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Disclaimer 
 
This Report was prepared as an account of work conducted by Alberta Innovates – Technology Futures 
(AITF). The purpose of this Report is limited to improving the understanding of natural gas 
decarbonisation technologies for SAGD steam generation and greenhouse gas emissions reduction. All 
reasonable efforts were made to ensure that the work conforms to accepted scientific, engineering and 
environmental practices, but AITF makes no representation and gives no other warranty with respect to 
the reliability, accuracy, validity or fitness of the information, analysis and conclusions contained in this 
Report. The analysis contained in this report is based on the information provided by the technology 
proponents, but this information was not independently verified. Any and all implied or statutory 
warranties of merchantability or fitness for any purpose are expressly excluded. The reader 
acknowledges that any use or interpretation of the information, analysis or conclusions contained in this 
Report is at his/her own risk. Reference herein to any specified commercial product, process or service 
by trade name, trademark, manufacturer or otherwise does not constitute or imply and endorsement or 
recommendation by AITF. 
 
AITF confirms that COSIA is entitled to make such additional copies of this Report as they may require, 
but all such copies shall be copies of the entire Report, except where such extracts are necessary for 
maintaining the confidentiality of the information provided in the report. These exceptions will be 
agreeable to both AITF and COSIA. Any authorised copy of this Report distributed to a third party shall 
include an acknowledgement that the Report was prepared by AITF and shall give appropriate credit to 
AITF and the authors of the Report. 
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Executive Summary 
 
Canada’s Oil Sands Innovation Alliance (COSIA) received a number of technology proposals for its call for 
natural gas decarbonisation technology challenge. Technology development proposals from Atlantic 
Hydrogen (partial oxidation and plasma), KW Melnyk and Associates (plasma), Pioneer Energy 
(aromatisation), University of Alberta (molten metal bath and partial oxidation), and University of 
Kentucky (fluidised bed) were received. Among these, aromatisation, partial oxidation and plasma 
technologies were reviewed for technology assessment and cost of CO2 avoidance calculation. The 
SAGD-OTSG steam generation without post combustion CO2 capture case in the Jacob’s 2013 
Electrochemical Membrane Evaluation Study was used as the Reference Case for calculating and 
comparing the cost of CO2 avoidance. This study assessed CO2 emissions only, and did not assess other 
greenhouse non-greenhouse gases, and broader environmental and safety issues related with the 
proposed technologies.  
 
Technology maturity assessment considered the current state of research by the proponents, 
advancements in research elsewhere and the status of known and proposed commercial operations 
using same or similar technology as the ones proposed.  Various technologies are ranked as follows 
using COSIA’s 4D-technology readiness model: aromatisation technology, TRL3, partial oxidation 
technology, TRL5/6, plasma technology, TRL 5, and molten metal bath technology, TRL3.   
 
Additional research and scale up is required for adopting these technologies for SAGD steam generation. 
Some key research areas include re-modelling the technologies with steam generation as the primary 
output, and CO2 abatement and avoidance cost reduction as the end goal. Specific areas for scale up 
research include: 
 

1. optimising benzene and hydrogen yield and recycle ratio of reactor off gas, quantifying parasitic 
energy for hydrogen separation from reactor off-gas, and investigating catalyst performance 
and regeneration (aromatisation technology);  

2. reconfiguring process for steam generation and utilising excess heat from reactor off-gas for 
improving process efficiency and verifying water requirement for carbon black quenching prior 
to exit from reactor and for post-processing of carbon black for (partial oxidation technology); 
and  

3. investigating that the plasma reactor does not experience operational challenges similar to 
those faced by Kvaerner (puffing in reactor) and scaling up the reactor to a size that is 
appropriate for SAGD steam implementation (plasma technology).  

 
Prior to establishing a cost model for the avoidance cost calculation, theoretical models of OTSG steam 
generation with natural gas and OTSG steam generation with thermally decarbonised natural gas were 
analysed to validate the utility of decarbonisation technology in abating CO2 emissions from SAGD steam 
generation. In these simulations, a 33,000 barrels per day SAGD project producing steam natural fired 
OSTG at steam oil ratio of 3 was selected.  The results of the theoretical models indicate that with 
thermal decarbonisation (1) total methane consumption increases by 70% and (2) direct CO2 emissions 
decrease by 67% compared with those in the OTSG steam generation without post combustion capture 
case. It should be noted that about 18 MW of enthalpy flow in the produced solid carbon stream (at 
1,300˚C carbon temperature) is unutilised for heat recovery to offset natural gas usage as it presents 
technical challenges for material handling and heat exchange systems.  
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The economic case for decarbonisation technologies benefits from the revenue generated from the sale 
of by-products: benzene in the case of aromatisation technology and carbon black in the case of partial 
oxidation and plasma technologies. The cost of CO2 avoidance varies between -$90/t-CO2 and $320/t-
CO2 for aromatisation technology; -$77/t-CO2 and $206/t-CO2 for partial oxidation technology and 
$72/t-CO2 and $368/t-CO2 for plasma technology (a negative value means revenue) when compliance 
costs for CO2 emission are ignored. The lower and upper limits of the costs correspond to revenue 
generated from product sale at zero and current market prices, respectively. The plasma technology is 
penalised because of high electricity consumption resulting in much higher indirect CO2 emissions. This 
technology would benefit from electricity generated from renewable energy or when the grid emission 
intensity in Alberta declines from the present intensity of 0.65t-CO2eq/MWhe. Additionally, the cost 
calculated in this study should be interpreted as an order-of-magnitude estimate only as all the 
reviewed technologies are at an early stage of development (TRL 6 or lower).  
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1 Background and Objective 
 
Fossil fuel decarbonisation is often positioned as an alternative to CO2 capture and storage (CCS) for 
managing greenhouse gas emissions (GHG) (e.g., Tasneem Abbasi, S.A. Abbasi (2011)). Among the fossil 
fuel decarbonisation technologies, decarbonisation of natural gas is of particular interest to the oil sands 
because of its dependence on the combustion of natural gas for supplying heat. 
 
Canada’s Oil Sands Innovation Alliance (COSIA) received a number of technology proposals for its call for 
natural gas decarbonisation technology challenge1. Technology development proposals from Atlantic 
Hydrogen (partial oxidation and plasma), KW Melnyk and Associates (plasma), Pioneer Energy 
(aromatisation), University of Alberta (molten metal bath and partial oxidation), and University of 
Kentucky (fluidised bed) were received. The economic case for decarbonisation technologies benefits 
from the revenue generated from the sale of by-products: benzene in the case of aromatisation 
technology and carbon black in the case of partial oxidation and plasma technologies. Therefore, the 
objective of this study is to investigate the technical and economic feasibility of the proposed 
technologies as alternatives to amine based post combustion CO2 capture for SAGD steam generation. 
 
Information regarding an integrated upgrading and decarbonisation technology concept was also 
received from CarbonTwice. However, their technology was not reviewed because it applied to the 
production aspect of SAGD, which was explicitly excluded from the scope of this study. 
 

2 Study Scope, Basis and Assumptions 
 
The scope of the study is limited to the undertaking a high-level technical and economic investigation of 
the proposed technologies based on information provided by the technology proponents. This is purely 
a theoretical investigation and the project team did not experimentally verify the claims made in the 
proposals. However, the project team had technical discussion with each technology proponent for 
understanding and clarifying the information they provided. 
 
Therefore, the scope of the study was to: 
 

• Conduct a theoretical modelling of OTSG steam generation and OTSG steam generation with 
natural gas decarbonisation; 

• Provide a literature review of natural gas decarbonisation technologies;  
• Review and compare decarbonisation technologies proposals received by COSIA; 
• Calculate the cost of CO2 avoidance for the top three technologies, namely, aromatisation, 

partial oxidation and plasms decarbonisation; and  
• Conduct an IP review of the application area. 

  
 
                                                           
1 See http://www.cosia.ca/uploads/files/challenges/ghg/Challenge%20008%20-%20GHG%20-
%20Natural%20Gas%20Decarbonisation.pdf 
 

http://www.cosia.ca/uploads/files/challenges/ghg/Challenge%20008%20-%20GHG%20-%20Natural%20Gas%20Decarbonization.pdf
http://www.cosia.ca/uploads/files/challenges/ghg/Challenge%20008%20-%20GHG%20-%20Natural%20Gas%20Decarbonization.pdf
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Many assumptions were made to simplify the analysis. The SAGD-OTSG steam generation without post 
combustion CO2 capture case in the Jacob’s 2013 Electrochemical Membrane Evaluation Study was used 
as the Reference Case for calculating and comparing the cost of CO2 avoidance. Since the Jacobs Study 
uses a 33,000 barrels per day (BPD) SAGD facility with a steam-to-oil ratio (SOR) of 3 as the basis, the 
process for each technology was approximately sized to provide the same heat input to the boiler as 
that required in the Jacobs study. The amine based post combustion CO2 capture case (PCC) was 
remodelled using this study assumption in order to verify the reasonableness of the financial model 
constructed in this study. However, the base parameters for the PCC case (mass and energy balance, 
electricity consumption, CO2 emission and capital cost) were the same as those in the Jacobs Study  
 
These assumptions are listed next.  
 
Assumptions in the Jacobs OTSG steam generation case (used as the Reference Case in this study): 
 

• Oil production capacity = 33,000 BPD  
• Steam to SAGD (kg/h, 10MPa, dry CWE)  = 654,512 
• CO2 emissions (t/d) 

Direct = 1,765 
Indirect (from electricity use + natural gas production and delivery) = 306 

• Grid intensity factor (t-CO2e/MWh) = 0.88 
• Life of plant (years) = 30 

 
Assumptions in the OTSG steam generation + post combustion CO2 capture using amine in Jacobs Study: 
 

• Oil production capacity (BPD) = 33,000  
• Steam to SAGD (kg/h, 10MPa, dry CWE)  = 654,512 
• CO2 captured specification = Meets Kinder Morgan specs 
• Amine concentration (%) = 30  
• CO2 capture (%) = 90 
• CO2 emissions (t/d) 

Direct = 2,270 
Indirect (electricity use) = 684 

• CO2 captured (t/d) = 2,043 
• Grid intensity factor (t-CO2/MWh) = 0.88 
• Life of plant (years) = 30 
• Cost of capital (%) = 12 
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System boundary for this study (dotted rectangle): 
 
  
 
 
 
 
 
 
 
 
 
 
 
Assumptions made in this study: 
 

• CO2 emission for Reference Case (Jacobs OTSG steam generation) 
Direct (t/y) = 644,225 
Indirect (t/y) = 111,690* (*This value was adjusted in the cost calculations for accounting for a 
lower CO2 emissions factor for grid electricity than the one used in the Jacobs study) 

• Alberta grid CO2 intensity (t-CO2/MWh) = 0.65 
• Annual cost of capital = 10% 
• O&M (% capex) = 30% 
• Additional O&M for operational complexity (% capex) = 5% 
• Capacity exponent for calculating capex at varying capacity =  0.6 
• Technology risk contingency (% capex) = 10% (This remains same for the reviewed technologies 

although they are at different TRLs. This factor was not used for the PCC case) 
• Useful life of plant (years) = 30 
• Sale price of carbon ($/t) = 900 
• Sale price of benzene ($/t) = 600 
• Cost of natural gas ($/GJ) = 4 
• Cost of electricity ($/kWh) = 0.09 
• Cost of water ($/kg) = 1 
• GHG compliance consideration is not included because any new facility that will generate 

hydrogen also consumes energy and will need to meet the Alberta Specified Emitter’s 
Regulation (inside or outside fence facility) 

• Cost of boiler modification for combusting the use of hydrogen rich gas not included in the 
analysis 

• Alberta location factors (e.g., low productivity, higher labour cost, winterization etc.) are not 
considered in the capital cost 

• Economic factors used are the same as the 2015 Jacobs Study and no inflation adjustments were 
applied 
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3 Technology Review 
 
This section provides an overview of methane decarbonisation technology (thermal and plasma) and 
methane aromatisation technology. These technologies were selected because they represent the 
general class of technologies under which majority of the proposals for natural gas decarbonisation can 
be grouped. The broader understanding of technical issues and maturity from this section was used to 
rank the proposed technologies on the TRL scale2.   

3.1 Overview 
 
The decomposition of the methane molecule (and other hydrocarbon constituents in natural gas) into 
elemental carbon and hydrogen when sufficient quantity of thermal energy is available for the reaction 
is the principle behind the decarbonisation of natural gas. The produced carbon can end up in either of 
the solid carbon utilisation pathways (e.g., use in paints, pigments, tyres etc.) while hydrogen can be 
combusted to generate carbon emissions free steam. The enthalpy of reaction for the decomposition of 
methane, the primary constituent of natural gas, is 75.3 kJ/mol. The reaction is endothermic; therefore, 
thermal energy is supplied for splitting the molecule into elemental carbon and hydrogen. This process 
is also generally referred to as thermal cracking of methane. 
 
