 11% conversion to C2-C10 hydrocarbons using a Mo/H-
ZSM5 catalyst (this catalyst is known to have high selectivity towards aromatics).   

 
Figure 18.  Simplified process flow diagram for non-oxidative coupling with continuous hydrogen removal by 

membranes. 

A2.1.1.i.b.  Hydrogen removal: electrochemical 
An electrochemical approach to continuous hydrogen removal has been demonstrated by Tufts 
University and Lehrstul fur Technische, Germany [20] [21] [22] [23] [24] [25] [26] [27].  In this 
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approach, protons are pumped through an ion conducting ceramic membrane, Figure 19. This 
process results in a separate stream of hydrogen.  The literature covering this pathway is very 
limited with experiments performed on very small scales, with active areas on the order of 3cm2.  
An external voltage must be supplied to drive the proton pumping mechanism.  Applied voltages 
have been reported in the 1.5-3V range, with current densities reported as high as 17mA/cm2.  
The reaction is thermodynamically limited to have an equilibrium constant of 6x10-4 at 900°C 
resulting in a maximum mol fraction of 0.023 ethane.  By continually removing the hydrogen, 
the equilibrium is driven further to the C2 product formation resulting in higher reaction rates.  
The proton conducting ceramic is typically SrCe0.95Yb0.05O3 (SCY) perovskite with Ag, Pt or 
La0.6Sr0.4MnO3 catalysts.  Proton conducting ceramics have performance limitations limiting 
their commercial viability, as opposed to oxygen ion conducting ceramics, which are 
commercially manufactured for solid oxide fuel cells.  The temperature range for the 
experiments is 700-900°C.  The work is always done at or near atmospheric pressure.   
The researchers have observed reaction rates up to 15x greater than with no applied voltage.  
Conversions to C2 are generally at or near 100% selective (gas phase) but the yields are low at 
<2%.  The biggest technical hurdle to overcome is the inevitable formation of carbon at the 
anode due to methane pyrolysis.  It has been demonstrated elsewhere that when hydrogen is 
removed coke formation becomes more prevalent [28] [29].   

Anode: 
2CH4  C2H6 + 2H+ + 2e- 
2CH4  C2H4 + 4H+ + 4e- 

Cathode 
2H+ + 2e-  H2 

Overall: 
2CH4  C2H6  + H2 
2CH4  C2H4 + H2  

Figure 19.  Cell architectures utilizing a proton conducting high temperature electrolyte [20]. 

 
Figure 20.  Simplified process flow diagram for non-oxidative coupling with electrochemical hydrogen separation. 
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A2.1.1.i.c.  Catalytic routes 
A method to improve the performance of non-oxidative coupling is through the use of catalysts 
with the goal of lowering the reaction temperature or achieving high selectivity towards a 
specific product while avoiding coke formation.  Researchers at Laboratoire de Chimie 
Organometallique de Surface (France) and BP used silica supported tantalum hydride ((SiO)2Ta-
H) [6]  This catalyst is known to catalyze the total hydrogenolysis of light alkanes, including 
hydrogenolysis of ethane into methane. The, researchers studied the reverse reaction.  At 
5,000kPa, 250-375°C the selectivity to ethane was 98% with an equimolar amount of H2.  High 
pressure of methane inhibits reverse reaction of H2 with ethane.  Other products are propane and 
olefins (mainly ethylene).  Conversion was less than 0.1% at 250°C and 0.5% at 475°C, coke 
formation was observed.   
A promising candidate catalyst was reported recently by Chinese researchers Guo et al. [3].  
They used single iron sites embedded in a silica matrix catalysts with a goal of enabling direct 
non-oxidative conversion of methane to ethylene and aromatics and hydrogen.  It is claimed that 
the absence of adjacent iron sites prevents catalytic C-C coupling, further oligomerization, and 
hence coke deposition.  At 1090°C, methane conversion reached 48.1%, ethylene selectivity 
peaked at 48.4%, total hydrocarbon selectivity exceeded 99%, and performance was stable for at 
least 60 hours.  Control experiments with no catalyst or with just Si support had low conversion 
of 2.5% with 95% of the product being coke.  The same results occurred with macro 0.5%Fe 
loaded on SiO2.   
During a 60 hour run, the methane conversion was stable at 32%, selectivities were 52.7% 
ethylene, 21.5% benzene, 25.8% naphthalene, and total selectivity was reportedly >99%.  When 
ethane was blended to be 1% and 5% the conversion of methane was enhanced.  Ethane was 
almost completely converted; however a small amount of coke was formed at 900°C.  They did 
not observe aggregation of the catalyst particles after the 60 hour test.  Although the 
dehydrogenation is endothermic, the selectivity to ethylene substantially reduces the heat input, 
estimated half that of typical thermal pyrolysis process with acetylene dominating the product.   

 
Figure 21  Simplified process flow diagram for thermo-catalytic non-oxidative coupling 

A2.1.1.i.d.  Catalysts specific towards aromatization 
Direct conversion of methane to aromatic compounds and hydrogen using the zeolite catalyst 
HZSM5 was first reported in 1993 [30].  The route, known as aromatization or 
dehydroaromatization, is shown in Figure 17, with C2S as intermediates, but the catalysts have 
improved conversion and selectivity versus no catalyst.  There has been a considerable research 
effort to modify the catalyst to improve the reaction kinetics and minimize coking.  Several good 
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review articles have been published which chronical this research effort [31] [32] [33] [30].  It is 
widely recognized that 1) modification of the HZSM-5 with molybdenum at 2-6wt % show the 
most promise and that 2) coking of the catalyst is inevitable.  The reaction has been shown to 
occur around 700-1000°C and pressures around 100-200kPa with fractional conversion of 
methane on the order of 5-14% with selectivities towards benzene or other aromatics of 70-100% 
(gas phase, excluding coke formation).  When coke is accounted for in the selectivity 
calculations, the value has been reported to be as low as 3% and as high as 43% [32] [33].  Other 
products are ethane, ethylene, acetylene, toluene, and naphthalene.  Catalyst stabilities have been 
demonstrated for at least 140 minutes using space velocities of 1950cm3 g-1 hr-1

, 0.2g catalyst 
[34].  Catalysts modifications include addition of Pt-CrO3, Zn, Cu, Ru, K, Pt, Ni, Fe, V, Cr, W, 
[31]  Si, Al [34] or the use of different zeolites including Mo/MCM-22, H-GaAlMFI, Mo/ITQ-2, 
Mo/ITQ-13,  Other catalyst used were Pt-Ga silicates, MFI supported molybdenum, metal (Cr, 
Mo, W) doped carbon aerogels, Ni-Re/Al2O3, and various forms of unsupported Mo carbide 
[32].   

 
Figure 22.  Simplified process flow diagram for non-oxidative coupling using aromatization catalysts. 

The major obstacle with this route is coke formation, it is likely to be inevitable, and 
thermodynamically more favorable than aromatics [32].  Coke formation increases with 
temperature and time on stream but has shown to be slowed down by the inclusion of H2, CO2, or 
steam in the feed.  It has been reported that the concentration of these additives needs to be 
constrained to a specific range [33].  For example, CO2 addition should not exceed 1.6% or the 
catalyst will lose activity and very small amounts of oxygen can decrease rate of coke formation; 
O2/CH4 ratio should not exceed 6.5x10-3 at 700°C or 2.3x10-2 at 800°C.  With concentrations of 
over 12%, the CO2 will completely inhibit conversion to aromatics.  Water can be added at 1.7-
2.2%.  The use of hydrogen separation membranes, such as palladium, have shown a doubling of 
methane conversion (with gas phase selectivity nearly constant) but a more rapid catalyst 
deactivation by coke formation [28] [29].  This is because the presence of hydrogen limits coke 
formation.  Different reactor configurations have been proposed to regenerate the coked catalyst 
including circulating fluidized bed reactors but it is unknown if any have been demonstrated 
[32].  One promising approach to deal with coke is to switch feeds from methane to CO2 to 
perform the reverse Boudouard reaction:  

C + CO2  2CO 
This technique has been demonstrated to improve catalyst lifetime from 120 minutes to over 300 
minutes as shown in Figure 23 [30]. If this were to be performed in the Canadian oils sands, the 
carbon dioxide source could come from the burner flue gas and the CO generated could be used 
as burner fuel.   
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Figure 23.  Reproduced from [30].  Formation rates of benzene from methane over 6%Mo/HZSM-5 at 1073K, 200 

kPa and 2700-12600ml g-1 hr-1, with  switching between CH4 and CO2 (2700ml ml g-1 hr-1). 

A2.1.1.i.e.  Rapid reaction quenching 
One promising method to perform non-oxidative coupling of methane, while avoiding coke 
formation, is to carefully control the residence time of methane in the reactor under the high 
temperature conditions and then rapidly quench the products after the coupling occurs to avoid 
further reactions.  This approach stops the reaction at the formation of ethylene and acetylene 
(with hydrogen byproduct).  The ethylene and acetylene could be separated and sold, or 
converted in separate hydrogenation and oligomerization processes upgrading the gas to a 
synthetic gasoline product, for example. Patents have been issued by a number of companies [7] 
[8] [9] [10] [11] [35].  The reactor design is essential to the technology.  The patented designs for 
some are displayed in Figure 25.  In these thermally driven processes, the heat is not applied 
external to the reactor, rather a small amount of pure oxygen is blended with the feed to allow for 
oxy-combustion of a fraction of the feed.  This combustion results in a supersonic flow of the 
reactants, creating a shockwave to provide kinetic and thermal energy to initiate pyrolysis of the 
remaining methane feed.  The temperatures are around 1,200°C to 3,000°C and the velocities are 
between Mach 1.0 and Mach 4.0.  The residence times are very short, preferably 0.1-10ms.  The 
product is then quenched to 150-300°C with a fluid (water, steam, or oil) to prevent further 
reaction.  Carbon dioxide and carbon monoxide are produced, which must be separated and 
disposed of or recycled.  In the present configuration, the hydrogen may be recycled to the 
reactor inlet or used for power generation, see Figure 26 and Figure 27.  The high temperatures 
involved require appropriate material selection.  An air separation unit (ASU) is required to 
provide pure oxygen to the reactor.   
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Figure 24.  Simplified block flow diagram of the rapid reaction quenching non-oxidative coupling route. 

