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Legal Notice 

This information was prepared by Gas Technology Institute (“GTI”) for Canada’s Oil Sands Innovation 

Alliance (“COSIA”). 

Neither GTI, the members of GTI, the Sponsor(s), nor any person acting on behalf of any of them: 

a.  Makes any warranty or representation, express or implied with respect to the accuracy, completeness, 

or usefulness of the information contained in this report, or that the use of any information, apparatus, 

method, or process disclosed in this report may not infringe privately-owned rights.  Inasmuch as this 

project is experimental in nature, the technical information, results, or conclusions cannot be predicted.  

Conclusions and analysis of results by GTI represent GTI's opinion based on inferences from 

measurements and empirical relationships, which inferences and assumptions are not infallible, and with 

respect to which competent specialists may differ. 

b.  Assumes any liability with respect to the use of, or for any and all damages resulting from the use of, 

any information, apparatus, method, or process disclosed in this report; any other use of, or reliance on, 

this report by any third party is at the third party's sole risk. 

c. The results within this report relate only to the items tested. 
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Executive Summary 

The objective of the study was to scan and evaluate oxygen production technologies that can 

benefit COSIA’s Green House Gases (GHG) Environmental Priority Areas (EPAs) and evaluate 

pathways to address the challenges associated with the cost and GHG intensity of Oxygen (O2) 

production from the Canadian Oil Sands (COS) and Alberta context. The objectives were 

achieved by dividing the efforts into three different tasks. The first task was to identify, evaluate, 

and assess existing and emerging O2 generating technologies to reduce the GHG footprint for 

COS operations. The second task was to evaluate the potential for over-the-fence (OTF) business 

arrangements in discussions with a major industrial gas vendor (Air Liquide) for Steam Assisted 

Gravity Drainage (SAGD). Based on current cryogenic air separation technology, the third task 

was to assess the benefits and challenges of integrating two main steam generating equipment – 

Once Through Steam Generator (OTSG) and Direct Contact Steam Generator (DCSG) with the 

oxygen generation technology.  

GTI performed a comprehensive search of oxygen generating technologies. Efforts were focused 

on non-membrane based existing and emerging oxygen generation technologies. Based on this 

comprehensive search, four commercial and nine emerging technologies were identified. GTI 

evaluated, compared and assessed these technologies based on potential for GHG reduction and 

Technology Readiness Level (TRL). Further, advantages and limitations of each of these 

technologies were evaluated. For existing technologies, cryogenic Air Separation Unit (ASU) are 

the most applicable to SAGD due to its ability to generate high purity, high volume O2. In terms 

of emerging technologies, with cryogenic technology being the baseline, advanced sorbents by 

Western Research Institute and MOLTOX by Conoco Phillips provide the largest reduction in 

GHG, while other technologies ranked lower due to less GHG reduction or requiring significant 

efforts for commercialization.  

COSIA members, Air Liquide and GTI had a detailed discussion for OTF business 

arrangements. Air Liquide provided insights on the different oxygen pipelines across the world 

that they owned and operated for oxygen supply and the different arrangements possible for 

COSIA members. There are three business arrangements that can be executed. One is a long-

term supply arrangement. i.e. 15-20 years and this would be the responsibility and under 

ownership of the company supplying the industrial gases .i.e. Air Liquide. The second is a fixed 

or variable pricing structure based on the escalation determined by vendor and the buyer. The 

third is a minimum take or pay arrangement.  

GTI also evaluated the integration of Once through Steam Generator (OTSG) and Direct Contact 

Steam Generator (DCSG) with cryogenic ASU. OTSG’s are currently used for steam generation 

and operate at near-atmospheric pressure and do not require O2 to be pressurized but have heat 

transfer and exhaust losses and require significant water treatment. While DCSG requires high 

pressure, O2 but can handle produced water and has less heat and exhaust losses. In terms of 

integration, a distributed system, which will lead to smaller scale oxygen production system 

coupled with steam generation system with thermal integration, may provide significant 

reduction in GHG.  

GTI did not perform detailed analysis of the different technologies, as this was not the intent of 

this effort. However, this report provides substantial information to that end. The Appendix of 

this report contains the supporting information for each of the assessed technologies.    
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1.0 Objectives and Scope 

1.1  Objectives 

COSIA’s EPA is investigating ways to reduce energy use and associated GHG emissions 

through the development of innovative technologies for oil sands. The current study focuses on 

evaluating and comparing GHG reduction potential of different O2 generation technologies. In 

order to achieve this goal, multiple technologies were reviewed. The objectives of the study were 

to: 

• Scan and evaluate oxygen production technologies that can benefit the GHG EPAs  

• Evaluate pathways to address the challenges associated with the cost and GHG intensity of 

O2 production from oil sands and Alberta context by: 

• Identifying any emerging, likely early TRL, technologies not already familiar to 

COSIA. 