The hydrogen rich syngas (composition depends on reaction conditions and percent conversion of 
methane) can be used as a combustible gas for steam generation in SAGD operations. The production of 
solid carbon and lower CO2 emissions compared with the Reference Case is the fundamental advantage 
of this method compared with hydrogen production via steam methane reforming.   
 

3.2 Thermal Decomposition of Natural Gas/Methane 
 
Methane decomposes as per the reaction: 
 

CH4C + 2H2 (ΔH = 75.3kJ/mol) 
 
Methane starts to decompose at temperatures around 500 ˚C, but the percent decomposition is low at 
lower temperature (Marcus Rager-Pintila, 2012).  
 

 

                                                           
2 See Appendix 1 for TRL description. 
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Figure 1: Equilibrium Conversion Percent (volume basis) Methane at Different Temperature and Pressure                              

(Source: Marcus Rager-Pintila, 2012) 

Figure 1 is the graph for the equilibrium percent conversion (volume basis) curves at varying 
temperature and pressure for methane. For a methane decarbonisation process to operate close to 
atmospheric pressures, temperatures around 800 ˚C and above are required. Also see Figure 2, which 
presents the same information in terms of the equilibrium constant Kp.  
 

 

Figure 2: log10(Kp) for Methane Decomposition vs Temperature                                                                                                             
(Source: Marcus Rager-Pintila, 2012 

In the context and scale of SAGD steam generation, thermal decomposition of natural gas is similar to 
the process of producing carbon black using natural gas as the feedstock. The carbon black thus 
produced is called ‘thermal black’.  However, there is a significant difference in the final objectives of the 
carbon black and natural gas decarbonisation processes: The carbon black process aims to optimise the 
quality of the carbon produced (maximise revenue from the sale of carbon), whereas the natural gas 
decarbonisation aims to minimise the cost of CO2 avoidance for steam generation. In the conventional 
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carbon black process, the furnace alternates between heating (combustion) and decarbonisation 
processes. CanCarb of Medicine Hat, Alberta, is one of the major carbon black producer globally that 
uses natural gas as the feedstock. Other than CanCarb, only one more operation may be using methane 
as the feedstock for carbon black production, but the name of the company could not be verified from 
publicly available information. Additionally, CanCarb declined AITF’s request for an interview for seeking 
clarifications around technical issues. Appendix 1 provides an overview of different methods for carbon 
black production. 
  

3.2.1 Technical Issues 
 
The reactor used for carbon black production is a refractory lined tubular reactor; it is expected that the 
design of the reactor for methane cracking would be similar to the design of the tubular refractory lined 
reactor. The design of the reactor is dependent on reaction kinetics. The kinetic models for methane 
decomposition are being refined for maximising hydrogen production. Therefore, reactors for cracking 
methane that have SAGD steam generation as the ultimate goal have not been commercially designed 
and significant R&D would be required to design and optimise these reactors.   
  
Reactor design and operational optimisation is a function of operating temperature, pressure and 
residence time. Recent research (Maryam Younessi-S et al, 2009) has experimentally confirmed that at 
temperatures less than 1200 ˚C, rising temperature and decreasing pressure increases hydrogen yield 
during methane cracking. Further, for a constant pressure, the hydrogen yield drops when the 
temperature exceeds a certain value (critical temperature). This is because of the formation of other 
species such as acetylene. This critical temperature increases with increase in pressure. On the other 
side, lower pressures result in an increase in the reactor residence time. Lastly, at temperatures around 
1600 ˚C, the hydrogen yield is very close to equilibrium yields at all pressures and with small residence 
times.  Natural gas demonstrates a thermodynamic behaviour very similar to that of methane and the 
hydrogen yield from natural gas is very close to that from methane.   
 

3.2.2 Technical Maturity 
 
The process of thermal decomposition of methane for SAGD steam generation can be considered as 
consisting of three different processes – (1) methane cracking, (2) carbon processing and (3) using 
hydrogen rich off-gas for steam generation. 
 
The carbon processing and using hydrogen rich syngas for combustion are mature technologies. Carbon 
black processing involves filtering carbon from the reactor off-gas (bag filter or cyclone), densifying 
carbon powder (extruder), followed by granulation and packing. All of these processes are technically 
well understood and commercially available (See Appendix 2 for an overview of the various steps in 
carbon processing).  
 
Natural gas and hydrogen mixtures (hydrogen as 10-15% volume) do not pose any technical challenges 
for combustion for OTSG steam generation. Although the composition of the syngas from the 
decarbonisation technology is unknown at this time, hydrogen rich syngas can be combusted by diluting 
with natural gas or air, and commercial solutions exist for managing technical issues that may arise. An 
overview of technical concepts related with hydrogen combustion is provided in Chapter 3.5. 
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3.3 Plasma Based Decomposition of Natural Gas 
 
Plasmas are extremely effective in producing reactive species such as ions, free radicals and excited 
atoms, are therefore attractive for industrial applications. 

3.3.1 Types of Plasma and Plasma Decarbonisation Process 
 
In simplest terms, electrons and ions constitute plasma. There are three kinds of plasmas: space 
plasmas, kinetic plasmas and technological plasmas that have varying ranges for parameters such as 
pressure, distance and energy. Space plasmas are either very hot (T > 30,000 ˚K) and dense plasma such 
as the centre of stars, corona flares, and sunspots, or cold and less dense plasma such as the Aurora 
Borealis and the ionosphere in the Earth. Kinetic Plasmas (or fusion plasmas) are hot plasmas as ion and 
electron temperatures are above 106 ˚K. However, the bulk of the gas is not in thermal equilibrium since 
the neutral atoms and molecules may be at much lower temperatures. Technological plasmas are 
referred to as cold plasmas as they are created using electricity. However, they can also be created using 
chemical methods and shock waves. These plasmas operate at atmospheric pressure down to about 10 
Pa and their energy density decreases with decrease in pressure. In cold plasma, the temperature of the 
neutral atoms and molecules is much less than that of the electrons (John Harry, 2010).   
 
Plasmas can also be characterised based on the temperatures of the ion, electron and bulk temperature 
of the gas. Low-temperature thermal cold plasmas (e.g., arcs at 100 kPa) have about the same gas, 
electron and ion temperatures (less than 2 x 104 ˚K). Low-temperature non-thermal cold plasmas (e.g., 
low pressure –   ̴100 Pa - glow and arc) have the same ion and bulk temperature of around 300 K, but 
the electron temperature could be much but less than 105 ˚K. Lastly, high-temperature hot plasmas 
(e.g., kinetic and fusion plasmas) have about the same electron and ion temperature that is in excess of 
106 ˚K (John Harry, 2010). 
 
Other terminologies used in describing plasmas include thermal plasmas (atoms and ions are in thermal 
equilibrium), non-equilibrium plasmas (atoms and ions not in thermal equilibrium), cold plasmas (only 
small percentage of gas molecules are ionised, therefore, also non-equilibrium), and microwave plasmas 
(non-equilibrium plasmas generated by microwaves). 
 
A plasma decarbonisation process essentially consists of a plasma reactor that is integrated with a wave-
guide and magnetron for generating and guiding the plasma into the reactor. Figure 3 is a simple 
representation of the plasma decarbonisation process.  
 
 
 
 
 
 
 
 
 

 

Figure 3: Simple Block Diagram for Plasma Natural Gas Decarbonisation 
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3.3.2 Technical Issues 
 
Input gas flow rate, gas composition, operating pressure, power input and the nature of plasma 
discharge are some of the main factors that affect the percent conversion of methane and selectivity for 
hydrogen. 
 
In general, following conclusions are valid: (1) Lower mass flow favours methane conversion; (2) Higher 
mass flow rates favour lower production cost; (3) High power input favours methane conversion with no 
significant effect on hydrogen selectivity; and (4) High pressures favour hydrogen selectivity but 
decrease methane conversion (Figure 4).  
 

 
Figure 4: Effect of Pressure on Methane Conversion and Hydrogen Selectivity                                                                                  

Tsai et al, 2005, quoted in Irma Aleknaviciute, 2013). 

Other electrical characteristics such as the frequency of the alternating current also affects methane 
conversion and hydrogen selectivity, but the effect is dependent on the nature of the plasma discharge 
(a pulsed corona, glow, or gliding arc discharge).   
 
Carbon deposition in the reactor has been cited as an issue that could result in reactor plugging and 
reactor cleanup resulting in parasitic CO2 emissions. Carbon deposition and the resulting deactivation of 
the catalyst is an operational issue for the catalyst-based systems that adds to operational complexity 
and costs.     
 

3.3.3 Technology Maturity 
 
Publicly available literature (Peter C. Kong, 2007) has references to the plasma technology being 
commercially available for a number of applications. For example, the Huels process (J. R. Fincke, R. P. 
Anderson, et al, (2000) for converting methane to acetylene and Westinghouse’s hydrogen plasma 
reactor for cracking natural gas to produce acetylene are examples of plasma technology’s application in 
the process industry. However, the commercial projects listed on the Westinghouse website relate to 
the application of plasma technology for gasification of biomass and or municipal solid waste. Similarly, 
a few Canadian companies – High Temperature Technologies Corp., PyroGenesis, Tekna,  and Plasco 

http://www.westinghouse-plasma.com/projects/
http://www.httcanada.com/
http://www.pyrogenesis.com/
http://www.pyrogenesis.com/
http://www.plascoenergygroup.com/our-technology/the-plasco-process/
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Energy Group – offering plasma systems for industrial applications were discovered online, but their 
plasma technology is applicable for waste management and not natural gas decarbonisation.  These 
websites were also scanned for determining the MW (of kW) capacity of the commercially available 
plasma plants, but information was unavailable online. However, Westinghouse website indicated 
gross/net MW capacity for three of their plasma gasifier models - G65, W15 and P5. The information 
regarding the gross/net MW capacity for the three plasma gasifier models was used as a proxy for 
calculating the MW capacity of the plasma plants. Since the net power output from the gasifier plants is 
the difference of the electricity produced (by the generator) and consumed (by the plasma plant), the 
MW ratings of the three Westinghouse plasma gasifiers is most likely equal to 59MW – 39 MW, 14 MW 
– 9 MW and 4.5 MW – 3 MW for the three models, respectively. This indicates commercial plasma 
plants with plasma outputs of 20 MW, 5 MW and 1.5 MW, respectively. However, most of the 
commercial plants use fusion plasmas instead of microwave or cold plasmas that are being proposed by 
Atlantic Hydrogen.   
 
Kvaerner had planned to build a thermal plasma natural gas cracking unit in the early 1990s in Quebec, 
Canada. The project was abandoned because Kvaerner could not rectify the oxygen-induced explosions 
(called puffing) in the reactor. Prior to that, Kvaerner had a pilot plasma black facility in operation in 
Hofors, Sweden, and a test facility in Norway. 
 
However, development in cold plasma technology is gaining ground and GasPlas of Norway has begun 
promoting its plasma based hydrogen and carbon production technology, but neither the stage of 
development of the technology nor the capacity of the in-development plasma plant could be  
determined from their website. The Idaho National Laboratory in the US has been researching the use of 
nonthermal plasma for direct conversion of natural gas to liquid and heavy hydrocarbons and natural 
gas co-conversion. Atlantic Hydrogen and KW Melnyk & Associates in Canada are also developing cold 
plasma technology for hydrogen production from natural gas. 
  

3.4 Aromatisation of Methane 
 
Methane is a very stable molecule thermodynamically. Therefore, reactions involving methane are 
usually high temperature and pressure reactions, i.e., energy intensive. 
 
Methane is converted to benzene as per the following reaction: 
 

6CH4  C6H6 + 9H2 (ΔH = +531 kJ/mol) 
 

3.4.1 Technical Issues 
 
Methane conversion to benzene is an extremely unfavourable reaction thermodynamically. Figures 5 
and 6 (overleaf) present the equilibrium amounts of products (benzene, hydrogen and carbon) produced 
from methane.  
 

http://www.plascoenergygroup.com/our-technology/the-plasco-process/
http://www.gasplas.com/en/Recently_updates/?id=57/Our_technology
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Figure 5: Equilibrium Amounts for Methane Conversion - only C6H6 and H2 Allowed as Products at 1 bar Pressure                 

(James J. Spivey and Graham Hutchings, 2014). 

 

 
Figure 6: Equilibrium Amounts for Methane Conversion – Allowing C, H2 and C6H6 as Products at 1 bar Pressure                  

(James J. Spivey and Graham Hutchings, 2014). 

It is evident from Figures 5 and 6 that benzene formation at equilibrium is observed only at 
temperatures above 600 ˚C.  In general, the reaction favours the formation of carbon and hydrogen over 
benzene.  Therefore, conversion of methane to benzene is thermodynamically favourable at limited 
conditions only and is kinetically driven to undesired products such as carbon. 