  

 
 

Figure 25.  Devices patented in 1988 left [7] and in 2014 right [8]. 
 

 
Figure 26.  Simplified process flow diagram of a Gas To Liquids process.  The actual technology is only in the pilot 

stage and is not including the hydrogenation and oligomerization reactors.  The final product is ethylene and 
acetylene. 

 

Gas To Liquids Process 

http://a/
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Figure 27.  One of many variations of the block flow diagram listed in patent 7,208,647 [10]. 

A gas to liquids technology developer has responded to an inquiry on the technology stating that 
the process is not compatible with a large percentage of methane (95%) in the feed.  Further 
inquiries would need to be made to fully understand the changes required to accept a 95% 
methane feed.  GTI met with another gas to liquids technology developer who provided some 
non-confidential information on the technology.  They have demonstrated the technology at the 
pilot scale in Arizona and are presently seeking a site host for a larger scale demonstration.  Both 
technology developers are targeting the ethylene and acetylene markets.  They are not pursuing 
development of the downstream technologies to convert high value ethylene and acetylene into 
lower value transportation fuels.  Due to the secrecy of the two projects, very little to no 
information is available on actual conversion rates, product yields, system efficiency, or CO2 
emissions.   

A2.1.1.ii.  Electrical energy input methods for non-oxidative coupling 

A2.1.1.ii.a.  Non-thermal plasma 
Non-oxidative coupling of methane is endothermic, requiring an input energy source.  As an 
alternative to traditional thermal inputs, non-thermal plasma has been explored [12] [36] [37] 
[38] [39] [40] [41].  Thermal plasma is analogous to plasma torches where all charged species 
(electrons and ions) and neutral species (atoms, molecules, radicals, and excited species) are in 
approximate thermal equilibrium at 1000-10,000K.  Thermal processes have been industrially 
proven for production of acetylene, coke, and hydrogen.  In non-thermal plasma, the species are 
in a thermally non-equilibrium state, and the gas temperatures can be as low as 100K while the 
electron temperatures in the range of 10,000K to 100,000K.  Plasmas can contain energetic 
electrons and a variety of chemically active species which can initiate chemical reactions almost 
independent of temperature.  The high energy electrons produced by electric fields collide 
against neutral molecules producing ions, radicals, and electrically excited species.  The 
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electrode configuration is relatively simple and the power source is relatively inexpensive.  This 
process makes it possible to perform chemical reactions at low temperature.   
The advantages of plasma can be fast ignition, elimination of catalyst and catalyst impurity 
sensitivities, and compactness.  Non-thermal plasma types can be dielectric barrier discharge 
(DBD), corona discharge, and surface (or spark) discharge.  The DBD method is more popular in 
the literature as it has a proven history originating from ozone synthesis.  The fundamental 
physical and chemical properties are well understood, it is easily scalable, readily obtainable, and 
is flexible in terms of electrode and reactor configurations.  A recent energy analysis has shown 
that DBD is a very inefficient process for non-oxidative coupling [39].  Experiments are only 
about 1% energy efficient while theory suggests that about 8% is possible.  As such, only 8% of 
the electrical energy fed into methane is used for methane conversion to C2 hydrocarbons.  The 
reason is that the activation energy for electron impact dissociation of methane is approximately 
10x greater than for catalytic process.  The excess energy fed into methane is eventually 
dissipated as heat.  Vibrational excitation accounts for ~40% of electrical energy, which is 
dissipated as heat.  Nanosecond pulses of 10-100ns are expected to be beneficial but with a 
maximum expected energy efficiencies of about 10% at most.  As a result many attempts have 
been made to combine plasma and thermocatalytic routes to obtain a synergistic effect with a 
goal of high efficiency, high conversion, and high yield.  Unfortunately all non-thermal plasma 
methods uncovered in this scan had coke as a byproduct, even at room temperature and without 
catalysts.   

 
Figure 28.  Simplified process flow diagram of non-oxidative coupling by non-thermal plasma. 

The Institute for Low Temperature Plasma Physics in Greifswald, Germany, performed non-
oxidative coupling of methane using DBD and corona discharges [12].  The methane flow rate 
was 30ml/min and the power input was about 58W.  Using DBD, the methane was converted 
primarily to ethane and propane with small amounts of unsaturated higher hydrocarbons 
including ethylene, isobutene, butane, and acetylene.  The reactor size was 50-180mm long.  
Using corona discharges with 5-9kV and 10-40kHz activation and a 6mm diameter reactor 
120mm long, the conversion was as high as 70%.  The main product was acetylene (>40% yield) 
with other products being 1,3 butadiene, ethylene and ethane, propene, 1-propyne, benzene.  The 
conversion with both methods increased with energy input and was as high as 72.5W with the 
yield has high as 44%.  Coke and polymer formation was high at high power outputs.  In a 
similar study, Song [40] used DBD with 60W supplied at 20kV and an 8.8ml reactor with feed 
rate of 30ml/min methane.  Small amounts of carbon deposition were found.  If ethylene or 
propylene were in the feed, the coking was much more severe.  Methane conversion rates were 
13.8%, the selectivity was 37.5% ethane, 25.5% propane, 25.4% butane.   
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As previously stated, there have been many attempts to combine plasma energy inputs with 
catalytic processes.  These can be done with the catalyst in the plasma reactor or before or after 
the reactor, as well as using the plasma energy to modify the catalyst.  Chang [37] has described 
the synergistic effects of having a catalyst downstream of the reactor.  The plasma pretreatment 
can lead to higher conversion than non-pretreated and results in lower coke formation rates.  He 
described the energy inputs can vary from 60-160W (40kV) for flowrates of 20-45cm3/min feed.  
Zhu [42] has reported on a pulsed spark discharge 10mm ID reactor with and without a second 
stage HZSM-5 catalyst at 300-400°C.  The feed was equal molar methane and hydrogen at 
9.2cm3/min.  The discharge power energy density was calculated to be 1400kJ/mol of feed flow.   
Using plasma alone with no catalyst, the energy cost was 37eV/molecule methane.  The 
conversion was 70-80%, acetylene yield was 68.8%, hydrogen yield was 62.6%, benzene yield 
was 1%, and the coke yield was 10%.  When catalyst was used, the aromatic yield increased to 
over 20% and coke was observed.  Catalyst deactivation occurred at 9hrs.  Okazaki [39] 
performed DBD experiments with and without Ni Al2O3 catalysts in a reactor 10mm x 50mm x 
3mm (pulsed voltage of +/-20kV at 1-5hz, space velocity of 10,000-18000h-1).  With DBD alone, 
the conversion was less than 5% and increased to about 30% (at 500°C) when the catalyst was 
added.  He concludes that the plasma alone is inefficient and requires a combination with 
thermocatalytic methods to increase efficiency.  Indarto [41] combined DBD with a zinc and 
chromium catalyst using a residence time of 0.22min, a 6mm diameter reactor 20cm long, power 
supplied as 60-130W at 10kV, and 20kHz at room temperature.  The catalyst boosted hydrogen 
production and decreased carbon formation.  Conversion rates were high as 45%.  Without 
catalyst, the selectivity was 35% C2 (mostly ethane), 20% C3, and a small amount of <15% C4 
and liquid product were detected. Solid carbon was also detected.  The catalyst increased 
conversion to 50% and carbon was still detected.  The catalyst lost activity after 8hrs.   
Also, Xue [38] co-fed CO2 with the methane and incorporated DBD with a zeolite catalyst.  The 
power supplied was 100-500W for a 200ml/min feed, half of which was CO2.  With CO2 in the 
feed, there was substantial CO in the product.  The conversion of methane was 50-60%, with 
~43% selectivity towards CO, 11% to C2, 5.5% to C2, 22% to C4 and 17% to C5+.  With no 
zeolite present, carbon black and a polymerized film were reported.  With zeolite it was reported 
that no polymerized film was observed.  It can be presumed that coke was formed.   

A2.1.1.ii.b.  Electron beam 
Electron beam (EB) technology has been demonstrated to convert natural gas to liquids and 
hydrogen.  An electron beam is a stream of electrons moving at very high speed. In a transformer 
type accelerator, as shown in Figure 30, electrons are emitted by a high temperature tungsten 
filament and are accelerated across a very high voltage to over half the speed of light in a 
vacuum.  The energetic electrons move out of the vacuum chamber through a thin window into a 
target.  The reaction chamber is arranged so the electron energy is dissipated in the target 
material.  The induced chemical reactions are ultra-fast and the specific energy consumptions are 
much lower than other types of plasma, such as “corona” or “barrier” discharge methods [13].  
The EB ionizes the gas and dissociates the molecules into free radicals in typically less than a 
few nanoseconds (ns) (10-18 to 10-12 s).  Depending on the operating conditions in the EB reactor, 
these ionized gas molecules and free radicals then react within the next 10-8 to 10-1 seconds to 
form various other stable products.  This technology can produce byproduct hydrogen along with 
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valuable hydrocarbon liquids, however the cost of electricity and electricity generation related 
indirect CO2 emissions need to be considered.   

 
Figure 29.  Simplified process flow diagram of non-oxidative coupling using an electron beam reactor. 

Figure 30.  Schematic of a transformer type electron beam accelerator. 

For the EB-irradiation of methane, Vinokurov achieved ~56 wt. % of C5+ liquids, 37% C2-C4 
gases and 7 wt.% of hydrogen with no coke formation; when the gas residence time was 
increased by a factor of 6, the hydrogen yield increased to 23.5 wt.% with 68% carbon/coke and 
8.5 wt.% C2-C4 gases.  They achieved up to 62% “per pass conversion” [13].  Institute of 
Physical Chemistry and Electrochemistry (IPCE) have conducted significant research in the area 
of natural gas EB reactors [14] [15].  They used a 500 keV, 40 mA, continuous EB accelerator 
for the conversion of natural gas to gasoline and diesel in the laboratory.  It was also used in a 2 
bbl/day pilot plant that included removal of product liquids, hydrogen separation, and recycle of 
C2-C4 rich gases.  The results showed >95 octane gasoline and hydrogen production under the 
following broad range of conditions:  

• make-up natural gas rate of 5-15 kg/hr,  
• total gas flow of 250-1,000 m3/hr through a 60-liter reactor,  
• pressures of 16-24 psia, and  
• temperatures of 16-120°C.  