• For emerging and existing technologies, identifying and assessing any advancements, 

levels of energy integration, costs, and any novel commercial arrangements to help 

improve the GHG emissions and economics of O2 production. 

Lowering GHG intensity with oxy-fuel combustion is one of the solutions. However, integrating 

oxygen production technologies can itself lead to additional GHG emissions, operating and 

capital expenses, and integration challenges for oil sands operation. In order to objectively assess 

the reduction in GHG emissions compared to current levels, it is important to evaluate and 

compare the O2 production technologies, other business arrangements .i.e. over-the-fence and 

integration challenges of the steam generating equipment with O2 production. GTI assessed these 

areas in the current study.  
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2.0 Methodology 

2.1  Technology Identification 

GTI collaborated with COSIA members to perform a world-wide search of oxygen generation 

technologies with potential applicability to COS operations.  Efforts were made to make the 

search as broad and comprehensive as possible, while maintaining a focus on technologies 

capable of reducing GHG significantly. Drawing upon its experience and internal information 

services, GTI identified potential technologies, and companies offering these technologies.  

 

2.2  Technology Analysis Approach 

Comparison of different O2 production technologies for oil sands applications was performed to 

provide a baseline to COSIA for further evaluating the technology based on its GHG reduction 

potential, TRL levels, and integration merits. The analysis was performed for two different 

categories: 1. Existing commercial technologies and 2) Emerging Technologies. For existing 

technologies, cryogenic, Pressure swing adsorption (PSA), Vacuum Swing Adsorption (VSA), 

Vacuum Pressure Swing Adsorption (VPSA) were reviewed and assessed. For emerging 

technologies, based on the literature survey, multiple low to mid TRL level technologies were 

reviewed and assessed. These included and Electrochemical, ceramic autothermal recovery 

(CAR), magnetic and vortex oxygen separation, molten salts based oxygen separation 

(MOLTOX), and different chemical looping separation methods by TDA Research, Newcastle 

Innovation Limited, advanced air separation and advanced sorbents based air separation 

methods. The analysis compared the technologies to cryogenic air separation as the baseline. The 

GHG was calculated based on two different Grid Intensity Factors (GIF), i.e. 0.65 tonnes 

CO2/MWh and 0.418 tonnes CO2/MWh. A value was given to each of the emerging and existing 

technologies based on their GHG reduction percent potential. The study also included identifying 

advantages and disadvantages of the different technologies. No economic assessment was 

performed for the technologies (except cryogenic) due to unavailability of adequate information. 

For each of the emerging technologies, a TRL level was assigned based on available information 

and the results of technology assessment (definitions in the Appendix). GTI with COSIA 

members and Air Liquide discussed over-the-fence business arrangements and compared it tio 

self-owned and operated ASU’s. GTI also performed preliminary analysis on integration of the 

oxygen production technology with OTSG and DCSG. 
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3.0 Oxygen Generation Scanning and Evaluation 

3.1  Oxygen Generation Technology Types 

The study was divided into two different categories: existing and emerging. The existing 

technologies were the ones that achieved a TRL=9 and were commercially being used across 

various industries. The emerging technologies were TRL 6 and lower and were reviewed for 

applicability to oil sands and impact on GHG reduction. Figure 1 shows the different (non-Ion 

Transport Membranes) categories for oxygen generation that were split based on the literature 

survey performed. The first category included commercial off-the-shelf technologies that are 

TRL-9, .i.e. cryogenic, PSA, VSA and VPSA. Category 2 included other novel technologies such 

as electrolysis, cyclic auto thermal recovery, vortex, magnetic, MOLTOX and advanced 

cryogenic oxygen separation. Category 3 included technologies using chemical looping for 

oxygen generation from vendors such as TDA Research Inc. and Newcastle Innovation Limited 

from Australia. Category 4 were technologies that used novel sorbents for separating oxygen 

such as from Western Research Institute (WRI).  

  

 

 

Figure 1. Oxygen Generation Technology Types 

 

 

3.1.1 Existing Technologies (TRL-9) 

These technologies are commercially available however, the practical tonnage is dependent on 

the technology. The four different technologies considered in this study were – Cryogenic 

(benchmark), PSA, VSA and VPSA. Each of these technologies are discussed in the next 

sections.    