However, catalysts such as Mo/ZSM-5 zeolite (molybdenum and zeolite based catalysts) provide high 
selectivity for benzene even when methane conversion decreases with reaction time due to carbon 
deposition on the catalyst. Carbon deposition on the catalyst can be minimised by injecting CO/CO2, H2, 
O2 or NO with the methane feed.  
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Therefore, while the formation of carbon is thermodynamically favoured at all reaction conditions, its 
formation can be kinetically limited by injecting hydrogen or an oxidant in the methane feed. As well, 
addition of C2-C4 alkanes/alkenes to the methane feed improves selectivity to benzene. 
 

3.4.2 Technology Maturity 
 
There is still research ongoing in this area and the online research for this study found research papers 
as recent as 2014. As well, no commercial operation for methane to benzene synthesis could be 
discovered in the online search. The CYCLAR process, developed by UOP, for converting propane and 
higher alkanes into benzene is claimed to be a commercial process. UOP build a 1,000 barrel per day 
plant in Scotland followed by a second commercial plant, 55,000 BPD, in the Middle East. This plant was 
operational from the year 1999 through 2013, but the current state of operations is unknown.  
 
Other more commonly known processes for benzene production are: (1) catalytic reforming or steam 
cracking of liquid petroleum feedstocks; (2) hydrodealkylation (HDA) of toluene and toluene 
disproportionation (TDP); (3) pyrolysis gasoline coproduced in the steam cracking of naphtha, gasoil or 
condensates to make olefins; (4) catalytic reforming of naphtha; and (5) hydrodealkylation of toluene 
using either catalytic or thermal processes. 
 

3.5 Potential Issues with Combustion of Hydrogen 
 
Decarbonizing natural gas will result in a fuel stream containing high levels of hydrogen.  This high 
hydrogen fuel may make up the primary fuel for a SAGD steam unit or it could be blended with natural 
gas.  Fuel blending options will depend on the size of the de-carbonization unit relative to fuel demand 
and the number of steam units installed at the SAGD site. 
 
Table 1 compares some of the important fuel properties of combustible gases that may be present in 
the decarbonized fuel gas.  Relative to methane, hydrogen has higher flame speed, wider flammability 
range, lower ignition energy, lower energy release per unit volume and higher adiabatic flame 
temperature. 
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Table 1: Comparison of Some Important Properties for Hydrogen and Methane 

Parameter Hydrogen Methane 

Density of gas at NTP
a) 

(kg m
-3

)  0.0838  0.6512  

Heat of combustion
b) 

(low) (MJ m
-3

)  10.78  35.80  

Heat of combustion
b) 

(high) (MJ m
-3

)  12.75  39.72  

Flammability range (limits) in air
c) 

(%)  4.1 - 75  5.3 – 15  

Stoichiometric composition in air
c) 

(%)  29.53  9.48  

Minimum ignition energy (mJ)  0.02  0.29  

Adiabatic flame temperature in air (K)  2318  2158  

Burning velocity
d) 

(cm s
-1

)  237  42  

Wobbe Index (MJ/Nm3) 40.65 -48.23 47.91 – 53.28 

Note: a) NTP = normal temperature and pressure (293.15 K, 0.1013 MPa);  b) 273.15 K, 0.1013 MPa); c) 
in a volumetric ratio; d) a stoichiometric mixture. 
 
One of the parameters used to compare fuel performance in gas burners is the Wobbe Index.  This index 
is defined as the higher heating value of the gas divided by the square root of the specific gravity.  If two 
fuels have similar Wobbe Indices, then for given pressure, valve settings and orifice size, the energy 
output from a burner will be the same on a higher heating value basis. Gases with similar Wobbe index 
may require minimal changes in the fuel supply and burner to achieve the same energy output. 
Therefore, since methane and hydrogen have an overlapping range for Wobbe Index, minimal changes 
may be required for fuel switching from natural gas to hydrogen-rich syngas.  However, heat of 
combustion is about 1/3rd that of methane, and when the hydrogen percent in the mix is very high3 
(generally greater than 10-15 vol%), some equipment modifications are required. Note that the existing 
SAGD boilers are not designed to handle low heating value hydrogen rich fuels. The actual changes to 
the combustion equipment will depend on the already installed equipment, the final gas mixture and 
the fuel supply pressure available. 
 
 
 
 

                                                           
3 It is generally considered that natural gas with hydrogen up to 10 vol% can be combusted using existing 
equipment without modifications.  
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3.5.1 Impact of hydrogen combustion on SAGD boiler performance 
 
Use of hydrogen rich fuel for SAGD steam generation could have three significant operational impacts in 
addition to the cost associated with boiler modification:  (1) burner performance, (2) boiler operation 
and efficiency and (3) pollutant emissions of CO and NOx 
 
The impact on burner combustion performance will be dependent on the installed burner and fuel 
supply equipment and on the final fuel gas composition and supply pressure.  Additions of up to 10% 
hydrogen in existing equipment would likely cause no problems.   
 
Mixtures of CH4 and H2 and other gases such as CO and CO2 are often fired in burners commercially, 
such as refinery off-gas burners.  Dual fuel burners are available and can be designed for natural gas 
and/or high hydrogen content fuel.  Burners can often be retrofitted to enable the switch from natural 
gas to high hydrogen fuels and the burner industry has experience in these kinds of retrofits.   
 
Boiler operation and efficiency of steam generation may be impacted by switching to a high hydrogen 
fuel stream.  The relative distribution of heat transfer to the radiant vs. convection sections of the steam 
generator may change.  Hydrogen flames will have a lower emissivity than natural gas flames leading to 
reduced heat transfer in the radiant section and increased heat transfer in the convection passes of the 
steam generator.  Heat transfer differences could be minimized by blending the hydrogen with a natural 
gas fuel.  
 
Efficiency of steam generation on a Higher Heating Value (HHV) basis will decrease with increasing 
hydrogen content of the fuel, requiring an increase in fuel HHV input for the same steam generation.  
This is a result of higher production of water during hydrogen combustion and loss of latent heat with 
water vapour in the stack gas.  The difference between the higher and lower heating values (LHV) of 
methane and hydrogen indicates the efficiency difference.  For methane the LHV is 90% of the HHV.  For 
hydrogen, the LHV is 84% of the HHV.   
 
The allowable emissions limits for NOx will have implications for the extent of equipment modifications 
required for a switch from natural gas to a high hydrogen fuel.  The adiabatic flame temperature of 
hydrogen is 160 ˚C higher than that of methane.  Depending on burner design and operation, the higher 
flame temperatures with hydrogen could result in increased NOx emissions.  Burner modifications to 
modify mixing patterns and/or installation or increase in flue gas recirculation may be required to lower 
NOx emissions to meet site requirements.   
 
The extent of NOx formation and options for controlling NOx emissions are dependent on the fuel 
composition, and burner and steam generator design.  General conclusions on the impact of increasing 
hydrogen in the fuel mix on NOx emissions and methods of controlling them cannot be made.  These will 
have to be examined by a burner expert on a case-by-case basis.   
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4 Technical Review of Proposals 
 
This section is based on the information provided by the technology proponents (Technology 
Description and Status of Technology Development sections) and the quantitative information (Techno-
econimics) provide by them has not been moderated or changed in any manner. However, the study 
team has additional comments interspersed throughout the section. The team has independently 
reviewed and concluded the Technical Issues and Technology Maturity assessment sections.   
 

4.1 Technology Maturity Results 
 
The learning from the preceding section and information provided by technology proponents was 
collectively used to assess technology maturity (Table 2, overleaf).  
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Table 2: Technology Maturity Assessment 

Technology 4D 
Stage4 

Comments 
 

Methane 
Aromatisation (Pioneer 
Energy) 

TRL3  No known commercial operation exists 
 Only two known commercial operations for a similar process 

(CYCLAR) 
 Reaction mechanism thermodynamically challenging 
 Catalyst use introduces operational complexity 
 Current research demonstrated at lab scale; 0.3 kg/d benzene 
 Reactor design and kinetics key research focus areas 
 Significant R&D and scale up effort required  

Partial Oxidation of 
Methane (Atlantic 
Hydrogen) 

TRL5/6  No known commercial operation exists for decarbonisation 
 Only two known commercial operations for a similar process 

(thermal black) 
 Thermodynamics more favourable than aromatisation 
 Reactor (furnace) design required significant R&D 
 A pilot plant (25 TPY carbon capacity) was continuously operated 

for 30 hrs for a test run, 4,000 hrs of cumulative testing 
 Next stage for 25,000 TPA carbon production reactor proposed 

for development 
Plasma 
Decarbonisation 
(Atlantic Hydrogen) 

TRL5  Most known commercial operations apply to waste 
management for solids 
 GasPlas claims to be commercial, but delivered their first lab-

scale plasma reactor to Norwegian Research Council in 2010 
 Lab scale research underway at Atlantic Hydrogen 
 Additional R&D required for designing plasma reactor for SAGD 

scale 
Molten Metal Bath (U 
of Alberta) 

TRL3  Lab scale experimentation undertaken 
 Results had very low methane conversion, ≈4% 
 Operational complexity with molten metal, separation of solid 

carbon from molten metal etc. 
Partial Oxidation of 
Methane (U of Alberta) 

TRL2  Thermodynamic model presented; ideation stage 

Plasma 
Decarbonisation (KW 
Melnyk & Associates) 

  Insufficient information provided 

 
 
A review of the information that was considered for technical maturity assessment is discussed next. 
 
 
 

                                                           
4 See Appendix 1 for description 
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4.2 Atlantic Hydrogen: Natural Gas Furnace Process 

4.2.1 Technology Description 
 
The Atlantic Hydrogen (AHI) natural gas decarbonisation technology is a modified version of the thermal 
black process for manufacturing carbon black from oil. AHI has improved the furnace design compared 
with the furnaces used in the oil furnace black process. Modifications in the furnace design, operating 
condition, construction material and instrumentation, among others, are expected to result in superior 
operating performance. Figure 7 is a simplified representation of the AHI furnace process. Note that AHI 
had originally positioned this technology for hydrogen production, so the picture below shows electricity 
generation from H2-syngas rather than steam generation. 
 

 
Figure 7: Process Block Diagram for Atlantic Hydrogen Gas Furnace Process (Source: AHI) 

 
Compressed air (pressure not disclosed) and natural gas in a predetermined ratio are injected in a 
refractory lined furnace. Part of the injected natural gas is combusted to provide the heat for cracking 
the remaining methane. As the rate of reaction is very fast, the gaseous products, including carbon fines, 
are quenched by spraying water in the latter part of the furnace. Carbon in the flue gas is separated 
using a filter and sent for post processing. The hydrogen rich syngas could be used for generating 
electricity or combusted to generating steam in an OTSG. 
 

4.2.2 Status of Technology Development 
 
AHI has invested in three generations (capacity not disclosed) of pilot scale development to 
demonstrate proof of concept of this process. AHI have operated the pilot furnace reactor for over 450 
runs totalling more than 4,000 operating hours. The longest individual experimental runs at a single set 
of conditions were for approximately 30 hours. However, AHI ran the pilot reactor for weeks at a time 
with changing experimental conditions. Carbon production capacity of the pilot plant was approximately 
24 tonnes per year. A single commercial reactor has a projected carbon production capacity of 25,000 
tonnes per year. 
  
The natural gas furnace reactor is pictured in Figure 8 and a thermal image of reactor is shown in Figure 
9, next page. 
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Figure 8: Fredericton Pilot Gas Furnace Reactor        Figure 9: Thermal Image of Pilot Gas Furnace Reactor                             

(Source: AHI) 

AHI has validated the process to achieve a >20% yield and particle size across the range of carbon 
grades, including N762/N660. The co-product is a medium BTU syngas of approximately 150 btu/scf. It 
has completed a ‘data flaw analysis’ report titled “Critical Environmental Issues and Permitting Analysis 
of Potential Carbon Black and Syngas Production Facility: Datmouth, Bristol County Massachusetts.”  It 
was prepared in May 2011 by a US based firm. The study evaluated the potential critical environmental 
issues and anticipated regulatory permits and approvals required to construct and operate a Carbon 
Black and Syngas production facility in the Town of Dartmouth, Bristol County, Massachusetts. The 
carbon produced has been tested for both colloidal similarity (N660 and N700 type) and reinforcement 
(N660 only) in three different rubber compounds by three independent labs and found equivalent to the 
respective ASTM grades. 
 
The next step AHI is proposing is to proceed with engineering and construction of a 25,000 tonne per 
year reactor to validate reactor techno-economics. The subsequent step is to add additional three 
reactors for producing 75,000 tonne per year carbon black. Although  AHI is proposing this development 
for mobility hydrogen application, they provided a 3 x 25,000 TPD carbon production configuration that 
has syngas production sufficient for producing steam at SAGD scale. The same configuration was used 
for determining the cost of CO2 avoidance in this study. AHI is currently seeking partners for 
demonstrating the 25,000 TPY reactor and associated process.   
 

4.2.3 Technical Issues 
 
All equipment and processes, other than the furnace, are commercially available. The basic know-how 
for the furnace design is also commercially available, but some level of experimentation and 
optimisation is required for designing a full commercial scale furnace, especially for the scale at which 
SAGD process operates.   
  