The make-up feed C1-C5 conversions were near 100% and H2 yield was 5-10 wt% of 
feed.  This compares well with the stoichiometric yield of ~11 wt. % for methane-to-
isooctane and hydrogen.  Zarvin et al [16] used a 3-5 keV EB energy to make higher 
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molecular weight hydrocarbons from a natural gas feed of ~95% methane; the EB had a 
diameter of ~1-3 mm.   

 
Table 3.  EB Energy Needs for Methane to Liquid Fuels and Hydrogen. 

Reference Data Products Energy need (before the EB 
window), kJe/kg methane 

Theoretical bond-energy 
calculations by Fermilab [private 
communication] 

Liquids and H2 15,000 

Thermodynamics using Heat-of-
Reaction method by SUNY 
[private communication] 

Cetane + H2
* 

Isooctane + H2
* 

4,000 
3,700 

[13] Liquids + C2-C4 Gases + H2 6,500 (at ~62% per-pass CH4 
conversion) 

[14] [15] Liquids + H2 (with C1-C4 gases 
recycled to EB reactor) 

8,000-22,000 

* Typical model compounds: Isooctane for gasoline and cetane for diesel;  
16 CH4= C16H34 + 15 H2, and 8 CH4 = C8H18 + 7 H2 

A2.1.1.ii.c.  Microwaves  
The Boreskove Institute of Catalysis in Russia has shown that exposing natural gas to microwave 
absorbing catalysts can result in mixtures of hydrogen, syngas, acetylene, and carbon.  
Conversion was reported to be as high as 75% and selectivity towards hydrogen and acetylene 
was higher than 50%.  This technology has only been demonstrated in small-scale laboratory 
experiments and the coke byproduct will limit its technical readiness [17].  An international 
patent on hydrogen generation from natural gas using microwaves and catalysts has been 
awarded to the Institute of National Colleges of Technology, Tokyo, Japan [18].   

 
Figure 31.  Simplified process flow diagram of non-oxidative coupling using a microwave reactor. 

A2.1.1.ii.d.  Ultraviolet light 
Non-oxidative coupling of methane using ultraviolet light as the energy source has been 
demonstrated however the literature is limited to a single 2002 patent [19].  There is more 
abundant literature on solar or photocatalytic energy source inputs, however, these are not 
covered in this literature scan although the pathway is equivalent.  The example in the patent 
described a batch reaction in which methane gas was exposed to ultraviolet light of 150-280nm 
(ultraviolet radiation) for over 18 hours at 207kPa and 60°C.  In the patent, it is claimed that up 
to 4% hydrogen was observed in the reactor.  Another example claimed eight days of ultraviolet 
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exposure at 70kPa and 60°C resulted in 32% hydrogen or 40% conversion of methane.  Higher 
molecular weight hydrocarbon byproduct of C2-C12 is reported, however, the exact composition 
is not specified.  This simple low temperature and pressure method would be attractive if it had 
faster reaction kinetics.   

Figure 32.  Simplified process flow diagram of non-oxidative coupling using an ultraviolet light reactor. 
 

A2.1.2.  Electrochemical 
GTI performed electrochemical methane to methanol research under an ARPA-E grant from 
2012 to 2015 [43, 44].  The principal investigator of that project is the first Technical Contact of 
this summary.  The basis of the work was published literature [45] [46] [47] [48] regarding the 
reaction:  

NiO+ + CH4  CH3OH + Ni+ 
The literature states the practicality of the reaction was limited by the lack of an effective method 
to regenerate the NiO+ from the Ni+.  GTI recognized the regeneration reaction is identical to the 
charging reaction which occurs at NiCd and NiMH battery anodes.  GTI’s process put the 
chemical reactor inside a charging battery.  The reactions are  

Anode  
Step 1 Ni(OH)

2
 + OH- → NiO+OH- + H

2
O + e-    (-0.52V, Battery charging) 

Step 2 NiO+OH- + CH
4
 → CH

3
OH + OH- + Ni   (Make methanol, and Ni+) 

Step 3 Ni+
 
+ 2OH-

 
 → Ni(OH)

2
 + e-   (Ni oxidation to back to 2+ hydroxide) 

Net 2OH- + CH
4

 
 → H

2
O + CH

3
OH + 2e- 

Cathode 

 
2H

2
O + 2e- → H

2
+ 2OH-    (-0.83V) 

Total  
 

H
2
O + CH

4

 
 → CH

3
OH + H

2  
    (-1.35V) 

The total voltage requirement was a minimum of 1.35V/cell using the cathode water splitting 
reaction (the same reaction which occurs during charging of NiMH batteries).  During the course 
of the work it was determined that the hydrogen was not in demand and the voltage requirement 
was too large to be economically attractive.  In later stages of the program, the cathode reaction 
was changed to utilize oxygen from the air. 
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 1/2O2 + H2O + 2e-  2OH- (+0.401V) 
Utilizing oxygen from air instead of splitting water results in a total cell voltage requirement of 
only 0.19V thereby decreasing the required electrical load.  The original set of reactions 
generates hydrogen which fits COSIA’s requirements.  Generally, GTI proved it is possible to 
produce methanol electrochemically from methane and the products were verified by gas 
chromatography (GC), high-performance liquid chromatography (HPLC) and a third party 
(University of Connecticut).  Unfortunately, the conversion rates were poor, generating methanol 
on the order of 50-500ppm.  The reason for poor conversion rates is believed to be due to mass 
transfer limitations of the system.  The cell architecture utilized a membrane soaked in liquid 
potassium hydroxide (just as in a NiMH battery).  This liquid presence causes two problems: it 
limits gas transport of methane to catalyst sites (due to flooding) and the formed methanol has an 
affinity towards potassium hydroxide.  This causes it to stay trapped in the cell rather than 
released in the product exhaust.  In traditional fuel cells which operate below 100°C, the 
electrodes are treated with Teflon or Teflon-like hydrophobic material so that the product water 
does not flood the cathode, thus, inhibiting gas mass transfer to the catalyst.  In the gas-to-liquids 
electrochemical cell, there is no Teflon equivalent material replacement to make a methanol-
phobic surface. The cell was required to stay below ~80°C, due to the need to keep the potassium 
hydroxide/water solution a liquid.  Thus, the formed methanol could easily flood the anode 
catalyst, inhibiting further reaction of methane.  It is possible that the chemistry could work at 
higher temperatures using high temperature ion conducting membranes; however, the theory has 
yet to be proven.   

 
Figure 33.  Diagram of an electrochemical methane to methanol reactor. 
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Figure 34.  Simplified process flow diagram of the electrochemical methane to methanol process. 

A2.2.  Indirect Pathways 
Three indirect pathways have been found that first react methane to produce intermediate 
compounds, which are then converted in a separate scheme to hydrocarbons and hydrogen.  Two 
of those pathways involve the formation of syngas (H2 and CO), these pathways are Fischer-
Tropsch and biological conversion.  The third indirect pathways is referred to as “soft oxidation” 
which reacts methane with H2S.   

A2.2.1.  Fischer-Tropsch 
One pathway that is technically in-scope for natural gas decarbonization is Fischer-Tropsch gas 
to liquids synthesis.  The reactions are displayed in Table 4.  A simplified pathway is displayed 
in Figure 35.  The route first requires reforming of natural gas to syngas and then conversion of 
that syngas to hydrocarbons, but with an excess of unreacted hydrogen exiting the reactor.  This 
unreacted hydrogen can easily be separated from the liquid product.  Typically, these systems are 
not engineered to have unreacted hydrogen in the effluent [49], in fact they may use SMR to 
produce additional hydrogen to hydrogenate the Fischer-Tropsch products, see Figure 36.   
GTI surveyed seven companies who have Fischer-Tropsch technologies targeted for stranded, 
flared, or relatively smaller-scale natural gas resources.  The companies were not told of 
COSIA’s name nor of the oil sands SAGD application. They were only told of the scale of the 
hydrogen demand and the natural gas quality.  They were asked if it were possible to generate 
hydrogen on the order of 13,000 kg/hr, which is equivalent to 1540 GJ/hr.  The responses are 
listed in Table 5.  Some companies appeared confused by the question and suggested we research 
SMR technologies.  Other companies were more optimistic and stated that hydrogen and 
hydrocarbon production is possible.   
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Table 4  Fischer-Tropsch Generalized Reactions. 

Reaction Chemistry ΔHo
298 

SMR CH4 + H2O  CO + 3H2   206 kJ/mol 

Partial Oxidation CH4 + 1/2O2  CO + 2H2   -36 kJ/mol 

Fischer-Tropsch (2n+1)H2 + nCO   CnH(2n+2) + nH2O (for alkane product) 

Octane Example 17H2 + 8CO  C8H18 + 8H2O  -1,259 kJ/mol 

Octane Normalized 2.125H2 + CO  1/8C8H18 + H2O   -157 kJ/mol CO 

 0.875 moles H2 left over using SMR 
0.215 molar H2 deficit using partial oxidation 

 

 

 
Figure 35.  Simplified pathway to produce hydrogen and hydrocarbons from natural gas via Fischer-Tropsch 

synthesis. 
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Figure 36.  Simplified Fischer Tropsch GTL flow diagram from DOE/NETL-2013/1597 [50]. 
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Table 5.  Small Scale Fischer-Tropsch Gas to Liquid Companies: response to the question of “can the process co-
produce hydrogen and liquid hydrocarbons?” 

Company  
Year Founded 

Response when asked if hydrogen could be co-produced 

CompanyA 
2006 

Response did not validate the possibility of a separate stream of H2, stated they only have F-
T unit equipment and license the SMR/ATR, ASU from third party licensors. 

CompanyB 
2006 

No Response 

CompanyC 
2008  

Reply states that it is possible to co-produce hydrogen using a F-T system.  In multiple replies 
they offered to sell GTI an Aspen HYSYS model of the system.  

CompanyD 
2009 

Provided two options with natural gas feed rate of 45MMSCFD, 95% methane. 

1) For a pure hydrogen production option, the hydrogen production will be 7 tons/hr and 
synoil production will be 2,300 bbl/day. 

2) For a 93% purity hydrogen (by volume) and CO 6.4 %, remainder is CO2 and CH4 (less 
than 1%) the gas production will be 12.8 tons/hr and synoil will be 3,020 bbl/day.  