3.1.1.1 Cryogenic Air Separation (Benchmark) 

Cryogenic air separation is an old process used to produce high purity oxygen or nitrogen at high 

volumes. The process was first developed by Carl Von Linde in 1895 and it remains pretty much 

the same today. Cryogenics is also the chief method by which liquid oxygen is produced. The 

technology is centered on the fact that each of air’s constituents has different boiling points. The 

idea behind the process is to lower the temperature of the air such that nitrogen and oxygen 

separate based on their boiling points. For liquid oxygen, the separated, cold nitrogen is used as 

the heat transfer fluid to further cool the oxygen. The thermodynamic minimal work of oxygen 
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separation from air is equal to 58.4 kWh/tonne (53.1 kWh/ton) of oxygen. The energy required to 

separate the oxygen from air is 180 kJ/kg. The best presently constructed cryogenic ASUs are 

characterized by energy consumption exceeding the thermodynamic minimum by about four 

times. Figure 2 shows the ASU efficiency improvement in the last 45 years. The decrease in 

specific power consumption is correlated to the increase in ASU sizes. The energy consumption 

decrease of the cryogenic systems is mainly due to the scale up of the ASU that results in lower 

cold box losses that are caused by the heat transfer through the insulation to the surface leading 

to increases in ASU capacities (single train) over time (Figure 3).  Energy consumption of 

oxygen separation is an increasing function of oxygen purity. The oxygen purity decrease to 95% 

is usually accompanied by energy consumption reduction of at least 10%. Taking into account a 

further possible increase of cryogenic ASU capacity, and the efficiency increase resulting from 

the lower oxygen purity (95%), the expected energy demand of the separated oxygen will be 

about 165 kWh/tonne (540 kJ/kg)1. Further decrease of energy consumption is unrealistic as the 

capacities of ASU single trains cannot be increased much because of transport and assembly 

problems.  

 

 

Figure 2. Development over time of energy demand for oxygen separation (short ton shown) 
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Figure 3. Cryogenic Unit Capacity over time 

 

Thus, cryogenic separation is most effective when high volumes of oxygen are required (≥102 

tonnes of oxygen/day), or high-pressure oxygen is required. Additionally, since cryogenics can 

produce such a high purity of oxygen, the waste nitrogen stream is of a usable quality2. This can 

add significant financial benefits to a process integrated with a cryogenic ASU. Table 1 shows 

the single unit and largest commissioned ASU plants from different gas companies.  

Table 1. List of Different Organizations and Oxygen Generation Capacities and Specific Power Consumptions 

Company One Unit Capacity &  

Largest Capacity 

(tonnes/day) 

Specific Power 

Consumption 

(kWh/tonne) 

Linde 5000 & 300003  in Pearl Qatar 2453 (advanced process 

175) 

Air Liquide  55004 2005 

Air Products 5000-80006 & 200007   in 

China 

2257 

Praxair 3300 & 120008 

 

In general, compressor power is about 30-38% of total ASU power requirement 

 Table 2 shows the advantages and disadvantages of a cryogenic ASU. These systems can generate 

large amounts of oxygen and are commonly used in refining and large industrial units and can 

attain high purity oxygen. However, these are large units and require long start-up and shutdown 
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time on the order of hours and requires high capital cost. These plants also have a large physical 

footprint.  

Table 2. Advantages and Disadvantages of Cryogenic ASU 

Advantages Disadvantages 

High tonnage of oxygen can be produced Large physical footprint 

Commercial Long start-up and shut down time 

High purity oxygen Capital Cost 

 

GHG: The cryogenic ASU was used as the benchmark for comparison with other technologies 

as this is the most reliable, commercial large scale oxygen generation technology. Based on 95% 

O2 purity (and 5 bar pressure) and 225 kWh/tonne of O2
7, with a GIF of 0.65 tonnes CO2/MWh 

the GHG footprint is 146 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes 

CO2/MWh the GHG footprint is 94 kg of CO2/tonne of O2 generated.  

3.1.1.2 Pressure Swing Adsorption (PSA) 

Based on the operating pressure, these systems can be classified as PSA, VSA or VPSA. For the 

different adsorption technologies, the amount of adsorbent filled in each system is PSA < VPSA 

< VSA. The size of the equipment used in each system is proportional to the amount of adsorbent 

filled in each system. Five types of adsorbents are employed for each system: alumina, active 

carbon, MSC (molecular sieving carbon), ZMS (zeolite molecular sieve) and complex. Each 

adsorbent is determined by the kind of product gas and its polarity or hydrophilic properties, 

which are the important keys that determine the performance of the system.  