There will be additional energy and water requirements, and costs associated with the post processing 
of the produced carbon. However, the proceeds from the sale of carbon would offset all or some of that 
cost. 
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4.2.4 Technical Advantages 
 
Technical Advantages include cost reduction by fuel switching from oil to natural gas, and high quality 
carbon without CO2, NOx and SOx. AHI’s carbon has been found equivalent to ASTM grades N762/N660. 
AHI has experience, tacit knowledge and data with pilot scale gas furnace reactor operations achieving a 
greater than 20% carbon yield. 
 

4.2.5 Techno-Economics 
 
Information regarding the techno-economics of the AHI technology was protected under confidentiality 
and cannot be disclosed in this report. 
 

4.3 Atlantic Hydrogen: Microwave Plasma Decarbonisation of Natural Gas 
 

4.3.1 Technology Description 
 
The plasma system integrates microwave power supplies, controllers, reactors, and carbon handling and 
storage systems. The microwave generators transform electrical energy into microwaves that are 
delivered into a reactor via waveguides. Plasma is formed in the reactor by coupling an ionising gas with 
the electromagnetic field. The natural gas is flowed through the plasma and the transfer of energy from 
the plasma into the gas stream results in decomposition of the natural gas into solid carbon and 
hydrogen. The decomposition occurs through a combination of thermal and nonthermal reactions. The 
simplified chemical reaction is: CH4  2H2 + C 
 
The pilot scale reactor is 12 inches in diameter as shown in Figure 10 below. 
 

 
Figure 10: Atlantic Hydrogen Microwave Plasma Decarbonisation Reactor (Source: AHI) 
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Since the process uses electrical energy, there are no direct CO2 emissions associated with the 
combustion of natural gas for heat generation. Of course, based on the current Alberta electric grid GHG 
intensity, there are indirect CO2 emissions associated with the use of electrical energy. There are also 
direct CO2 emissions in the event the carbon dryer is powered with natural gas, although these are not 
material to the overall CO2 calculations. 
  

4.3.2 Status of Technology Development 
 
AHI has invested significantly in its 
development infrastructure. This includes its 
laboratories and pilot facility illustrated in 
figures 11 and 12, and over $5 million in the 
demonstration facility in Figure 13. AHI 
projects another $1 million in capital 
expenditures to complete construction of the 
plant. With the exception of the microwave 
plasma reactor system, all other elements of 
the laboratory, pilot and demonstration plant 
consist of existing commercial products and 
processes. The microwave power supplies and 
carbon separation, handling and distribution 
equipment are all commercially available from 
a number of vendors. 
 

 
Figure 12: Atlantic Hydrogen Pilot Plant, Fredericton, NB             Figure 13: Atlantic Hydrogen Demo Plant, Saint John, NB     

(Source: AHI) 

 
Industrial microwave systems operate at a higher power rates than the microwaves used in homes, and 
to date, the largest microwave generator used in the testing of the plasma system has a capacity of 75 
kW. The demonstration plant in Saint John, New Brunswick will use 100 kW microwave generators. 
These generators contain proven technology and have tens of thousands of hours of operation. The 
generator used in the plasma system is capable of operating at a high capacity factor.   
 
 
 

 
Figure 11: Atlantic Hydrogen Experimental                                                                                                                                                 

Station in Fredericton, NB Laboratory (Source: AHI) 
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4.3.3 Technical Issues 
 
In the fall of 2012, AHI entered into a research agreement with Shell Global Solutions to develop and 
demonstrate its technology for mobility hydrogen production. The primary goal of the project is to 
demonstrate operation of the Saint John-based CarbonSaver plant and meet the technical and economic 
goals in AHI’s techno-economic model. AHI plans to commission and operate the plant in 2016 to 
demonstrate the overall system for hydrogen and carbon co-production. 
   
The primary indicator used to measure progress with the microwave plasma technology is reactor 
energy efficiency, calculated in kilowatt-hours per kilogram of hydrogen (kWh/kg H2). AHI achieved a 
reactor energy requirement of 24 kWh/kg H2 in testing at the laboratory facility in Fredericton. At this 
efficiency level the calculated hydrogen cost is about $7.50/kg, as per AHI’s techno-economic model. 
AHI’s goal for 2015 is 12 kWh/kg H2, which translates into the target hydrogen cost of about $3.50/kg in 
its techno-economic model. 
 

4.3.4 Technical Advantages 
 
The use of non-equilibrium plasma is generally considered to offer a highly energy efficiency route to 
decarbonise natural gas and produce carbon and hydrogen, i.e. more energy efficient than a partial 
oxidation process or a thermal plasma process. This energy efficiency of non-equilibrium plasma 
processes translates to low-cost and low-CO2 emissions. Testing of AHI carbon at foundries and 
independent materials labs has validated its fitness-for-use and lower sulfur levels as compared with 
current carbon products used in foundries. As well, AHI’s core microwave-plasma process patent, 
PCT/CA2013/000652, Electromagnetic Energy-Initiated Plasma Reactor Systems and Methods, is, 
according to the International Search Authority’s written opinion, novel, inventive and has industrial 
applicability. Confirmation of these claims was outside the scope of this study. 
 

4.3.5 Techno-Economics (AHI provided) 
 
Table 3, overleaf, presents the cost per kilogram of hydrogen and the CO2 emissions per unit of 
hydrogen for electrolysers, CarbonSaver reactor best current run, and target results for the fall of 2015. 
However, note that the reactor and process configuration for this run was for hydrogen production for 
mobility applications and not for SAGD steam generation. 
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Table 3: AHI Microwave Plasma Techno-Economic Model5 (Source: AHI) 

 
 

4.4 Pioneer Energy: Aromatisation of Methane 
 

4.4.1 Technology Description 
 
Alkanes, such as methane and ethane, can be aromatized (converted into a ring molecule from a linear 
molecule) into benzene at high temperatures (above 700 ˚C and at about 1 atm.) in the presence of a 
noble metal or a molybdenum catalyst. The reaction proceeds per the following equation: 
 

6𝐶𝐶4  𝐶6𝐶6 (𝑔) +  9𝐶2;  𝛥𝐶 =  603 𝑘𝑘 @ 900°𝐶      (1) 
 
The other two reactions that are key in this process are the combustion of natural gas for providing 
thermal energy for reaction 1, and the combustion of hydrogen for generating steam. These reactions 
are: 
 

𝐶𝐶4 +  2𝑂2  𝐶𝑂2 +  2𝐶2𝑂 (𝑔);  𝛥𝐶 =  −808 𝑘𝑘 @ 1500°𝐶 (𝐿𝐶𝐿)      (2) 
 

𝐶2 +  ½ 𝑂2  𝐶2𝑂 (𝑔);  𝛥𝐶 =  −251 𝑘𝑘 @ 1500°𝐶 (𝐿𝐶𝐿)      (3) 
 
Alternatively, additional methane (natural gas) can be used to produce sufficient hydrogen (along with 
additional benzene) to provide reaction thermal energy and heat for steam generation. In this manner, 
virtually no CO2 is emitted.   
                                                           
5 (AHI provided reference and notes) Electrolyzer plant energy requirement is 53.48 kWh/kg H2. Assumption 
from: www.nrel.gov/docs/fy10osti/46612.pdf (Hydrogen Pathways: Cost, Well-to-Wheels Energy Use, and 
Emissions for the Current Technology Status of Seven Hydrogen Production, Delivery, and Distribution Scenarios; 
2009). Emissions for both production systems includes natural gas production and delivery and power production 
and transmission. Grid emission factor is assumed to be 0.18 kg CO2/kWh. AHI carbon assumed to replace carbon 
black with emissions of 3.5 kg CO2/kg carbon black. CarbonSaver plant assumed to operate at 90% capacity factor 
with power priced at 9.5¢ per kWh (same as electrolysis model), natural gas priced at $7.40/mmbtu, and carbon 
priced of $1,000 USD tonne. Semi-central plant modelled with 35 100 kW microwave generators. CarbonSaver 
reactor best run to date: power to reactor of 45 kW; natural gas input and conversion of 220 SLPM and 88.3%; 
reactor energy requirement of 24.2 kWh/kg H2. Carbon yield assumed to be 54% and hydrogen yield assumed to 
be 78%. Electrolysis cost estimates come from: http://www.eia.gov/oiaf/servicerpt/hydro/hydrogen.html. (The 
Impact of Increased Use of Hydrogen on Petroleum Consumption and Carbon Dioxide Emissions; EIA, 2008) 
 
 

http://www.nrel.gov/docs/fy10osti/46612.pdf
http://www.eia.gov/oiaf/servicerpt/hydro/hydrogen.html
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Pioneer Energy has adapted previous NASA-sponsored CO2 and CH4 utilisation work to the proposed 
natural gas aromatisation approach (Figure 14). 
 

 
Figure 14: Process Block Diagram – Pioneer Natural Gas Decarbonisation Process                                                                               

(Source: Pioneer Energy) 

Natural gas is aromatised above 700 ˚C in the presence of a catalyst (Mo-ZSM-5, generic catalyst). The 
benzene vapours from the aromatisation reactor are condensed and separated. In addition to benzene, 
small amount of toluene and minor amounts of xylene and naphthalene are also produced. Remaining 
gases undergo a separation process for removing hydrogen from unreacted alkanes (which are recycled 
back into the aromatisation reactor). The single pass conversion during aromatisation is relatively low; 
therefore, multiple passes are employed to achieve nearly complete conversion of natural gas to 
benzene.6  
 

4.4.2 Status of Technology Development 
 
This technology is an offshoot of work related to methanation of CO2 followed by aromatisation of 
methane to benzene performed under NASA sponsorship by Pioneer Astronautics (a sister company of 
Pioneer Energy). The elements of the benzene system (benzene recovery, gas separation, recycling of 
unreacted gas) have been tested in a lab setting with a net methane feed rate of about 0.5 kg/day 
(about 0.3 kg benzene). As well, the results from a substantial lab based research effort during the 
Methane to Aromatics on Mars, the NASA funded project, are available for use in the development of 
this technology, most significantly, for the development of the reactor and catalyst. (The objective of the 

                                                           
6 At a per-pass conversion of about 10% (which is a reasonable thermodynamically conservative estimate), 10 
passes gives about 61% total methane conversion, 15 passes gives about 77%, 20 passes gives about 87% total 
methane conversion, and 25 passes gives about 92% conversion. Optimizing the per pass conversion (via optimum 
process conditions and catalyst) will reduce the gas recycle rate and power (along with reactor size, catalyst 
volume, etc.). Note that we used even higher recycle rates on the NASA project (due to lower per-pass conversions 
related to upstream methanation) in order to obtain nearly complete methane conversion to benzene. The trade 
during that study indicated lower overall power requirements to make benzene compared to a baseline methane 
fuel system due to the power required to liquefy and store methane as a propellant component. Note also that the 
COSIA reactor size projection was scaled directly from the relatively low per-pass conversion NASA system (and it 
was not a huge reactor compared to the production rate). 
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NASA sponsored effort was to produce a rocket propellant containing a high carbon:hydrogen ratio in 
order to minimize hydrogen requirements on Mars). However, the production cost criteria for space 
exploration are very different than those for the oil sands.  
 
Catalytic reactors have been routinely used for commercial production of benzene, although the 
feedstock used for commercial production is a mixture of aliphatic hydrocarbons with boiling points 
between 60 ˚C to 200 ˚C. However, a different catalyst is used for this application. UOP (formerly, 
Universal Oil Products) and BP (British Petroleum) have commercialized a method for aromatizing 
liquefied petroleum gas (mainly propane and butane). It appears that the technical knowhow for 
designing and developing the reactor is available and the risks in its development are mostly known and 
manageable. In addition, Pioneer gained significant experience via a progression of aromatisation 
reactor designs that considered thermal input requirements and heat recovery during the NASA funded 
effort. 
 
In 2014, Pioneer received $500k from CCEMC for researching the production of high value products 
(butanol) from CO2 emissions and flare gas (CH4), with successful R&D results achieved in the first year 
and a half of the research grant, validating Pioneer’s track record to successfully perform R&D work for 
international sponsors from Canada. 
 
Pioneer claims a record of successful commercial deployment of new technologies, including their 
commercial deployment of flare gas capture technology (MAGS – Mobile Alkane Gas Separator) in the 
Bakken, deployed to two large flare sites with a top operator in the Bakken.  The machine successfully 
underwent R&D, scale-up, and then commercial deployment to the Bakken, successfully completing the 
harsh 2014 North Dakota winter with >95% up-time. 
  
Pioneer has proposed the following as the next steps for commercializing this technology:  
 
 Process refinements for optimising per-pass conversion of natural gas to benzene and hydrogen 

and integrating the more-recent Pioneer in-house R&D related to catalyst formulations and 
reactor designs into the process. Each key unit operation will be evaluated individually at a scale 
appropriate to produce roughly 1 kg per day of benzene (first year). 