Teleconference with CEO.  The reformer will have options of POx, ATR, and SMR depending 
on our needs.  Past the reformer there will be no CO2 emissions.  In their normal operation 
there is no excess H2 downstream of the F-T reactor.  All excess hydrogen is in the tail gas or 
PSA off gas.  This is normally recycled as feed for fuel but could be exported.  They claim that 
the plant cost would be US$250-300 million.  The plant would produce electricity.  GTI asked 
if it would produce 17.9MW (based on SAGD flowsheet total electric load) and the answer 
was yes.   

CompanyE No Response 

CompanyF 
2001 

Responded they are not a full process solution and they only provide the F-T technology, not 
the reforming, or process integration.  This response did not validate or disprove the viability 
of having excess hydrogen in the product stream. 

CompanyG 
2007 

Company provided a spreadsheet, excess hydrogen is technically viable, but would require a 
big plant for this scale.  Calculations show it operates at a loss at low gas prices and has large 
CO2 emissions.   

To perform natural gas decarbonization using the F-T route, a reformer will be required.  The 
reforming reactions are listed Table 4.  Partial oxidation is preferred because it is exothermic; 
however, it requires a pure oxygen supply.  The endothermic SMR reaction will generate a 
higher hydrogen to CO ratio, important for alkane production.  An autothermal reformer (ATR) 
may be used which may have an unfavorable hydrogen content depending on the desired 
product.  A water gas shift reactor may be needed to tailor the H2/CO ratio.  CompanyD has 
stated that above 15MMSFD, an ATR is more cost effective, while SMR would be preferred for 
lower flowrates.  The SAGD template has over 37MMSCFD natural gas feed to the boilers, so an 
ATR could be used.   
 
 

A2.2.2.  Biological conversion 
There are vast literature resources available regarding the conversion of methane to higher value 
products using biological routes [51] [52] [53] [54] [55].  It is noted here that those routes do not 
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co-produce hydrogen.  The routes and the biological production of hydrogen are covered in a 
separate section in the appendix.  GTI has performed a thorough literature search and has 
contacted many biotechnology companies and has concluded the only biological route that is in-
scope with COSIA’s constraints is a route which first reforms methane to syngas, which is then 
converted in a bioreactor which under-utilizes the hydrogen while fully utilizing the CO in the 
syngas.  The simplified reactions in the Wood-Ljungdahl Pathway for a biological reactor 
utilizing anaerobic bacteria clostridium are: 

6 CO + 3 H2O  C2H5OH + 4 CO2 
5 H2 + 2 CO2  C2H5OH + 3 H2O 

Or adjusted for SMR syngas of 1 CO for every 3 H2 the second reaction can be written as: 
18 H2 + 7.2 CO2  3.6 C2H5OH + 10.8 H2O 

These biological systems utilize the anaerobic bacteria clostridium which prefers to consume the 
carbon monoxide in the syngas over the hydrogen.  This provides a viable route to co-produce 
hydrogen because the alternative pathway of separation of hydrogen from syngas before the 
reactor would be very challenging.  It is more realistic to feed syngas to a reactor which 
preferentially consumes the CO and does not consume much hydrogen.  The reacted hydrogen 
gas could be separated from the liquid product.  Typically the biotech companies try to engineer 
their systems to consume more hydrogen, because operating in this way would simplify their 
systems.   
CompanyN has confirmed the reactor can utilize a CO rich feedstock and would not require all 
the hydrogen present in a syngas feed generated from methane reforming.  A very simplified 
conversion pathway is displayed in Figure 37.  It is stressed that this pathway which generates 
byproduct hydrogen is only theoretical, however highly possible.  Therefore technical data on 
conversion rates, product yields, energy efficiency, and carbon emissions are not readily 
available.  It is important to note there will be significant CO2 emissions from the reactor 
according to the first reaction in the Wood-Ljungdahl pathway.  Only 1/3 of the carbon will be 
sequestered as ethanol, the other 2/3 will be emitted as CO2.  Normally the hydrogen would 
assist in converting the CO2 to ethanol; however, since the hydrogen is needed for the OTSGs, 
the CO2 emissions will be greater than normal.   
 

 
Figure 37.  Biological pathway to convert natural gas to hydrogen and hydrocarbons.  Typical hydrocarbons would 

be acetic acid, methanol, or ethanol. 
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A2.2.3.  Soft oxidation by H2S  
An indirect pathway to produce hydrogen and hydrocarbons from natural gas called “Soft 
Oxidation”, is being developed by CompanyH.  This route involves reacting natural gas with H2S 
to form carbon disulfide and H2 in an endothermic reaction, which occurs around 1,100°C in the 
presence of a catalyst such as PdZrO2.  The intermediate gases are then cooled and sent to a 
second exothermic reactor where carbon disulfide is oligomerized and hydrogenated to form 
higher value hydrocarbon chains in a second reactor.  The reaction has leftover hydrogen.  The 
reactions are:   

First reactor: CH4 + 2H2S  4H2 + CS2 Endothermic 
Second reactor CS2 + 3H2  -[CH2]-  + 2H2S Exothermic 

There will be roughly one H2 in the product stream for every one CH4 reacted.  Therefore this 
technology can be considered an in-scope route for COSIA’s natural gas decarbonization survey.  
A process flow diagram is provided in Figure 38.  The technology is still in its infancy and the 
work is focused on optimizing the conversion of CS2 to higher hydrocarbons in the second 
reactor.  At such an early stage it is premature to report conversions, yields, energy efficiency, 
and emissions at this time.  It is important to note that the technology is being developed for gas 
to liquids conversions as an alternative to Fischer Tropsch technologies and the system is being 
engineered to use all the hydrogen product to generate the heat needed for the first reactor.   
 

 
Figure 38.  Process flow diagram for CompanyH’s “Soft Oxidation” process to produce liquid hydrocarbons from 

methane.  The process currently operates around 380-420kPa. 

Sufficient detail was available to carry out an Aspen model using actual reaction temperatures 
and pressures but with the simplified schematic below: 

 
Figure 39.  Simplified process flow diagram of an Aspen Plus model used to calculate energy requirement for the 

Soft Oxidation methane conversion process. 

The first reactor is highly endothermic and the second reactor is highly exothermic.  The two gas 
coolers have sufficient exotherms to provide the heat to the gas heater assuming 90% transfer 
efficiency.  As a result, the energy requirement was calculated to be (ΔHR1 + 0.9ΔHR2)/0.95.  
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With this methodology, the emissions were calculate to be 830mt CO2/day.  The full Aspen 
model has two recycle compressors of significant duty, 69MW and 111MW.  Using the Alberta 
grid intensity of 0.65mt CO2/MWh, the total CO2 emissions rise to a total of 3,655 mt/day, 
considerably greater than that of a typical SAGD facility.  These results are summarized in .  
This example highlights the importance of considering the CO2 emissions from balance of plant 
components.  Many of the pathways discussed in this report are at relatively low Technology 
Readiness Level (TRL) status eliminating the possibility of a full system balance of plant energy 
requirement analysis.   
Table 6.  CO2 emissions in the Soft Oxidation process related to the reactor versus the recycle compressors. 
 Theoretical Minimum 

CO2 emissions (mt/day) 
Soft oxidation reactor energy requirements 830 
Soft oxidation compressors 2825 
Total 3655 
 

  Techno-economic Analysis Spreadsheet  
  The Techno-economic analysis is attached separately as an Excel Spreadsheet 

  TEA Methodological Notes by Pathway 

A4.1.  Non-oxidative coupling pathways 
These direct conversion pathways are at early stage TRL levels with several gaps in 
demonstrated operating conditions, yields, selectivity, and conversions.  Economic estimates for 
these pathways are based on the available information from literature, as well as calculated heat 
of reactions and net process heat needed to drive reactions as explained previously.  In addition, 
assumptions have been made for recycling certain streams where single pass conversions are 
low, and where the co-product is a gas, either pressure swing adsorption or natural gas 
processing cryogenic gas separation is assumed as the unit operation in the final separation step.  
The resulting economic estimates are therefore subject to potentially significant estimation 
uncertainties.  These ancillary unit operations (recycle, compression, separation) have been 
simply assumed to scale by gas flow rates.  As such, significant further scrutiny should be given 
to any technologies of interest to ensure accuracy and optimize energy integration. 

A4.2.  Non-oxidative coupling: Electrochemical separation 
The analysis of this pathway assumes the reaction operates at 750oC with a single pass.  Direct 
methane firing is assumed as the process energy to obtain operating temperature, with an 80% 
efficiency and heat recovery.  Since hydrogen is separated directly, only methane and ethylene 
need separation.  A natural gas processing plant, which can be modular, is generally more 
economical than a cryogenic ASU, and is assumed as the gas separation technology.  Factors for 
natural gas processing were derived from Yaritani et al [56].   
In addition to direct costs for methane and electricity used in the process, operating costs are 
assumed to be 11% of methane raw material costs.  This is based on the standard ratio in the 
petrochemical industry of raw materials representing 90% of cash costs of production.  Non-raw 
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material operating costs are therefore 10% of cash costs and at steady state move at a ratio of 1:9 
with raw material costs.   
Capital costs are assumed to be similar to the non-oxidative coupling aromatization pathway and 
therefore the capital costs for this technology are assumed as an indicative measure of potential 
capital costs for this process [1].  In addition, scaled capital costs for natural gas processing were 
added and were estimated based on Oneok’s reported investment of USD $160 million for a 
90MMSCFD facility in September 2014 [57].   

A4.3.  Non-oxidative coupling: Selective membrane separation 
The analysis of this pathway assumes the reaction operates at 500oC with multiple passes given 
the low per pass conversion of 11%.  Direct methane firing is the process energy to obtain 
operating temperature, with an 80% efficiency and heat recovery.  Recycling has been assumed 
to continue until achieving 90% conversion of methane.  Residence time is assumed to be 100 
seconds, resulting in 20 passes per mole of methane feed.  Power required for compression and 
recycling has been included in operating costs along with indirect CO2 emissions.  Since 
hydrogen is separated directly, a natural gas processing plant is used to separate the ethane and 
unreacted methane.  Operating costs are estimated to be 11% of methane raw material costs.  As 
with the above non-oxidative coupling: electrochemical separation pathway, Aromatization 
capital costs have been assumed as indicative of this process.   

A4.4.  Non-oxidative coupling: Catalytic conversion 
The analysis of this pathway assumes the product mix is 52.7% ethylene and 47.3% benzene, 
operating at 1000oC.  Direct methane firing is used as the process energy to obtain operating 
temperature, with an 80% efficiency and heat recovery.  Two passes are modeled with a per pass 
conversion of 48.1% and 100 second residence time.  Given the need to separate hydrogen along 
with end products and methane, a cryogenic ASU is used.  Economic metrics (capital cost, power 
requirements and processing capacity) for the ASU are derived from NETL’s GTL report and 
scaled linearly for this application [2].  Operating costs are assumed to be 11% of methane raw 
material costs.  Capital costs for Aromatization process have been assumed as indicative [1].   

A4.5.  Non-oxidative coupling: Catalytic conversion to aromatics 
This pathway analysis assumes 100% selectivity to benzene at 1000oC reaction temperature.  
Direct methane firing is used as the process energy to obtain operating temperature, with an 80% 
efficiency and heat recovery.  Multiple passes are necessary given the maximum 15% conversion 
reported and associated power costs for compression and separation per pass are computed.  
Aromatization costs as reported in the Alberta Innovates Report [1] are utilized for capital costs 
and some operating costs with adjustments for the required compression and separation costs 
calculated.   

A4.6.  Non-oxidative coupling: Partial oxy-combustion with rapid quenching 
 This pathway analysis assumes the process is suspended at acetylene production at a 95% 
yield and 3,000oC reaction temperature.  Direct methane firing is used as the process energy to 
obtain operating temperature, with an 80% efficiency and heat recovery.  A single pass is 
anticipated as well as cryogenic separation of hydrogen, acetylene and unconverted methane.  
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Operating costs are assumed to be about 11% of methane raw material costs.  Capital costs for a 
Partial Oxidation Process are indicative of capital costs for this technology [1].   

A4.7.  Non-oxidative coupling: Plasma  
This pathway assumes reaction energy is derived from power with a 10% efficiency of electrical 
energy.  A single pass is anticipated as well as the cryogenic separation of end products.  Capital 
costs for a plasma process as reported in the Alberta Innovates Report [1] are indicative of this 
technology.   

A4.8.  Non-oxidative coupling: Electron beam 
This pathway assumes reaction energy is derived from power with a 20% efficiency of electrical 
energy.  Cryogenic separation of products is used and the capital costs for a plasma process are 
also assumed as indicative of this approach [1].   

A4.9.  Non-oxidative coupling: Microwave 
This pathway assumes process energy is derived from power, also with a 25% overall electrical 
efficiency factor, reflecting a 55% efficiency in convert electrical energy to microwaves factored 
by an assumed 45% efficiency for the microwaves converting methane into hydrocarbons.  
Capital costs for a plasma process are also assumed as indicative [1].   

A4.10.  Non-oxidative coupling: Ultraviolet light 
There is not enough information on the end product and yields of this pathway to model any 
reasonable estimates of economics.   

A4.11.  Electrochemical 
This process is estimated using data provided by GTI as reported to ARPE-e [57].  Power 
requirements were estimated by GTI to be 4,181 MWh/day for the production of 13 mt/day of 
H2.  Operating costs include the cost for this power, as well as make up water assuming 5% 
evaporative losses.  Capital costs are estimated using the Solid Oxide Fuel Cell (SOFC) stack 
costs reported in the literature [58]. 

A4.12.  Reforming + Fischer Tropsch 
This pathway had the largest amount of available information given its relatively long experience 
with commercialization.  While methane reforming followed by Fischer Tropsch to end products 
has been commercialized for diesel and other products, these plants generally do not make a H2 
product, given the H2 need for upgrading to end products.  In some instances, technology 
suppliers for new small-scale GTL plants were able to provide estimates of on-purpose H2 
production; however, in other instances, potential theoretical hydrogen production was estimated 
using overall process energy efficiencies.  These estimates in all cases should be considered 
indicative and would require further mass and energy modeling and validation.  A summary of 
the available data is shown in Table 7.   
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Table 7.  Summary of Data for Reformer to GTL. 

 
In the case of the traditional GTL plant (NETL study), an overall thermal efficiency of 67% was 
reported [50].  Assuming the ATR produces a 2.5:1 H2:CO ratio syngas, with 80% efficiency of 
H2 capture, a potential H2 production rate of 1.35kg/GJ CH4 is estimated.  A similar approach for 
estimating potential hydrogen yields were used with information reported by CompanyF in its 
investor materials.   
Both CompanyG and CompanyD supplied data directly to GTI indicating configurations where 
the on-purpose H2 would be produced and/or recovered from their process.  Their information is 
reported in Table 7.  In particular, CompanyD claims to be able to produce 6.26 kg H2/GJ CH4 
with a syncrude end product.  This is unique among the approaches and is reasonable given the 
lack of refining and hydrotreating necessary for the syncrude.  That said however, CompanyD’s 
capital cost estimate appears to be very low even accounting for the fewer unit operations needed 
in their process.  CompanyG similarly reported methane input flows as well as H2 and product 
out flows and CO2 emissions.  These data were used to construct factors, including kg CO2/GJ 
methane.   
To estimate this theoretical pathway, CompanyD’s information was used as the best case for H2 
production, with some adjustments, taking CompanyG’s factor for CO2 production since it was 
not reported directly by CompanyD and to adjust capital costs to a more reasonable, average of 
other processes.   

A4.13.  Reforming + syngas fermentation 
This pathway assumes an SMR for syngas production at a H2:CO ratio of approximately 4:1 with 
85% conversion efficiency of methane.  Energy balances for this step of the process are 
estimated from NETL sources [2].  However costs are reduced to reflect the reduction in scope 
of this unit operation.   
The syngas is then fed to a syngas fermentation step that biologically converts the H2, CO, and 
some of the CO2 in the syngas into ethanol.  According to a published study by CompanyN 
“electron production is thermodynamically more favorable from CO than from H2,” therefore it 
is assumed that all unconverted syngas is H2 [59].  Furthermore, the study reflecting on a 

Variable Unit NETL study Primus INFRA 
Tech 

Compact 
GTL

Velosys Average Best (INFRA Tech 
w/ adjustment)

Diesel/Gasoline/Crude per NG BBL/GJ 0.11                 0.06 0.06           n/a 0.10 0.08          0.06                             
H2 per NG input kg/GJ 1.35                 1.20 6.26           n/a 1.57           2.59          6.26                             

CO2 emissions per NG input kg/GJ 69 20                  n/a n/a n/a 44.36        19.72                           
Non-NG operating costs USD/BBL 15.68 n/a n/a n/a 15 15.34        15.34                           

Plant scale BBLD 50,003            1,930            3,020         2,500         2,500         11,991     3,020                           
Capital cost USD/BBLD 86,188            n/a 25,000       110,000     100,000    80,297     80,297                         

Estimate year 2011 2017 2017 2016 2012
Notes: Assumes H2 from 

uncoverted 
syngas; makes 
70/30 
diesel/gasoline 
mix

Modeled H2 
output; makes 
gasoline

Modeled H2 
output; 
makes 
Syncrude

Assumes H2 
from 
uncoverted 
syngas; 
makes diesel/ 
naphtha 

For 13 MT/hr H2:
Desired H2 kg/hr H2 13,000            13,000          13,000       n/a 13,000       13,000                         

NG feed GJ/hr 9,658               10,842          2,075         n/a 8,298         2,075                           
Diesel/crude/gasoline output BBLD 25,902            15,866          3,067         n/a 20,304       3,067                           

Capex MMUSD 2,232               n/a 77               n/a 2,030         246                               
Opex (ex-NG) MMUSD 133                  n/a n/a n/a 100             15                                 

CO2 emissions kg/hr 666,409          213,823       40,927                         
CO2 emissions MT/day 15,994            5,132            0 0 -             -            982                               

CompanyG    CompanyD   CompanyA   CompanyF 
Best 
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processing involving a front-end gasifier for syngas production, the "gasification energy 
efficiency is approximately 75%–80% depending on the carbon, moisture and ash content of the 
biomass feedstock. Overall plant energy efficiency (energy in feedstock converted to final 
product) of 57%."  From these efficiencies we can derive a syngas conversion efficiency of 71%.  
Additionally, the theoretical byproduct H2 production of the system can be derived to be 
approximately 1.7kg/GJ methane.   
Non-methane operating costs and capital costs are estimated using publically reported 
information about a similar syngas fermentation technology developed by Coskata [60] [61].   

A4.14.  SMR Hydrogen 
Costs from NETL’s August 2010 study [2] Case 1-1 were scaled linearly to the desired H2 
production rate.   

A4.15.  Soft oxidation 
The analysis of this pathway is based on a private communication with ComapnyH, as well as 
Aspen HYSYS modeling of recycling flows and necessary compression.  As with other 
pathways, there was insufficient information to estimate operating costs directly so they have 
been estimated as 11% of methane raw material costs.  Reported prospected capital costs of 
USD$75,000 per BBLD were scaled linearly.  In comparison with other technologies producing 
butane, these reported targeted capital costs appear optimistic.   