 Stage 2 will include integrating other unit operations with the reactor. Operations such as heat 
exchange, gas separation and recycle, and product collection systems for continuous benzene 
recovery will be integrated and progressively demonstrated at higher scales. Factors such as 
feed gas cleanup, emissions minimization, benzene marketing, and projected capital and 
operating costs will be considered during early stages and will be updated throughout the effort 
based on scaled-up designs and observed process performance (first year). 

 As one of the next steps, Pioneer Energy will engage McMaster University to study the unique 
applicability of the technology to Canadian oil sands, more precise estimates on capital costs, 
and to conduct a rigorous environmental and GHG assessment of the process (first year). 

 

4.4.3 Technical Issues 
 
The single pass conversion of methane to benzene is relatively low, on the order of 10%, but is expected 
to be slightly better when natural gas is used instead of methane, due to the presence of higher alkanes. 
However, this may not be true for natural gas stock in Alberta, which is about 95% methane, but 
increased use of produced gas from reservoir may improve performance. A recycle loop is used to 
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achieve a higher overall benzene production compared with a single pass system. From a purely steam 
generation and carbon reduction perspective, the number of passes may have to be optimised so that 
the cost of CO2 avoidance is zero or negative. For example, a modeling scenario could be run to 
understand how may passes would result in a 20% reduction in carbon emissions from steam generation 
if this technology were to operate at the front end of an OTSG. A complete assessment would also 
require considering the impact of reduction in revenue because of lesser amount of benzene being 
produced, cost saving in the PCC system, among other trade-offs. 
  
The performance of the catalyst is critical in the aromatisation reaction, and indeed, Pioneer did 
experience significant reactor fouling and the need for repeated catalyst regeneration during early 
experiments. The catalyst can be regenerated using oxygen or hydrogen. The cycle time for the 
regeneration cycle is very small compared with the overall operating cycle, so the CO2 emissions 
associated with the regeneration of catalyst are insignificant. If hydrogen is used for regeneration, 
methane is the by-product. This requires additional R&D and modeling to establish the best approach. 
Pioneer Energy process modelling and lab scale experiments indicated that carbon deposition could be 
managed by recycling some of the produced hydrogen back into the reactor along with the off-gases 
from the separator.  However, this is achievable at a modest penalty in the per-pass conversion.  
 
Presence of sulphur in the natural gas leads to catalyst poisoning, but this issue can be managed by 
controlling the feedstock quality. Pioneer did not specify a maximum limit for the sulphur content. They 
clarified that the sulphur issue could be managed from the perspective of catalyst efficiency degradation 
and the time for regeneration of the catalyst.  
 
Further work in catalyst development is required (useful life of the catalyst; thermodynamically 
favoured path of the reaction vs. catalyst performance), but the type of catalyst that would work best is 
most likely similar to commercially available catalysts or a combination of those catalysts. Work is 
ongoing on the catalyst formulations (combination of generic catalysts) that provide the best operating 
results and patents could be filed for those formulations.  Nonetheless, the selection of catalyst is a 
compromise between selecting the thermodynamically most favourable route for the aromatisation 
reaction and maintaining a long life of the catalyst.  
 
There is a parasitic load in the process for operating the compressor upstream of the condenser and 
prior to the membrane separation process. Depending on the pressure and volumetric flow rate 
required, compression would impose significant energy penalty on the process. The extent of recycling 
produced gases, the need for compression, and other process modifications would be identified for a 
scheme that is specifically tailored for emissions reduction for SAGD steam generation. 
 

4.4.4 Technical Advantages 
 
Benzene (a BTX compound) is an important chemical precursor and is a desirable chemical that would 
strengthen the financial performance of this technology. Since higher alkanes are more preferred for 
aromatisation, the process is expected to run more favourably with natural gas than pure methane. 
Further, the process can also run with ethane as the primary feedstock.  
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4.4.5 Techno-Economics (Pioneer Energy provided) 
 
The information in this section is based on information provided by Pioneer under the assumption of 
100% methane being aromatised. However, the CO2 avoidance cost model is based on a revised set of 
numbers that had a benzene yield of only 47%. The following information has not been modified, as 
technical assumptions, backing the disclosed information was unavailable to the study team. 
 
Pioneer Energy provided quantitative information based on stoichiometric ratios as per the above 
reactions for a base case of 1,600 GJ/hr (LHV) of heat for steam generation, on the same scale as the 
COSIA SAGD OTSG Template in the appendix to the original COSIA solicitation. According to the 
information provided, this heat rate will require 3,427,000 standard cubic metres (scm) per day of 
hydrogen (per Reaction 3). Production of this amount of hydrogen required 2,285,000 scm methane (per 
Reaction 1). Pioneer Energy proposes to use part of the produced hydrogen for supplying the thermal 
energy for the aromatisation reaction (Reaction 1), after initially combusting natural gas to initiate the 
reaction. That heat input would require the additional consumption of 610,000 scm methane per day, 
making the total methane consumption at 2,900,000 scm per day. Note that waste heat or other process 
optimisation considerations have not been factored into these numbers, and therefore this can be 
considered a conservative estimate. Pioneer Energy has calculated $800k per day as revenue from the 
sale of benzene, and less than $10/tonne-CO2 as the cost of CO2 avoidance, given that a high-value 
product (benzene) is produced that carries the carbon, rather than a waste CO2 stream, or other waste 
carbon stream, as competing approaches do. In competing approaches, disposing of the carbon product 
is a cost (expense) of the project, whereas in this Pioneer approach, the carbon is carried away in a 
highly versatile and valuable, and easily transportable liquid product (benzene). It is possible that the 
CO2 avoidance cost might even be considered negative in some scenarios, if the benzene plant profits 
can be allocated to the CO2 emissions reductions. If the benzene is used as a plastic feedstock or 
displaces traditional petroleum fuels or chemicals, the CO2 reduction on the lifecycle basis is even 
greater than suggested here. 
 
They have also provided a high-level economic assessment by using numbers available for converting 
ethane to gasoline blend stock through a similar reactor. Based on a related cost estimate for conversion 
of ethane to gasoline blend stock at a scale similar to that of the technology being proposed, Pioneer 
Energy provided the following information regarding the financial aspects of the technology (Table 4, 
next page). 
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Table 4: Projected Financial Performance of the Pioneer Aromatisation Technology                                                               
(Sourced from Pioneer Energy provided information) 

Parameter 
 

Value 

Cost of natural gas $3/MMBTU 
Cost of electricity $0.06/kW 
Value from benzene sale $2/gallon ($600/metric ton) 
Time to build plant 3 years 
Benzene produced per year 1,325 metric tons 
Estimated capital cost $200-300 million 
Estimated EBITDA7 $150-200 million 
Estimated IRR8 60%9 
Estimated annual return on 
capital 

70%4 

 
Pioneer Energy has concluded that the additional investment in this technology is within a reasonable 
range, considering that a typical SAGD project costs about $1.2 billion, and that this incremental cost 
would be fully paid for by the value of the benzene produced, and would not increase the cost of SAGD 
operation. 
 

4.5 U Alberta (Larry Kostiuk): Thermal Decomposition of Natural Gas in Gas-
Phase Oxygen Deficient Environment 

 

4.5.1 Technology Description 
 
Natural gas is decomposed in a pyrolysis unit where the enthalpy of decomposition is provided by 
combusting a part of the input natural gas in a premixed flame. The premix flame allows for better 
control of the combustion product temperature – expected to be about 2,250 ˚K – and the combustion 
premix composition so that there is no oxygen remaining in the combustion products. The absence of 
oxygen is important for controlling the formation of COx products. The natural gas feed into the 
pyrolyser can be conceptualised as consisting of two parts – one that provides the enthalpy for the 
decomposition reaction and the other that is consumed in the decomposition reaction for producing 
hydrogen and carbon. The flow rates of the various input and output streams from the pyrolyser are 
balanced such that the bulk temperature inside the pyrolyser is maintained at 1,400 ˚K. The carbon and 
hydrogen in the off-gas from the pyrolysis unit is separated using a cyclone. Figures 15 through 15, and 
Table 5, represent process schematic with state conditions, mass flows and enthalpy flows for each 
stream. 
 
 
                                                           
7 EBITDA is an acronym for earnings before interest, tax, depreciation and amortization. 
8 IRR, or Internal Rate of Return, is used to compare competing investment decisions. The higher the IRR, the 
better the investment. In general, an investment is preferred if the IRR is greater than the interest cost of capital. 
9 Estimated IRR and estimated annual return on capital are high because a high-value product is being produced.  
The calculation is based on comparison to an ethane to gasoline blend stock estimate from the literature.  More 
R&D is needed to provide more precise capital cost estimates. 
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Figure 15: Natural Gas Thermal Decomposition in Oxygen-Deficient Environment Process Schematic (State Information)            
(Source: University of Alberta) 

 
 
 



28 

 
Figure 16: Natural Gas Thermal Decomposition in Oxygen-Deficient Environment Process Schematic (Mass Flows)             

(Source: University of Alberta) 

 
Table 5: Combustion Product Compositions (Source: University of Alberta) 
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Figure 17: Natural Gas Thermal Decomposition in Oxygen-Deficient Environment Process Schematic (Enthalpy Flows)      

(Source: University of Alberta) 

 

4.5.2 Status of Technology Development 
 
The proponent has not undertaken any experimentation or research for the proposed technology and 
the concept has only been modelled thermodynamically. 
  

4.5.3 Technical Issues 
 
Pyrolysis unit is the only non-standard equipment in this process that will have to be designed, 
developed and commercialised. Although many different kinds of pyrolysis units are routinely used in 
the chemical process industry, the relative lack of understanding of the kinetics of methane 
decomposition necessitates some level of R&D before the process could be commercialised. 
 
A premix burner has been proposed for combusting natural gas. Although less commonly used for 
burner application, the premix burner technology is mature and these burners allow for greater control 
of the combustion products, especially the NOx emissions. The produced hydrogen will be combusted as 
a diffusion flame after being diluted with nitrogen for controlling the flame temperature. 
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4.5.4 Techno-Economics (University of Alberta provided) 
 
A complete techno-economics cannot be undertaken because of uncertainties associated with the 
design of the pyrolysis unit, and therefore, uncertainties associated with the capital cost. However, an 
operating cost comparison has been prepared by the technology proponent and is presented in Table 6, 
below. 
 

Table 6: Mass Flow and Operating Cost Comparison between Natural Gas Thermal Decomposition in Oxygen-Deficient 
Environment (GDP), OTSG, OTSG-PCC and GDP-PCC Processes (Source: University of Alberta) 

 
 
 

4.6 U Alberta (Marc Secanell): Molten Metal Bath Process 
 

4.6.1 Technology description 
 
In this process, a molten metal bath (with tin being the molten metal) replaces the reactor, but other 
parts of the process remain similar to the processing steps for input and output streams. The metal bath 
provides an oxygen free environment for decomposing natural gas, therefore, COx emissions are total 
avoided. The metal bath being proposed is tubular in design (for facilitating heat transfer from a hot 
combustion flue gas to the metal) with gas injectors made of quartz or porous metal foam. Figure 18 and 
19 represent the process schematic with state conditions and mass flows, respectively. 
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Figure 18: Molten Metal Bath Decarbonisation Process Schematic (State Information)                                                                    

(Source: University of Alberta) 

 
Figure 19: Molten Metal bath Decarbonisation Process Schematic (Mass Flows)                                                                            

(Source: University of Alberta) 
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Note that the green box for PCC is not required in this process. It is shown in the schematic as a 
placeholder to represent the CO2 capture process if no decarbonisation were to take place. 
  
The molten metal bath is maintained at temperatures between 1,100 ˚K and 1,400 ˚K. The flue gas from 
Combustion Stage 1 is used to heat the bath. Natural gas is bubbled through the molten metal and as 
the gas bubble rise in the bath, the methane molecules decompose into carbon and hydrogen. Because 
of lower density than the metal, the carbon rises to the surface and is skimmed off from the bath. The 
produced hydrogen and the unreacted methane are lead into Combustion Stage 2 for combustion and 
providing the heat for the OTSG. 
 
Note that the flue gases from Combustion Stage 1 are also fed into Combustion Stage 2 for combusting 
any unreacted methane. After the start-up operation where natural gas is used for heating the metal 
with repeated cycling back of the flue gas into Combustion Stage 1, part of the produced gas   
 

4.6.2 Status of Technology Development 
 
Derek Paxman et al (2014) proved the technical feasibility of the process under the guidance of 
Professor Marc Secanell who is also the principal proponent of this technology. An aluminium oxide tube 
measuring 50.8 cm long by 5.08 cm outer diameter with one end closed was used as the reactor. Tin was 
selected over lead for the molten bath because of safety considerations. Otherwise, both metals have 
low melting points and provide very similar methane conversion characteristics.     
  
The experimental results were compared with the results from a similar study done by Serban et al 
(2002). The methane conversion results from Derek’s research were inferior than the results from 
Serban’s research. All methane conversion values observed were below 4% except one where 18.9% 
methane conversion was observed. Since Serban used SS 304 as the construction material for the 
reactor, some catalytic effect from the metal could be the cause for better results in their experiments, 
but this cannot be conclusively inferred. 
 

4.6.3 Technical Issues 
 
Process integration aspects have been considered at this preliminary stage as well. Hydrogen 
combustion is challenging because of very high flame temperature. Diffusion flame combustion with 
hydrogen diluted with nitrogen is proposed for Combustion Stage 2. Similarly, when part of the 
produced hydrogen is combusted in Combustion Stage 1, the theoretical adiabatic flame temperature is 
expected to reach 2,900 ˚K and could present material selection issues. Alternatively, this temperature 
could be managed by integrating Combustion Stage 1 with the molten reactor and staging the 
combustion of hydrogen. Other options include (1) using excess air in Combustion Stage 1 with 
corresponding adjustment to the air (decreasing the airflow) into Combustion Stage 2, and (2) designing 
other heat integration loops, such as using the hydrogen produced in the reactor to preheat the air into 
Stage 2 before combusting part of the hydrogen in Stage 1.   
 
Other process integration aspects are similar to those for other technologies – considering sensible heat 
recovery from the produced carbon as well as recycling the water produced during the hydrogen 
combustion in the OTSG. 
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The potential oxidation of tin could be an uncertainty in the system, but it may not be a severe 
operational challenge. However, there are uncertainties associated with the removal of carbon from the 
metal bath that could significantly affect process and operations design. 
 

4.6.4 Techno-Economics (University of Alberta provided) 
 
A complete techno-economics is infeasible at this stage of the technology development. There are many 
unknown factors in the molten metal bath part of the process and no commercial operation exists 
elsewhere for drawing a comparison and estimating cost. Nonetheless, the project team has undertaken 
detailed modelling of the process and reasonable estimate of some of the parameters is available in 
Table 7 below. 
 

Table 7: Mass Flow and Operating Cost Comparison between Molten Bath (MPD)                                                                           
and OTSG and OTSG-PCC Processes (Source: University of Alberta) 

 
 
The molten metal bath decarbonisation process has the lowest operating cost. However, the cost of 
steam produced cannot be assumed the lowest for this process in the absence of an estimate for the 
capital cost. 
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4.7 KW Melnyk & Associates: Microwave Plasma Decarbonisation of Natural 
Gas  

 

4.7.1 Technology Description 
 
The plasma reactor uses radio frequency (RF) to generate non-equilibrium plasma (temperature within 
the plasma and also the reactor is not constant) at atmospheric pressure that is capable of generating 
temperatures as high as 4,000 ˚K. The plasma reactor is designed to have the feed gas stream swirl 
around the high temperature plasma flame and decarbonise using the thermal energy available in the 
plasma flame. See Figure 20 for a conceptual drawing of the plasma reactor. 
 

 
 

Figure 20: Non-Thermal Plasma Reactor Conceptual Design (Source: KW Melnyk & Associates) 
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The decarbonisation reaction of methane yields a carbon and hydrogen mixture with no by-products:  
 

CH4 + e- (plasma) —> C + 2 H2 + e- (heat) 
 

4.7.2 Status of Technology Development 
 
The plasma process has currently been tested at a bench scale using 10 kW magnetrons where 99.9% 
methane decomposition efficiency was reported. The company has begun work on developing a 25 kW 
magnetron that will be later scaled to 75 kW capacity. 
  
The reactor has been tested with a variety of feed gases such as liquefied petroleum gas, city gas, gas 
liquids and biogas. Nonetheless, the reactor design will require modifications and refinements as the 
process is scaled and the feed stream changed to natural gas.  Behaviour of some of the gas constituents 
(e.g., sulphur) is not well understood and will be analysed as the research progresses. 
 
A commercial implementation of this technology would deploy multiple arrays of plasma reactors where 
one or more magnetrons could be connected to each reactor chamber. Lab experiments have already 
proven the parallel implementation of this technology.  
 

4.7.3 Technical Issues 
 
The plasma reactor is the key component in this technology and its scale up will require progressive R&D 
that has a number of unknowns at this point in time. Little or no information is available regarding 
process parameters for streams exiting the reactor, as well as the processes inside the reactor.  
 
It is expected that reactor design refinement and scale up may take up to three years of research. 
However, magnetrons are technically well understood and many different products are commercially 
available. As well, magnetron products based on a solid state electronics design are also commercially 
available.  
 

4.7.4 Advantages 
 
The plasma technology is modular, scalable and can be implemented as a distributed system as well. 
Additionally, rapid response characteristics (ramping up and down) make it suitable for an on-demand 
application as well. As well, the dissociation of methane is achieved with low bulk temperature, and 
pressure close to atmospheric. Low operating pressure and bulk temperature simplify maintenance and 
safety procedures. 
 

4.7.5 Techno-Economics (K.W. Melnyk & Associates provided) 
 
The company spent $250,000 in capital cost for a 10 kW bench scale demonstration. Of course, the 
process is uneconomic for the cost of carbon avoided based on the cost and experimental values so far 
reported. The technology proponents claim that the cost does not linearly related with the equipment 
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size, and therefore, economies of scale will present the technology favourably with other competing 
technologies at full scale. 
 
Based on the available experimental results, a 10 kW plasma reactor will use 3.355 kg methane to 
produce 0.841 kg hydrogen and 3 kg carbon at 15 ˚C and 1 bar pressure. Since there are power loses in 
electric to RF conversion, a 33% loss in the input power is indicated by the developers. In other words, 
about 30 kW of electric power will be required for producing 0.841 kg hydrogen.  
 

4.8 U Kentucky: Fluidised Bed Decarbonisation of Natural Gas 
 
Midway through the study, the University of Kentucky requested that their technology be withdrawn 
from further consideration for SAGD steam generation decarbonisation application. They reasoned that 
this technology was unsuitable for steam generation. Therefore, the following information is provided 
for information purpose only and was not considered for any review. 
 

4.8.1 Technology Description 
 
The fluidised bed catalytic cracking system, a concept similar to chemical looping, consists of two 
interconnected fluidised bed reactors – a decomposer reactor (with activated carbon as catalyst) and a 
regenerator reactor (Figure 21). The decomposition reactor operates at 900 ˚C where natural gas is 
decomposed, almost completely, into hydrogen and carbon. The off-gas from the reactor contains 99 
vol. % pure hydrogen. Some of the produced carbon is deposited on the surface of the catalyst, but the 
deposition can be minimised by maintaining gas velocity of more than 2.5 m/s through the reactor.  
  
 

 
 

Figure 21: U Kentucky Fluidised Bed Process for Natural Gas Decarbonisation                                                                                   
(Source: University of Kentucky) 
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The carbon in the flue gas is separated from hydrogen is a cyclone separator. The spent catalyst is 
transferred into the regenerator where steam and oxygen are used for regeneration. The activated 
carbon is nearly completely recovered and the heat generated during regeneration provides thermal 
energy for both reactors, making the system autothermic.  
 

4.8.2 Status of Technology Development 
 
The University of Kentucky (U Kentucky) has verified the process using a bench scale fluidised bed setup 
(Figure 22). 
 

 
 

Figure 22: Experimental Setup for R&D (Source: University of Kentucky) 

Some of the parameters for the experimental setup are listed in Table 8 below. 
 

Table 8: Important Parameters for bench Scale Testing of the U Kentucky Process                                                                       
(Sourced from University of Kentucky provided information) 

Parameter 
 

Value 

Reactor internal diameter at ends (mm) 22 
Reactor diameter in the middle (mm) 44 
Methane feed rate (ml/min) 30 
Nitrogen feed rate (ml/min) 70 
Regeneration gas (ml/min) 
 Steam 
 Oxygen 
 Nitrogen 

200 
20 
20 

160 
Residence time decomposer (s) 3 
Residence time regenerator (s) 1.5 
Reaction temperature (˚C) 900 

 
Commercially available activated carbon (particle size between 75 and 300 μm) was used as the catalyst 
in this experiment. Nitrogen was used for diluting the feed streams for safety considerations.  
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U Kentucky in-house research has demonstrated that there is no perceptible decrease in the catalyst 
performance after repeated regeneration and cycling (Figure 23).  
 

 
Comparison of the initial performance of AC in each cycle for 6 cycles 

 
Cyclic performance of regenerated AC after a certain time of reaction 

 

Figure 23: Cyclic Performance of Activated Carbon Catalyst (Source: University of Kentucky) 

4.8.3 Technical Issues 
 
Use of catalysts decreases the decomposition temperature of methane. While the conventionally used 
transition metal catalysts experience rapid deactivation because of carbon buildup on their surface, 
activated carbon provides an acceptable balance between acceptable performance and decrease in 
reaction kinetics. Activated carbon also suffers from fast deactivation, but U Kentucky claims that it can 
be completely regenerated in the system.  
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An average methane conversion of 90% was achieved during lab experiments. Although methane 
conversion rates declined with time, that decline was very slow. Steam is more efficient for 
regeneration, but oxygen is added for combusting some of the carbon for providing sensible heat for the 
reaction. Consequently, the off-gases from the regenerator consist of CO, CO2, H2 and N2. The relative 
composition of the off-gas can be managed by controlling the steam-O2 mix. Mole ratio of CO: H2: CO2 in 
the syngas gas from the regenerator was found to be 1:0.32:0.13. Therefore, upon complete combustion 
and condensing of water vapours, the syngas will generate a high CO2 concentration gas that would be 
amenable to CO2 capture. However, the use of oxygen and the requirement of post combustion capture 
of CO2 would require additional investment in air separation unit for oxygen production and post 
combustion capture system for CO2 capture. As well, there will be the need for a steam generator for 
the catalyst regeneration process. 
 
 

 
Figure 24: Heat Balance for Decarboniser and Regenerator for the Fluidised Bed System                                                                      

(Source: University of Kentucky) 

Figure 24 is the heat balance information provided by the technology sponsors. Note that the 
regenerator produces heat in excess of the heat required for decarboniser.  Therefore, the heat 
generated in the regenerator can be used for the decarbonisation reaction as well as for steam 
generation. The input streams can be balance so that the heat flows balance out.   
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4.8.4 Techno-Economics 
 
Table 9 is a partial list of cost items for this technology.  
 

Table 9: Partial Cost information for Fluidised Bed Decarbonisation                                                                                                 
(Sourced from University of Kentucky provided information) 

Parameter 
 

Value 

Steam production rate (barrels per day) 99,000 
Steam quality (˚C) 350 
Thermal energy for steam generation (kJ/day) 4.4 x 1010 
Syngas required (mol/day) 
Hydrogen 
Carbon monoxide 

 
1.0 x 108 

6.4 x 107 
Oxygen supply (m3/day) 656,640 
Reactor residence time (s) 3 
Reactor operating temp (˚C) 900 
Reactor volume (m3) 500 
Cost of two fluidised beds ($ million) 29.4 
Cost of air separation unit ($ million) 25 

 
 

5 Cost of CO2 Avoidance 
  
Technologies from Pioneer Energy (aromatisation) and Atlantic Hydrogen (partial oxidation and plasma 
decarbonisation) were selected for cost of CO2 avoidance investigation. These technologies were 
selected primarily based on (1) the quality of non-confidential information available, (2) the evidence 
that the proposal was backed by some level of experimental research, and (3) that the proposed 
technology did not influence the current SAGD production process. 
 
Only the final results for the cost of CO2 avoidance are disclosed in this section because of confidentiality 
considerations. Detailed assumptions, calculations and results are available in the attached spreadsheet, 
Appendix A. Explanation on some cost calculations are available in Appendix 4. 
  
Recall that the economic case for decarbonisation technologies benefits from the revenue generated 
from the sale of by-products: benzene in the case of aromatisation technology and carbon black in the 
case of partial oxidation and plasma technologies. This is evident from the results of the cost of CO2 
avoidance. 
 
When the revenue from the sale of the by-products is not considered, the cost of CO2 avoidance varies 
between $200/t-CO2 and $375/t-CO2 among the selected technologies. Of course, the avoidance cost 
improves when the by-product revenues are considered: In this case the cost varies between -$90/t-CO2 
and $75/t-CO2. The negative cost means that in some cases there is a net revenue from the sale of by-
products. Using assumptions similar to those used for the proposed technologies, the cost of CO2 
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avoidance for amine PCC was modelled as $205/t-CO2. Note that the amine case does not benefit from 
the sale of the by-products. 
 
These results should be interpreted as ‘order-of-magnitude’ estimates as they are based on unoptimised 
process conditions and technologies at an early stage of development; the high cost and low cost range 
should also be interpreted with a variability of +30%. The proposed technologies were developed for 
different applications – Pioneer Energy aromatisation process for benzene synthesis and Atlantic 
Hydrogen partial oxidation and plasma processes for mobility hydrogen applications – and may benefit 
from optimization for steam generation for SAGD. 
 