  TEA Assumptions 
• Oil production capacity = 33,000 BPD  
• Steam to SAGD (kg/h, 10MPa, dry cold water equivalent)  = 655,220 
• CO2 emissions (t/d)  

Direct (OTSG flue gas) = 2191 mt/day 
Indirect (from electricity use + natural gas production and delivery) = 328 mt/day 

• Grid intensity factor (t-CO2/MWh) = 0.65 
• Life of plant (years) = 30 
• Annual cost of capital = 10% 
• Operating and Maintenance costs (O&M) (% CAPEX) = 3% 
• Additional O&M for operational complexity (% CAPEX) =  1-2% 
• Capacity exponent for calculating CAPEX at varying capacity =  0.67 
• Technology risk contingency (% CAPEX) = 10%  
• Useful life of plant (years) = 30 
• Cost of natural gas ($/GJ) = 4 
• Cost of electricity ($/kWh) = 0.09 
• Cost of water ($/kg) = 1 
• Cost of boiler modification for combusting the use of hydrogen rich gas are not included 

in the analysis 
• Alberta location factors (e.g., low productivity, higher labor cost, winterization etc.) are 

not considered in the capital cost 
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  Out of Scope Technologies 
During the course of this literature review, many methane conversion routes and technologies 
were reviewed before determining that they are out of scope and did not comply with the 
constraints of the search (must produce hydrogen and a hydrocarbon).  Table 8 contains a list and 
description of technologies determined to be out of scope.  This list is not meant to be a 
comprehensive list of all methane conversion routes.   
Table 8.  List of select methane conversion routes that are out of scope. 
Pathway Reason for being out of scope 
Halogenation Produces water instead of hydrogen co-product 

Borylation Borylated products have not been successfully converted to hydrocarbons 

Metal Oxide Metal oxide catalyst needs regeneration and needs to be demonstrated with H2 
product  

Selective Partial Oxidation Routes typically do not produce hydrogen, if so the coproduce is CO, not a 
hydrocarbon, in that case the pathway is really reforming and must be 
augments with another technology to produce hydrocarbons 

Other electrochemical routes No hydrogen co-product 

Other biological routes No hydrogen co-product 

Biological production of H2 Produces CO2 instead of a hydrocarbon 

Other sulfur routes 
Steam Methane Reforming 

Produces water instead of a hydrogen byproduct 
Produces CO2 instead of a hydrocarbon 

A6.1. Halogenation  
One possible methane conversion pathway is by halogenation with fluorine, bromine, chlorine, 
or iodine [62] [63] [64] [65] [66] [67] [68] [69] [70] [71].  An advantage of this pathway is that it 
retains the chemical energy in some of the methane molecule’s C-H bonds.  The reaction scheme 
for this pathway is displayed in Figure 40.  The general pathway has three steps: halogenation of 
methane by reaction with F2 Br2, Cl2, or I2 followed by a coupling reaction, which can generate 
C2 or higher and a hydrogen halide acid (such as HF, HBr, HCl or HCl), the final step is the 
regeneration of the diatomic halogen from the acid.   

 
Figure 40.  Reaction scheme for methane conversion by halogenation. 

The scheme as presented in Figure 40 produces higher value hydrocarbons from methane but 
does not produce hydrogen gas.  The lack of hydrogen gas byproduct makes it out of scope for 
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COSIA’s oil sands operations.  The route to form water byproduct (as opposed to hydrogen gas) 
is the favorable route thermodynamically resulting in an overall exothermic reaction.  The 
regeneration step is exothermic and can be used to produce heat or electricity.  GTI found the 
regeneration step could be replaced with a theoretical step resulting in separate streams of 
diatomic halide and hydrogen gas and an overall endothermic process.  This theoretical step 
could be electrochemical and would replace the oxygen requirement with an electricity 
requirement, adding to cost and increased indirect CO2 generation.  The electrochemical 
production of F2, Br2, and Cl2 are established industrial processes. I2 is a solid below 114oC 
temperature making aqueous electrochemistry impractical.   
The reactions of methane with bromine or chlorine are mildly exothermic at around 500oC 
(ambient pressure), while the reaction with fluorine is highly exothermic.  The reaction with 
iodine is endothermic.  Chemistry involving bromine and chlorine is the most studied in the 
literature with bromine considered the most favored due to higher equilibrium conversion, 
selectivity, and ease of regeneration from the halide acid.  Presently the challenge to commercial 
viability is the over bromination to CH2Br2, dibromomethane (DBM).  DBM cokes the catalyst 
and is harder to convert to fuels or olefins.  Recent work has shown that a bromination in the 
presence of iodine (I2/Br2=1/9) increases selectivity against formation of DBM with conversion 
to CH3Br of around 80% [64].  Researchers at University of California Santa Barbara have 
shown conversion of CH4 to CH3Br and then subsequent conversion over a Ca-ZSM-5 reactor at 
400oC to C2-C5 compounds including ethylene, ethane, propylene, propane [71].  A disadvantage 
of this pathway is the necessity to handle corrosive compounds, resulting in serious safety 
considerations.  There is one company,CompanyO which reports to be licensing the technology.  
They have proven the technology in a 10 barrels per day demonstration plant, see Figure 41 and 
Figure 42, and have confirmed that hydrogen is not a byproduct.   

 
Figure 41.  From CompanyO GT-G2A Gas to Aromatic process . 
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Figure 42.  Photo of CompanyO’s 10barrel per day demonstration plant which uses methane bromination to 

produce a benzene product. 

Reactions with chlorine also present the possibility of making chlorinated polymers such as 
polyvinyl chloride (PVC) [65] [66] [67].  Methane has been reacted with carbon tetrachloride in 
a plasma atmospheric reactor and obtained the following product distribution listed in Table 9.  
The polymer was 34.8% carbon, 1.48% hydrogen, 63.9% chlorine.  NMR (1-D and2-D) and FT-
IR complement each other. The polymer is likely to be branched and to consist of some 
structural defects. Possible chain structures such as CH2Cl-(CH2CH2)nCH2Cl or (CH2CHCl)n 
have been proposed.  This route does produce byproduct hydrogen but will consume chlorine, 
requiring a local chlorine source.   

Table 9.  Product distribution and mass balance from plasma reactor. 
Feed Species Mass (mg) Product Species Mass (mg) 
CCl4 891 CCl4 (unreacted) 721 
CH4 92.8 CH4 (unreacted) 64.4 
  C2H4, C2H2 1.58 
  C2H6 0.05 
  C2H3Cl 1.38 
  CHCl3 25.5 
  CH2Cl2 1.04 
  C2H2Cl2 (1,1) 4.61 
  C2H2Cl2 (trans, 1,2) 0.45 
  C2H2Cl2  (cis 1,2) 0.62 
  HCl 721 
  C2HCl3 3.31 
  C2Cl4 5.68 
  H2 1.16 
  Polymer + Oligomer 41 

A6.2.  Boron (Borylation) 
One possible, but immature pathway for methane conversion is by borylation; the direct 
conversion of C-H bonds to C-B bonds [72] [73].  The route converts natural gas hydrocarbons 
to a boron bound intermediate which would then be converted in as second step to more valuable 
hydrocarbons, removing the C-B bond and restoring C-H bonds or creating C-C bonds.  The 
work in in this field is still in its infancy, there are not many publications on borylation and only 
the first step of C-H to C-B bond creation has been demonstrated.  No evidence of further 
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conversion to C-C bonds have been found while preparing this report.  The literature does state 
that the conversion of C-H bonds to C-B bonds is thermodynamically and kinetically favorable 
based on calculated bond energies, and is slightly exothermic or at least thermo-neutral.   

B2(OR)4 as B - Source    
CH4 + RO2B-BOR2  H3C-B(OR)2 + H-B(OR)2 ΔHo = -13kcal/mol 

104 kcal/mol  104 kcal/mol  111kcal/mol  110 kcal/mol  
 
HB(OR)4 as B - Source     

CH4 + HB(OR)2  H3C-B(OR)2 + H2 ΔHo = -1kcal/mol 
104 kcal/mol  110 kcal/mol  111kcal/mol  104 kcal/mol  

Daniel Mindiola at Penn State has recently shown up to 52% conversion of methane with 
[(CH3)4C2OB]2 over an iridium catalyst in cyclohexane at 150oC and 500psi, when allowed to 
react for 16 hours [72].  The primary product was H3C-BOC2(CH3)4.  Higher conversion rates 
and a proof of concept for the second step reaction to valuable hydrocarbons will be required 
before this pathway can be considered a viable pathway for natural gas conversion.  As a result 
this pathway is considered out of scope for natural gas decarbonization.   

A6.3.  Metal oxide 
One interesting pathway of note to convert methane to methanol is by using charged or 
uncharged metal oxides according to the following reactions:   

MO+ + CH4  M+ + CH3OH 
In certain circumstances the uncharged metals have been studied.  Metals studied have include 
Ca, Mn, Fe, Nb, Ta, Ti, Sc, Ti, V, Cr, Co, Ni, Cu [74] [75] [48] [76] [45] [46] [47] [48].  
Additionally more complex species have been studied including group 6 organometallics 
[LnM(Y)O]n (Ln: Tp = hydrido-tris(pyrazolyl) borate, Ep = 1,1,1-tris(pyrazolyl)ethane; M = 
CrIV, MoIV, WIV; Y = CO, pyridine, n = 1+ or 2+) [77].  Theoretical studies have suggested 
that several intermediate species are produced in the reaction mechanism.  Density functional 
theory calculations have shown that the reaction is uphill for ScO+, TiO+, VO+, CrO+, but 
thermodynamically favorable for FeO+, CuO+, NiO+, and CoO+.  The literature is limited to 
theoretical studies or small laboratory experiments, and is focused on the methane to methanol 
reaction.  On its own this reaction is out of scope for COSIA as it does not produce byproduct 
hydrogen.  The literature on regeneration of the MO+ catalyst from the M+ product is very 
limited.  If this regeneration step could be performed in a manner which produces hydrogen then 
it could be in scope for COSIA’s natural gas decarbonization study.  Theoretically the reaction 
could look like: 

M+ + H2O  MO+ + H2 
This route is not known to the authors of this report to be an area of study in the known 
literature.   

A6.4.  Selective partial oxidation  
Natural gas may be partially oxidized with oxygen to yield useful products according to the 
following reactions listed in Table 10.  Direct partial oxidation to methanol is usually performed 
at elevated pressures of 5-8MPa and temperatures at or below 475oC.  The conversions can be 
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catalytic or non-catalytic.  The reaction which forms methanol does not produce hydrogen which 
makes it out of scope for natural gas decarbonization.  Attempt to achieve satisfactory 
conversion and selectivity of the single reaction has so far not been successful.  An excellent 
review on partial oxidation routes to form methanol or formaldehyde has been written by da 
Silva [78].  Other reviews on the pathway have been written [79] [80].  They reported byproducts 
are typically CO or CO2, not hydrogen.  Conversions are typically low, around 5% with high 
selectivity towards methanol, with higher conversion comes lower selectivity and increased CO2 
production.   
CompanyP is commercializing a non-catalytic partial oxidation technology to produce a cocktail 
of 6.2 gallons methanol, 5.1 gallons formalin, and 0.4 gallons ethanol per thousand standard 
cubic feet per day (MSCF) of methane feedstock.  GTI has confirmed with CompanyP that 
hydrogen is not a byproduct and is therefore out of the scope of this project.  However,  they 
have performed field demos at the scale of 1 bpd, 40 MSCFD.  While the route is out of scope 
for COSIA’s natural gas decarbonization study it will produce waste heat which could be used to 
generate steam for SAGD use.   

Table 10.  Examples of some methane partial oxidation reactions.  Reproduced from [81] [78]. 

Reaction ΔGr
o/(kJ/mol) 

 298K 650K 700K 750K 800K 1000K 
CH4 + ½ O2  CH3OH -111 -93 -91 -88 -86 -76 
CH4 + ½ O2  CO + 2H2 -86 -152 -162 -172 -182 -222 
CH4 + O2  HCHO + H2O -288 -294   -295 -298 

There is a body of research using supercritical water as the reaction medium for partial oxidation 
of methane [82] [83] [84] [85].  This work has only been performed in laboratory bench top 
settings.  It is believed that the supercritical water will facilitate the removal of heat, theoretically 
enabling the reactor to operate at a high level of conversion and selectivity.  Oxygen, methane 
and methanol are miscible in supercritical water, therefore it is a single phase reaction, 
eliminating the complications of diffusion controlled kinetics.  It is also believed that the 
solvation effect of supercritical water protects the reaction intermediates against total oxidation 
to CO2.  It has also been reported that supercritical water prevents development of explosive 
regimes of methane oxidation.  The desired product is methanol, however carbon monoxide and 
carbon dioxide products are always observed.  Other co-products are hydrogen and 
formaldehyde depending on the reaction conditions.  With hydrogen as a co-product this 
pathway is potentially in-scope for COSIA’s interests.  Foster at University of New South Wales 
varied reactor conditions at 25,000kPa from 400-450oC and residence times of 6-32 sec [83].  At 
400oC and residence time of 32 seconds, they achieved CH4 conversion of 3.2%, with following 
selectivities:  CO 43%, CO2 23%, CH3OH 35%, H2 10%.  Other source have observed high 
selectivity towards methanol of 60-70% but at low conversion <1% and with no mention of 
hydrogen product formation [84].  While this pathway can make hydrogen, the selectivity of 
state-of-the-art is poor and the selectivity of CO and CO2 is high, therefore the route is not 
recommended for COSIA’s consideration.   

A6.5.  Electrochemical - out of scope 
There are multiple approaches for methane conversion to higher value fuels using 
electrochemical methods.  The only known routes which co-produce hydrogen are described in 
the main report.  The other approaches can be divided into three categories: high temperature 
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(700-1000oC), mid temperature (100-500oC) and low temperature (<100oC).  All of these 
technologies are in the low, <TRL 4 stage of research, exclusively limited to laboratory 
experiments.   
High temperature 

High temperature approaches require a ceramic ion conductor as the electrolyte, in contrast to 
lower temperatures which can utilize polymer membranes.  The disadvantages of high 
temperature approaches are: requirements to use high temperature compatible seals, and working 
with brittle materials.  The high temperature pathways can be divided into two categories, 
oxygen ion conducting and proton conducting.  Oxygen ion conducting ceramics have been 
commercialized through solid oxide fuel cell development.  A generalized diagram of the oxygen 
ion conducting mechanism is displayed in Figure 43.  Significant work has been performed by 
researchers at Tufts University [20] Nagoya University in Japan [86], University of Western 
Ontario [87] Imperial College of Science [88] UC Berkeley and LBNL [89], and Chulalongkorn 
University, Thailand [90].  These efforts are exclusively focused on oxidative coupling of 
methane.  The feed is methane and oxygen (from air) and the desired products are ethane, 
ethylene and water.  Undesired products which commonly are produced are CO and CO2.  
Carbon deposition is often a problem. There is no hydrogen byproduct.  Some overall 
generalized reactions are listed in Figure 43.   

Overall reactions 
2CH4 + ½ O2  C2H6 + H2O 
C2H6 + ½ O2   C2H4 + H2O 
CH4 + 3/2 O2  CO + 2H2O 
CH4 + 2O2   CO2 + 2H2O 

C2H6 + 7/2O2  2CO2 + 3H2O 

 
Figure 43.  Left: total cell reactions for high temperature electrochemical approaches for methane oxidative 

coupling.  Right: diagram of high temperature electrochemical oxidative coupling of methane. 

One advantage of this approach compared to traditional oxidative coupling is that air can be used 
rather than needing to use an ASU to generate pure oxygen.  Another advantage of this approach 
is that, since it is thermodynamically downhill, and in an electrochemical cell, power will be 
generated as it is technically operated in fuel cell mode.  The observed generated power densities 
are small, on the order of 0.1mW/cm2.  For a point of reference, a typical hydrogen fed fuel cell 
can easily have power densities greater than 500mW/cm2.  The low power densities will require 
very large surface areas to have significant methane conversion and power generation.  The large 
surface areas will lead to high capital costs.   
The high temperature oxygen ion conducting approach utilize the common solid oxide fuel cell 
electrolyte yttria stabilized zirconia (YSZ) to conduct oxygen anions.  The anode catalyst 
composition has been varied by the researchers: LaAlO [86], Ag/(Na or K)2/WO4/SiO2, [88], 
Mn-Na2WO4 [90].  The goal of the researchers is to achieve the highest conversion of CH4 with 
the highest selectivity towards ethane and ethylene, while avoiding CO2, CO, or C formation.  
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The selectivities of C2 formation highly depend on operating temperature, catalyst, and cell 
voltage.  The operating temperatures range from 700 to 1000oC, higher conversion and 
selectivity is often observed at the highest temperatures in the range.  Selectivities to C2s have 
been in the range of 30-90% with conversion rates of 10-30%.  Typically lower selectivities are 
observed at higher conversion rates.  The longest recorded stability was 29 hours [90].  The 
challenge for this technology is to achieve high conversion and high stability at the same time.   
Mid temperature 

There is a limited amount of literature available from researchers at Nagoya University in Japan 
using mid temperature (100-500oC) proton conducting solid acid Sn0.9In0.1P2O7, to produce 
methanol from methane [91] [92].  The reactions are listed Figure 44 below and do not co-
produce hydrogen, in fact they consume hydrogen, and suggest electrochemical water splitting as 
the source of hydrogen.  The authors used a Pd-Au-Cu/C  or a V2O5/SnO2 anode catalyst and 
methanol production verified by two GCs.  At 300-500°C, the maximum methanol yield was 
0.01% and the selectivity was up to 100%.  The only other product detected was CO2.  The 
electrical current efficiency was reported to be 61.4%. 

Anode:  
H2  2H+ + 2e- 
CH4 + O*  CH3OH 
 
Cathode: 
 O2 + 2H+ + 2e-  H2O2  O* + H2O  
 
Total:  
CH4 + O2  CH3OH 
  

Figure 44.  Proposed electrochemical reaction mechanism making methanol from methane, water, and oxygen at 
temperatures between 100 and 500°C [91] [92]. 

Low temperature 

There are two known low temperature (<100°C) approaches to electrochemically convert 
methane to methanol, one performed by University of Connecticut and the other by GTI.  The 
two groups have collaborated in the past.  The GTI route has been described in the main report.  
The University of Connecticut used a carbonate ion conducting membrane and applied voltage of 
1.25-2.0V and methanol was reported as the product [93]. In another publication they have 
observed methanol along with byproducts: formaldehyde, CO and formate/formic acid, 
isopropanol, acetate/acetic acid, acetone, and ethanol [94].  The products were confirmed by 
NMR and mass spectrometry.  The catalyst was NiO-ZrO2.  This carbonate ion conducting route 
has a cathode that is fed with air and carbon dioxide, consumes oxygen and does not co-produce 
hydrogen, see Figure 45.   
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Figure 45.  University of Connecticut’s electrochemical route to produce methane from methanol using the 

carbonate ion conducting membrane at low temperatures [93] [94]. 

A6.6.  Other biological routes 
The most popular biotechnological routes can generally be grouped into four categories which 
are listed in Table 11.  None of the routes reviewed will co-generate hydrogen and a hydrocarbon 
products from methane.  The only in-scope process has been described above (methane  
syngas  reactor preferentially consuming CO over H2) which is not operating as designed.  
Biological routes to convert methane to higher value products commonly utilize aerobic 
methanotrophs which require oxygen (from the air) in a ratio of about 1:1 [51] [52] [53] [54] 
[55].  With the methane and air in the gas phase and the methanotrophs suspended in an aqueous 
solution the challenges of mass transfer and product separation are significant, resulting in poor 
volumetric productivity, high operational costs.  Another challenge is biocatalyst instability.  The 
actual routes for conversion are complex and beyond the scope of this report.  Reported products 
have been methanol, ethanol, butanol, lactic acid, succinic acid, 1-4 butanediol, isobutanol, 
isoprene, farnesene.  These routes do not co-produce hydrogen and are out of scope.   
Table 11.  Four types of biotechnology processes. 

Aerobic Processes Anaerobic Processes 
Monoxygenese 
Consumes methane and oxygen, produces 
methanol, heat, and water. 

Clostridium 
Consumes syngas and produces acetic acid, 
engineered to produce methanol or ethanol.   

Hydrogenase, Knallgas Bacteria 
Consumes H2 

Methanogenic Archaea 
Consume H2 and CO2, produce CH4. 

Whether the environment is aerobic or anaerobic the reaction requires an electron acceptor.  If 
methane is oxidized, then another species must be reduced.  Common species are 

SO4
2-  HS- 

NO3
-  N2 

O2  H2O 
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One advantage of anaerobic conditions is that the elimination of the need to diffuse oxygen and 
monitor flammability limits, however there does need to be a sustainable source of SO4

2- or NO3
-

. The resulting products would be methyl amines or methyl sulfides.   
GTI has surveyed seven biotechnology companies which claim to use microorganisms to 
produce value added products.  GTI asked if natural gas (methane) could be used as a feedstock 
and if there was any possibility of co-producing hydrogen.  The responses are listed below in 
Table 12.  All seven of the companies stated that co-production of hydrogen was not possible 
using their biological systems technologies.  In many cases if hydrogen was present it would be 
consumed.  A few of the companies, CompanyN, CompanyQ, and CompanyR, utilize syngas 
rather than methane directly.  These biological systems utilize the anaerobic bacteria clostridium 
which prefer to consume the carbon monoxide in the syngas over the hydrogen.  Typically the 
biotech companies try to engineer the system to consume more hydrogen, operating in this way 
would simplify the system.  CompanyN has confirmed that the reactor can utilize a CO rich 
feedstock and would not require all the hydrogen present in a syngas feed generated from 
methane reforming.  This theoretical pathway has been described in the main document.   
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Table 12.  Partial list of biotechnology companies using microorganisms to produce value added products. 
Company  Technology Description Response regarding hydrogen co-production 
CompanyN 
Skokie, IL 

Converts CO/H2/CO2 to fuels and 
chemicals using gas fermentation.  
CH4 is inert in the systems, it 
must first be reformed to CO/H2 

Maybe.  Hydrogen is a feedstock and is normally 
consumed.  Only co-production route would be to 
produce syngas, separate H2 and feed only CO to the 
process.  CO rich feed is viable per discussions with 
VP of Business Technology, minimal H2 is required to 
satisfy stoichiometry. Possibly could fine tune to allow 
H2 to pass through unreacted.  The CO will be 
sequestered to Ethanol.   