In the beginning of the study, calculating the comparative cost of CO2 compliance was included in the 
scope. However, the COSIA Study Steering Committee (CSSC) later instructed the project team to 
exclude this consideration from the scope. It was interpreted that the decarbonisation technology would 
also be subject to Alberta’s Specified Gas Emitter’s Regulation.     
 

6 Theoretical Modelling 
 
Theoretical models for SAGD steam generation using an OTSG without post combustion carbon capture 
and OTSG steam generation with decarbonisation technology were prepared for comparing mass and 
energy inputs for the two processes. The purpose of the theoretical modelling was to confirm OTSG with 
thermal decarbonisation of natural gas resulted in lower emissions for steam generation compared with 
the Reference Case. Both process models used methane as the input gas.    
 

6.1 OTSG SAGD Steam Generation 
 
The process block diagrams for the theoretical OTSG steam generation model and OTSG steam 
generation with decarbonisation technology are shown in Figures 25 and 26, respectively. 
 

 
 

Figure 25: Theoretical Process Block Diagram for SAGD Steam Generation 
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Figure 26: Theoretical Process Block Diagram for SAGD Steam Generation with Decarbonisation Process 

 
The theoretical models assume the following: 
 

• Stoichiometric reaction 
• 100% conversion of methane to solid carbon and hydrogen at a decarbonisation temperature of 

1,300°C 
• Produced hydrogen combusted in the OTSG to generate steam 
• Complete separation and recovery of solid carbon  
• 100% of the energy required for methane decarbonisation was supplied by combustion of 

methane in a separate system. This methane combustion resulted in CO2 emissions 
• Heat was recovered from the combustion by-products (Hot Flue 2, Figure 29) in the decarb 

reactor for heating the input chemical and thermal methane 
• 10% excess combustion air 
• No energy losses from the process reactors or heat exchangers 
• Information in Table 10 (next page) 
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Table 10: Theoretical Modelling Assumptions 

Input Parameter 
 

Properties 
(OTSG Steam 

Model) 

Properties 
(OTSG Steam + 
Decarb Model) 

Methane (Thermal)  20 ˚C, 14.7 PSIA  
Methane (Chemical, to decarb 
reactor)   

 N/A 780.5 ˚C, 14.7 PSIA 

Combustion air to decarb reactor N/A 20 ˚C, 14.7 PSIA 
Combustion air to boiler 20 ˚C, 14.7 PSIA 20 ˚C, 14.7 PSIA 
Boiler feedwater 144 ˚C, 1450 PSIA 144 ˚C, 1450 PSIA 
Flue gas from boiler 150 ˚C, 14.7 PSIA 150 ˚C, 14.7 PSIA 
Steam produced 311 ˚C, 1450 PSIA 311 ˚C, 1450 PSIA 
Carbon produced N/A 1,300 ˚C, 14.7 PSIA 
Hot flue from decarb reactor  1,300 ˚C, 14.7 PSIA 

 
 
Table 11 and 12 summarise the results from the theoretical models. 
 

Table 11: Mass and Energy Balance for Theoretical Modelling 

Parameter OTSG Steam Generation 
Model 

OTSG + Decarb Steam 
Generation Model 

Mass Balance (kg/s)   
Methane-thermal  0.045 0.015 
Methane-chemical  0.063 
CO2 emissions 0.123 0.041 
Solid carbon  0.047 
Enthalpy Flow (kW)   
Methane-thermal  -209 -69 
Methane-chemical - -295 
Air-decarboniser - -1.5 
Air-OTSG -4.5 -3.2 
Fuel to OTSG -209 (Methane-thermal) 305 (Hydrogen) 
Flue from OTSG -233 x 10 -181 x 10 
Flue from decarboniser - -769 
Water (*) -15 x 103 -15 x 103 
Steam (*) -13 x 103 -13 x 103 
Solid carbon  98.6 

(*) This number is based on the heat of formation of pure hydrogen and oxygen in their standard states; 
may not match with values in the steam table. 
 
The results of the theoretical models compared with Jacob’s cases are summarised in Table 12. The 
results have been calculated both on a 1 kg/s steam basis and on a SAGD OTSG steam basis (182 kg/s).   
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Table 12: Theoretical Model Results Compared with Reference Case  

 
 
The inclusion of the decarbonisation process has the following impacts when the theoretical OTSG-
steam generation case is compared with OTSG + Decarbonisation steam generation case:   
 
 Total methane consumption increases from 257,194 TPA in OTSG-steam gen to 447,710 TPA in 

OTSG+decarb steam gen, an increase of 70% over the consumption in the OTSG-steam gen case   
 Direct CO2 emissions decrease from 705,556 TPA in OTSG-steam gen to 232,890 TPA in 

OTSG+decarb steam gen, a decrease of 67%   
 About 18 MW of enthalpy flow in the produced carbon stream (at 1,300 ˚C carbon temperature) 

is unutilised for heat recovery as it presents technical challenges (material handling and 
implementing heat exchange system for a solid-liquid or a solid-gas heat exchange system) 

 
The modelling confirms that OTSG steam generation with natural gas decarbonisation results in lower 
CO2 emissions compared with an OTSG without decarbonisation of natural gas. 
 
 
 
 
 
 
 
 
 

Process Stream Unit Jacobs Study 
SAGD Steam 

Model (Reference 
Case)

Theoretical 
SAGD Steam 

Model

Theoretical SAGD 
Steam Model 

Sized to Jacobs 
Study

Thoeretical SAGD 
Steam+Decarb 

Model

Thoeretical SAGD 
Steam+Decarb 
Model Sized to 

Jacobs Study
Input Streams
CH4-Thermal kg/s 0.045 0.015
CH4-Chemical kg/s 0.063
Output Streams
Steam produced kg/s 182 1 182 1 182
C produced kg/s 0.047
Enthalpy flow in C produced MW 0.100
Hydrogen kg/s 0.016
CO2 direct kg/s 0.123 0.041
CO2 indirect kg/s  
Input Streams
CH4-Thermal TPA 264,898               1,415             257,194               467 84,902                   
CH4-Chemical TPA 362,808                 
Output Streams
Steam produced TPA 5,733,525            31,536           5,733,525            31,536                     5,733,525             
Hydrogen TPA 91,179                   
C produced TPA 271,631                 
Enthalpy flow in C produced MW 18                           
CO2 direct TPA 644,225               3,881             705,556               1,281                       232,890                 
CO2 indirect TPA 111,690               
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7 IP Assessment and Patent Search 

7.1 Summary 
 
The initial patent search focussed on methods and technologies for producing carbon from 
methane/natural gas as well as methods for aromatization of natural gas/methane for benzene 
synthesis. All searches were performed using the PatSnap database which searches full text patents and 
patent applications from all major jurisdictions including Canada, US, Europe, Japan, China, and more, as 
well as international PCT applications. 
 
The overall patent space for carbon black is fairly crowded; a simple PatSnap search for “carbon black” 
brought up over 65,000 results. However, many documents are directed towards traditional methods of 
using heavy petroleum products as feedstock rather than natural gas. While some older patents suggest 
use of natural gas is possible, it’s often noted to be limited by cost. In the 1990s there are more filings 
relating to natural gas/methane with Kvaerner and Degussa (now part of Evonik Industries) filing several 
patent families each. Kvaerner’s patents primarily related to plasma-based methods, while Degussa’s 
were mostly furnace-based. In the 2000s, Atlantic Hydrogen started filing patents on their own plasma-
based methods and at the same time, more Chinese patent applications start to appear in the area. In 
2010/2011, Pioneer Energy filed patents on steam reforming of natural gas to produce H2, but there is 
no mention of carbon black production. Most recently, Boxer Industries and Monolith Materials both 
filed new patent families in 2015 on improved plasma processes and reactor/torch designs.  
 
The overall patent space for aromatization of natural gas/methane is smaller than the carbon black 
space but there are still multiple players to be aware of. UOP, ExxonMobil, and Shell Oil all have multiple 
patent families, some filed fairly recently in the past few years. There are also a large number of Chinese 
patent applications in the area, particularly relating to various novel catalysts, with the Dalian Institute 
of Chemical Physics filing several patents in the late 1990s and early 2000s. Other players with multiple 
patent families include Meidensha Electric, Saudi Basic Industries Corporation (SABIC) and Bayer 
Technology Services, all of which have several recent patent filings. 
 
This patent search is enclosed as Appendix 5A and 5B as electronic files. 
 

7.2 Targeted Search for Pioneer Energy and Atlantic Hydrogen IP 
 
PatSnap was used to search patents with “Atlantic Hydrogen” and “Pioneer Energy” as the assignee 
name. Patent families were confirmed through Espacenet and statuses confirmed through each 
individual patent office (e.g. CIPO, USPTO, etc.). Results are listed in List 1 (Atlantic Hydrogen) and List 2 
(Pioneer Energy) in the attached IP search report (Appendix 5C as an electronic file) for Pioneer and 
Atlantic Hydrogen. Note that any entry starting with the “WO” code is a PCT (Patent Cooperation Treaty) 
patent application which is not examined or issued itself, but is nationalized into individual countries. 
For any PCT application, the national information (if any) is provided in the Patent Family table.  
 
Atlantic Hydrogen Inc. has filed several patent families on methods for producing energy and/or carbon 
black from natural gas and methane. The majority of these patent families suggest a plasma-based 
method. Their most recent patent family, filed in 2013, is directed towards using electromagnetic energy 
to initiate the plasma. A number of their older patent applications have been withdrawn or abandoned, 
and some of their PCT applications were never nationalized. However, they do have a number of issued 
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patents and pending applications, primarily in the US and Canada, which have been highlighted in red in 
Appendix 5C. If any of these technologies are of interest, these active applications or issued patents 
should be analysed in further detail.  
 
Pioneer Energy Inc. has filed a diverse portfolio of patents. Their earlier patent filings are directed 
towards methods for extracting petroleum and natural gas from subsurface wells, and processes for 
generating electricity from natural gas and other feedstocks using reformation with superheated steam 
to produce hydrogen. Their more recent patents are focused on synthesis of higher alcohols and other 
chemical (e.g. ketenes) from syngas (which can be produced by steam reformation of natural gas) and 
other carbon based materials. Pioneer’s most recent patent family, filed in 2014, is a field-deployable 
system for separating methane and natural gas liquids (NGLs) from a raw gas stream. Almost all of 
Pioneer’s patent applications are issued or pending; only one was found to be abandoned.   
 

7.3 Other Search for IP 
 
Another search strategy included the more general search for hydrogen production but did not result in 
any clear IP picture.  It either resulted in hundreds of entries, or when narrowed the search criteria, 
resulted in unrelated results (Table 13). The enclosed spreadsheet (Appendix 5D) has all the potentially 
relevant results that were found, but the list cannot be interpreted as complete and some results will be 
more relevant than others. 
 

Table 13: IP Search Focussed on Hydrogen Production Aspect of Decarbonisation 

Note that all searches were limited to patents filed after January 1, 1970 
   
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Search terms Number of Hits 
“natural gas” and hydrogen (in T/A/C) 6425 (NR) 
“natural gas” and hydrogen and production (in T/A/C) 1522 (NR) 
“natural gas” and decarbon* (in T/A/C) 113 
Methane and decarbon* and hydrogen (in T/A/C) 72 
“natural gas” and crack* and hydrogen (in T/A/C) 481 (NR) 
(“natural gas” $W5 crack*) and hydrogen (in T/A/C) 44 
Methane and crack* and hydrogen (in T/A/C) 1370 (NR) 
(methane $W5 crack*) and hydrogen (in T/A/C) 238 
“natural gas” and decompos* and hydrogen (in T/A/C) 404 (NR) 
(“natural gas” $W5 decompos*) and hydrogen (in T/A/C) 44 
“natural gas” and decomposition and hydrogen (in T/A/C) 246 
Methane and decomposition and hydrogen (in T/A/C) 787 (NR) 
Methane and dissociation and hydrogen (in T/A/C) 180 
“natural gas” and dissociation and hydrogen (in T/A/C) 50 
“natural gas” and hydrogen and generation (in T/A/C) 543 (NR) 
“natural gas” and (hydrogen $W5 generation) (in T/A/C) 114 
Methane and hydrogen and generation (in T/A/C) 1068 (NR) 
Methane  and (hydrogen $W5 generation) (in T/A/C) 229 
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Search results with > 250 hits were Not Reviewed (NR) 
T/A/C = Title/Abstract/Claims 
*=wildcard symbol; $W5 = within 5 words of  
[Note that the results list only shows one patent per patent family] 
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9 Appendix 1: COSIA 4D Technology Readiness Levels 
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10 Appendix 2: Carbon Black Production Processes 
 
The following table from Asahi Carbon Co. Ltd., Japan, summarises the different methods for 
commercial production of carbon black. 

 
Figure 27: Methods for Carbon Black Production (Source: Asahi Chemical Company, 

http://www.asahicarbon.co.jp/global_site/product/cb/manufacturing.html 

 
 
Two carbon black processes (furnace black and thermal black) produce nearly all of the world's carbon 
blacks, with the furnace black process being the most common (International Carbon Black Association 
(ICBA), http://www.carbon-black.org/index.php/what-is-carbon-black).    
 
The following process descriptions have been copied from the ICBA website, http://www.carbon-
black.org/index.php/what-is-carbon-black: 
 
“…..The furnace black process uses heavy aromatic oils as feedstock. The production furnace uses a 
closed reactor to atomize the feedstock oil under carefully controlled conditions (primarily temperature 
and pressure). The primary feedstock is introduced into a hot gas stream (achieved by burning a 
secondary feedstock, e.g., natural gas or oil) where it vaporizes and then pyrolyzes in the vapor phase to 
form microscopic carbon particles. In most furnace reactors, the reaction rate is controlled by steam or 
water sprays. The carbon black produced is conveyed through the reactor, cooled, and collected in bag 
filters in a continuous process. Residual gas, or tail gas, from a furnace reactor includes a variety of gases 
such as carbon monoxide and hydrogen. Most furnace black plants use a portion of this residual gas to 
produce heat, steam, or electric power. 
 
The thermal black process uses natural gas, consisting primarily of methane or heavy aromatic oils, as 
feedstock material. The process uses a pair of furnaces that alternate approximately every five minutes 
between preheating and carbon black production. The natural gas is injected into the hot refractory lined 
furnace, and, in the absence of air, the heat from the refractory material decomposes the natural gas 
into carbon black and hydrogen. The aerosol material stream is quenched with water sprays and filtered 
in a bag house. The exiting carbon black may be further processed to remove impurities, pelletized, 
screened, and then packaged for shipment. The hydrogen off-gas is burned in air to preheat the second 
furnace.” 

http://www.carbon-black.org/index.php/what-is-carbon-black
http://www.carbon-black.org/index.php/what-is-carbon-black
http://www.carbon-black.org/index.php/what-is-carbon-black
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Processing Steps for the Produced Carbon Black 
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11 Appendix 3: Cost of CO2 Avoidance 
 
Technologies from Pioneer Energy (aromatisation) and Atlantic Hydrogen (partial oxidation and plasma 
decarbonisation) were selected for cost of CO2 avoidance investigation. These technologies were 
selected primarily based on (1) the quality of non-confidential information available, (2) the evidence 
that the proposal was backed by some level of experimental research, and (3) that the proposed 
technology did not influence the current SAGD production process. 
 

11.1 Cost of CO2 Avoidance Overview 
 
CO2 avoided is the difference of net CO2 emissions between a reference case and an alternative case. An 
OTSG system sized for 33,000 barrels per day (BPD) oil production with steam-to-oil (SOR) ratio of 3 is 
the reference case. The alternative cases comprise of an OTSG with post combustion CO2 capture and 
stored and an OTSG with natural gas decarbonisation technology where a portion of the natural gas is 
decarbonised to hydrogen with the resultant carbon black by-product sold or stored as solids, or locked 
in by-product liquids that is not used as fuel.     
 
Therefore, CO2 avoided = sum of direct and indirect CO2 emissions in the reference case – sum of direct 
and indirect CO2 emissions in the  alternate case + CO2 equivalent in the carbon black by-product sold or 
stored as solids, or locked in by-product liquids that is not used as fuel. Consequently, the cost of CO2 
avoided ($/tonne-CO2) is the difference of annual cost between the reference case and the alternate 
case divided by the annual mass of CO2 avoided. This study used a simplified cost analysis that included 
only the following costs: amortised capital cost; cost of natural gas, electricity and water; operating and 
maintenance cost as a percent of capital cost, and contingency cost. 
 
There is parasitic energy requirement for post combustion amine based CO2 capture and 
decarbonisation of natural gas cases. However, the prospect of revenue from the sale of by-products in 
the decarbonisation technology offsetting part or all of the annual cost and lower net CO2 emission 
resulting in a low CO2 avoidance cost is one of the strongest drivers for the investigation of 
decarbonisation technologies. 
 
A 2013 study (ECM Evaluation Study Report) by Jacobs Consultancy, co-funded by Alberta Innovates – 
Energy and Environment Solutions and five oil sands producers, provides a techno-economic evaluation 
of electrochemical membranes for CO2 capture and solid oxide fuel cells for combined heat and power 
generation in a SAGD production application. It had analysed steam generation with OTSG without GHG 
control and with post combustion capture using amine (as well as other cases) for a 33,000 BPD SAGD oil 
production that is consistent with the assumptions used for this study as well.  Therefore, information 
pertaining to CO2 emission and some financial assumptions in the Jacobs OTSG steam generation case 
has been used as the Reference Case for calculating CO2 avoided and cost of CO2 avoided for 
decarbonisation technologies reviewed in this study. 
 
The Jacobs’ Study used the following key assumptions (Table 14 and Table 15).  
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Table 14: Assumptions in the OTSG Reference Case 

Item 
 

Value 

Oil production capacity (BPD) 33,000  
Steam to SAGD (kg/h, 10MPa, dry CWE10) 654,512 
CO2 emissions (t(11)/d) 
Direct 
Indirect (from electricity use +  natural gas 
production and delivery) 

 
1,765 

 
306 

Grid intensity factor (t-CO2e/MWh) 0.88 
Life of plant (years) 30 

 
 

Table 15: Assumptions in the Jacobs OTSG + Post Combustion CO2 Capture Using Amine Case 

Item 
 

Value 

Oil production capacity (BPD) 33,000  
Steam to SAGD (kg/h, 10MPa, dry CWE) 654,512 
CO2 captured specification Meets Kinder 

Morgan specs 
Amine concentration (%) 30  
CO2 capture (%) 90 
CO2 emissions (t/d) 
Direct 
Indirect (electricity use) 

 
2,270 
684 

CO2 captured (t/d) 2,043 
Grid intensity factor (t-CO2/MWh) 0.88 
Life of plant (years) 30 
Cost of capital (%) 12 

 
The information regarding Jacobs OTSG + amine post combustion CO2 capture is provided for 
information and comparing the cost of CO2 avoidance with that of the decarbonisation technologies.   
 
The indirect CO2 emissions in the decarbonisation technologies for electricity use were calculated using 
a grid emission factor of 0.65 t-CO2e/MWh rather than the 0.88 value used in the Jacobs study. 
Consequently, indirect emissions for the Reference Case were adjusted to the 0.65 t-CO2e/MWh basis in 
the cost calculations. 
  
 
 

                                                           
10 Cold water equivalent 
11 Metric tonne 
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11.2 System Boundary 
 
The system boundary (dotted rectangle in Figure 28) for this study includes the decarbonisation 
technology (at the front end on an OTSG), processing of the decarbonisation by-product and consequent 
revenues from its sale. 
 
  
 
 
 
 
 
 
 
 
 

 

Figure 28: System Boundary for CO2 Avoidance Cost Calculation 

 
The Jacobs techno-economic study included warm lime softening (WLS) and OTSG in the system 
boundary.  However, since the cost of CO2 avoidance is calculated on net additional investment and CO2 
emissions compared with the Reference Case, the actual calculations will only add and subtract the 
capital cost of the OTSG and WLS in the avoidance cost calculation. Therefore, the netting effect allows 
for simplifying the system boundary to include only the cost of the decarbonisation system and 
consequent CO2 emissions in the avoidance calculations. As a result, the changes in natural gas 
(methane) consumption and consequent difference in cost between the Reference Case and the 
decarbonisation cases has been accounted in the cost calculations. 
 
The theoretical modelling of decarbonisation process and the models provided by the technology 
proponents have used methane as a default for natural gas in all analysis. This report uses methane and 
natural gas interchangeably, but all calculations use the properties of methane for simplicity.   
 

11.3 Cost Calculation Methodology 
 
Three technologies (Pioneer Energy’s (PE) aromatisation technology and Atlantic Hydrogen’s (AHI) 
partial oxidation and plasma technologies) were selected for the avoidance cost calculation (Figure 29). 
These technologies were selected primarily based on (1) the quality of non-confidential information 
available, (2) the evidence that the proposal was backed by some level of experimental research, and (3) 
that the proposed technology did not influence the current SAGD production process.  
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Figure 29: Reference and Alternative Cases for SAGD Steam Generation 

The original information provided in the technology proposals was insufficient to conduct an order-of-
magnitude calculation of the cost of CO2 avoidance. The project team worked with the technology 
proponents to get specific information for conducting cost comparison at the SAGD steam generation 
scale. The cost model was prepared based on the information provided by the technology proponents 
and reasonable supplemental assumptions in consultation with the COSIA Study Steering Committee 
(CSSC). 
  
The following assumptions (Table 16, overleaf) apply to all cost avoidance cases.  
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Table 16: Assumptions for Avoidance Cost Calculations 

Item 
 

Value 

CO2 emission for Reference Case (Jacobs OTSG steam 
generation) 

Direct (t/y) 
Indirect (t/y) 

 
 

644,225 
111,690* 

Alberta grid CO2 intensity (t-CO2/MWh) 0.65 
Annual cost of capital 10% 
O&M (% capex) 30% 
Additional O&M for operational complexity (% capex) 5% 
Capacity exponent for calculating capex at varying 
capacity 

0.6 

Technology risk contingency (% capex) 10% 
Useful life of plant (years) 30 
Sale price of carbon black ($/t) 900 
Sale price of benzene ($/t) 600 
Cost of natural gas ($/GJ) 4 
Cost of electricity ($/kWh) 0.09 
Cost of water ($/kg) 1 

 
(*This value was adjusted in the cost calculations for accounting for a lower CO2 emissions factor for grid 
electricity than the one used in the Jacobs study) 
 
As explained in the previous section, the cost of the OTSG system was not used in the calculations 
because of the manner in which the avoidance cost is calculated. Only the total CO2 emissions (direct 
emissions from natural gas combustion and indirect emissions from the use of electricity and emissions 
from natural gas production and delivery) in the Jacobs OTSG steam generation case were used as the 
Reference Case emissions for the CO2 cost avoidance calculations. 
 
Cost calculations are based on the information in the process block diagrams and technical summary 
sheets provided by the technology proponents. The information provided was inconsistent in detail and 
was for unoptimised systems. As a result, the cost estimation should be interpreted as valid for an ‘order 
of magnitude’ estimate only.   
 
Table 17 (overleaf) is a listing of the original information provided by PE and AHI compared with that of 
the Reference Case. 
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11.4 Cost of CO2 Avoidance Results 
 
The results from the cost of CO2 avoidance calculations are summarised in Table 1 below. These results 
are based on assumptions in Table 23.   
 

Table 17: Results of the Cost of CO2 Avoidance Calculations   

 Aromatisation of 
Methane (Pioneer 

Energy) 

Partial Oxidation 
of Methane 

(Atlantic 
Hydrogen) 

Plasma 
Decarbonisation of 
Methane (Atlantic 

Hydrogen) 
High cost ($/t-CO2 avoided at 
by-product selling at $0) 

320 206 368 

Low cost ($/t-CO2 avoided at  
current market price of by-
product) 

(90) (77) 72 

 
These results should be interpreted as ‘order-of-magnitude’ estimates as they are based on unoptimised 
process conditions and technologies at an early stage of development; the high cost and low cost range 
should also be interpreted with a variability of +30%. The proposed technologies were developed for 
different applications – Pioneer Energy aromatisation process for benzene synthesis and Atlantic 
Hydrogen partial oxidation and plasma processes for mobility hydrogen applications – and may benefit 
from optimization for steam generation for SAGD 
 
Cost of natural gas and the selling price of carbon black and benzene are the three factors that will vary 
with market conditions. Other variables that will affect cost of CO2 avoidance include GHG compliance 
regime, grid GHG emission intensity (or use of electricity from a cogen facility) and capital cost 
improvements with technical development. Although an in-depth review of the impact of these factors 
on the avoidance cost is beyond the scope of this study, a simple sensitivity analysis was performed for 
quantifying the impact of the changes in the selling price of the by-product on the cost of CO2 avoidance 
for the case with no compliance cost (Chapter 11.8.1).  
 

11.4.1 Cost Sensitivity to Price Factors  
 
Multiple combinations of sensitivity factors could be considered. For simplicity, +30% variation in the 
selling price of the by-product was considered for determining the variability in the cost of CO2 
avoidance (Figure 33, overleaf). 
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Figure 30: Cost of CO2 Avoidance with Varying Selling Price of By-Product 

The cost of CO2 avoidance varies between -$213/t-CO2 and $33/t-CO2 for aromatisation technology; -
$162/t-CO2 and $8/t-CO2 for partial oxidation technology and -$17/t-CO2 and $161/t-CO2 for plasma 
technology (a negative value means revenue) when the sale price of the by-product varies by +30%. The 
lower and upper limits of the cost correspond to economic cases when the sale price increase or 
decrease by 30%, respectively. The plasma technology is penalised because of high electricity 
consumption that results in much higher indirect CO2. This technology would benefit when the grid 
emission intensity in Alberta declines from the present intensity of 0.65t-CO2eq/MWhe, or if a source of 
renewable electricity were used to operate the plasma. 
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