CompanyQ 
Warrenville, IL 

Syngas is generated and then fed 
to a bioreactor where it is 
converted to liquid fuels. 

No.  Process consumes over 90% of H2 in the syngas.  
Separation of H2 in syngas or in the product (unreacted 
H2) is not in their technical plan according to Direct of 
Process Engineering.  

ComapnyR 
Lisle, IL 

Gasification of biomass to syngas 
then conversion to bioethanol 
using proprietary bacteria.   

No.  Process consumes hydrogen.  Would need H2 
separation as described above.   

CompanyS 
San Francisco, 
CA 

Biological process converts 
methane to PHB, a natural and 
biodegradable polymer.  

No.H2 production not possible via email from VP of 
Customer Engagement.   

CompanyT 
Costa Mesa, CA 

Captures methane and reacts it 
with atmospheric O2 and 
biocatalyst to produce a polymer 
called AirCarbon.  Presently 
licensed by IKEA 

No.   

CompanyU 
Menlo Park, CA 

Biological route to produce 
fishmeal from methane.   

No.  According to Chief Technology Officer, the 
process does not produce hydrogen.  The process uses 
methanotrophs in an aerobic system.  The biological 
processes that produce H2 are anaerobic systems and it 
would be hard and very risky to link the two systems 
together.   

CompanyV 
Germantown, MD 

Laboratory scale bioconversion of 
methane to farnesene, a chemical 
intermediate for production of 
diesel, lubricants, plastics, rubber 
and specialty cosmetics. 

No.  Reactor has high energy and hydrogen input 
requirements.   

A6.7.  Biological production of hydrogen 
There are three biological routes to produce hydrogen [95] [96].   

• Bio-photolysis 
• Dark Fermentation 
• Photofermentation 

None of these routes are in-scope for natural gas decarbonization but are included for educational 
purposes.  In biophotolysis microalgae split water to produce separate streams of hydrogen and 
oxygen, as the feedstocks are water and sunlight, not natural gas, this route does not apply to 
natural gas decarbonization technologies.  In photofermentation bacteria decompose small 
organic molecules in the presence of light to produce hydrogen and carbon dioxide according to 
the following example reaction: 

2CH3COOH + 4H2O  8H2 + 4CO2 
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The feedstock includes carbohydrates, fatty acids but not natural gas, making photofermentation 
out of scope for natural gas decarbonization.  The route is also out of scope as it does not 
produce a hydrocarbon.   
Dark Fermentation uses anaerobic bacteria and hydrogenase enzymes.  If any methanogens are 
present the hydrogen formed will be consumed and converted to methane, therefore purity is 
essential resulting in expensive feed pretreatment steps.  The preferred feedstock for dark 
fermentation is carbohydrates and glucose, however cellulose and starch containing materials can 
be utilized as well.  Example feedstocks are molasses, plant biomass, algae biomass, food waste, 
some polymers, and organic industrial wastes such as dairy, palm oil, glycerol waste.  The 
byproduct is carbon dioxide which is produced in the same reactor, necessitating costly 
separation.  Methane or natural gas is not known as a feedstock which can be utilized for dark 
fermentation to produce hydrogen.  Because natural gas is not a known feedstock and the only 
co-product is carbon dioxide, this route is out of scope for COSIA’s needs.  Hydrogen 
production via dark fermentation is complex involving various bacteria through a series of 
biochemical reactions and since it is out of scope, the steps will not be described in this report.  
A general flow diagram is provided in Figure 46.   
 

 
Figure 46.  Flow diagram of the dark fermentation process. 

A6.8.  Other sulfur routes 
In addition to the soft oxidation approach described in the main document, there are at least two 
other technologies for methane conversion to higher value products using oxidation with sulfur 
based compounds to form an intermediate product.  The routes involve either the formation of 
methane sulfonic acid (MSA) or carbon disulfide (CS2). The route forming the intermediate 
MSA is being commercially developed by CompanyW.  The MSA can be thermochemically 
converted to dimethyl ether and SO2 in a second reactor.  In a third reactor the SO2 is reacted 
with air to form SO3 which can be recycled back to the first reactor.  The reactions are:   

CH4 + SO3  CH3SO3H (MSA) 
CH3SO3H + Heat  DME + SO2, 

SO2 + Air  SO3 
A recent phone call with CompanyW has confirmed that hydrogen cannot be co-produced using 
this technique, therefore making it out of scope for COSIA.   
The routes to produce carbon disulfide were explored in the 1990s and is regaining interest lately 
[97].  The carbon disulfide is then oligomerized and hydrogenated to form higher value 
hydrocarbon chains in a second reactor.  There are two known reactants to perform this route 
elemental sulfur and hydrogen sulfide.  The hydrogen sulfide route, soft oxidation, has been 
described in the main document.  Elemental sulfur routes have been explored by the University 
of Virginia, Northwestern University, and Monash University (Australia) [97] [98]  .  The 
reactions for elemental sulfur are displayed in the left side of Table 13.  They do not co-produce 
hydrogen and are therefore out of scope for COSIA’s interests.   
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Table 13.  Comparison of the reaction of methane with elemental sulfur (left) versus hydrogen sulfide (right). 

Elemental Sulfur as Reactant Hydrogen Sulfide as the Reactant 
(Soft Oxidation) 

CH4 + 2S2  CS2 + 2H2S 
2CH4 + S2  C2H4 + 2H2S 
2CH4 + ½ S2  C2H6 + H2S 
C2H6 + 1/2 S2   C2H4 + H2S 
CH4 + ½ S2  CH3SH  
C2H4 +3S2  2CS2 + 2H2S 
 
Regeneration 
2H2S + O2  S2 + 2H2O 

CH4 + 2H2S  4H2 + CS2   
 
Regeneration occurs during 
oligomerization and hydrogenation 
CS2 + 3H2   -[CH2]-  +  2H2S 
 
There will be one H2 in the 
product stream for every one CH4 
reacted.   

 

A6.9.  Steam Methane Reforming 
Traditional steam methane reforming (SMR) could be considered a pathway to decarbonize 
natural gas to a hydrogen product, though the route is out of scope for this project as it produces 
byproduct CO2 rather than a useful hydrocarbon product.  Similar to the above exercise, the 
minimum CO2 emission calculation has been performed for SMR using the flowsheet below.   

 
Figure 47.  Simplified Aspen plus model of a SMR system. 

GTI used the DOE/NETL-2010/1434 report conditions for SMR [2].  GTI found the heat 
released in ΔH4 and ΔHWGS is roughly equivalent to provide the heat required to heat the water 
(ΔH3) for the water gas shift reaction.  Therefore, the calculation for minimal energy requirement 
became (ΔHhtr+0.9ΔHc)/0.95 + ΔHSMR/0.95, the same as above.  These results are summarized in 
Table 14.  The resulting CO2 emissions for the heat requirement is only 559mt CO2/day, 
however the CO2 in the product is 1,703mt/day, and the values total to 2,262mt/day.  This 
exceeds the current SAGD CO2 emissions.  Using the NETL report the actual SMR CO2 
emissions scaled to produce the hydrogen required for SAGD facilities is 3,056mt/day, 35% 
higher than the calculated theoretical minimum.  The NETL report states the CO2 emissions 
related to the heat required to heat the SMR reactor are 918mt CO2/day.  This does not account 
for the energy required to heat steam to 400°C.  The 918mt CO2/day value is 64% higher than 
the calculated theoretical minimum (559mt CO2/day).  
   
Table 14.  Summary of Theoretical Minimum CO2 emissions of SMR compared to actual as in DOE/NETL-
2010/1434 [2]. 
 Theoretical 

Minimum CO2 
emissions 

Actual CO2 
emissions 
(mt/day) 

% diff 
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(mt/day) 
SMR reactions heat and product CO2 2262 3056 35% 
SMR reactor heat requirement 559 918 64% 
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Technology Readiness Level Descriptions 
TRL descriptions vary across different organizations.  We used the following TRL definitions in 
this report.   

 

  

 Technology Readiness Levels 
Level 9.  Actual technology proven through successful deployment in an operational setting  
Actual application of the technology in its final form and under real-life conditions, such as those 
encountered in operational tests and evaluations. Activities include using the innovation under 
operational conditions. 
Level 8.  Actual technology completed and qualified through tests and demonstrations 
Technology has been proven to work in its final form and under expected conditions. Activities 
include developmental testing and evaluation of whether it will meet operational requirements.  
Level 7. Prototype ready for demonstration in an appropriate operational environment  
Prototype at planned operational level and is ready for demonstration in an operational 
environment. Activities include prototype field testing.  
Level 6. System/subsystem model or prototype demonstration in a simulated environment  
A model or prototype that represents a near desired configuration. Activities include testing in a 
simulated operational environment or laboratory.  
Level 5. Component and/or validation in a simulated environment  
The basic technological components are integrated for testing in a simulated environment. 
Activities include laboratory integration of components. 
Level 4. Component and/or validation in a laboratory environment  
Basic technological components are integrated to establish that they will work together. Activities 
include integration of “ad hoc” hardware in the laboratory.  
Level 3. Analytical and experimental critical function and/or proof of concept  
Active research and development is initiated. This includes analytical studies and/or laboratory 
studies. Activities might include components that are not yet integrated or representative. 
 Level 2. Technology concept and/or application formulated  
Invention begins. Once basic principles are observed, practical applications can be invented. 
Activities are limited to analytic studies.  
Level 1. Basic principles of concept observed and reported  
Scientific research begins to be translated into applied research and development. Activities might 
include paper studies of a technology’s basic properties 
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