In the PSA system, the air is compressed by a compressor. The adsorption process operates at 

pressure, while desorption process operates at atmospheric pressure. The product gas to be 

separated in this system is typically water (for the purpose of drying), nitrogen, oxygen or 

hydrogen. Zeolites, under pressure, have the ability to deform and create a dipole. Depending on 

the zeolite chosen, this dipole allows for the collection of nitrogen, but allows oxygen to pass. 

For oxygen enrichment, the PSA is generally pressurized to a minimum of 1.5 atm. After a 

certain volume of air has been separated, the zeolite will become saturated with nitrogen. At this 

point, it needs to be regenerated. This is done by dropping the pressure of the tank back to 

atmospheric pressure, thus returning the zeolite to its original polarity. This liberates the 

nitrogen. Figure 4 shows the PSA system with the different sub-systems.  

 

PSA devices are best suited for processes that do not require extremely high purities of oxygen 

(>95%). While PSAs can achieve as high as 99.9%, the cost associated with going above 99.5% 

in a PSA device rises tremendously. Furthermore, PSA devices are best suited for small volumes 

of oxygen production, typically approximately 100-300 tonnes/day. Since the output of oxygen is 

largely controlled by the bed size in the PSA systems, costs rise linearly when higher volumes of 

oxygen are required2. In addition, the usability of by-product nitrogen in PSA systems is limited 

because the nitrogen will have significant levels of oxygen.  
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Figure 4. PSA cycle from OXYMAT (a Danish vendor that specializes in PSA) 

Table 3 shows the advantages and disadvantages of PSA. These are much smaller systems and are easy to 

install and are modular. However, these systems have limited scalability and have high maintenance due 

to the zeolite regeneration.  

Table 3. Advantages and Disadvantages of Pressure Swing Adsorption (PSA) 

Advantages Disadvantages 

Quick installation and start-up (minutes) Limited scalability (~200 TPD) 

Commercial High maintenance 

Low to moderate capital cost   

 
 

GHG: Based on 93% O2 purity and 525 kWh/tonne of O2, with a GIF of 0.65 tonnes CO2/MWh 

the GHG footprint is 341 kg CO2/tonne of O2 generate, and with a GIF of 0.418 tonnes 

CO2/MWh, the GHG footprint is 219 kg of CO2/tonne of O2 generated.  
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3.1.1.3 Vacuum Swing Adsorption (VSA) 

Vacuum swing adsorption oxygen generation systems use the process of air separation by 

adsorption as well. This works through the use of specific zeolite adsorbents for the selective 

adsorption of nitrogen over oxygen and argon. VSA oxygen generation systems feature a 

compact design layout. They can be built and delivered as fully-packaged, pre-tested skids, 

which can be directly incorporated into an industrial plant. This minimizes the time required for 

erection and start-up. These systems are also simple to operate as they are designed to run 

automatically and unattended. In a VSA system, the pressure of the air is raised by a turbo 
blower which blows it into the adsorber. Subsequently, this gas pressure is reduced by a 
vacuum pump to regenerate the adsorbent (Figure 5). In a VSA system, the specific power 
consumption is smaller than that of a PSA system because the operating pressure of a VSA 
system is closer to atmospheric. Typically, VSA oxygen generation systems can be found in 

plants belonging to steel making, glass, pulp and paper, wastewater treatment, or mining 

industries. These have an oxygen purity of 90% to 93% and a capacity range from 1 to 150 

tonnes per day with a specific energy consumption of 265 kWh/tonne9.  
 

 

 

 

Figure 5. VSA cycle 

Table 4 shows the advantages and disadvantages of VSA systems. These are much smaller 

systems, are easy to install, and are modular with fast start-up times. However, these systems 

have limited scalability and have high maintenance due to the zeolite regeneration similar to PSA 

systems.  
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Table 4. Advantages and Disadvantages of Vapor Swing Adsorption (VSA) 

Advantages Disadvantages 

Compact design layout and commercial Limited scalability 

Minimized schedule, set-up and start-up times High maintenance 

Automatic start, stop and load adaptation for unattended operation  

 
 

GHG: Based on 90-93% O2 purity and 265 kWh/tonne of O2, with a GIF of 0.65 tonnes 

CO2/MWh the GHG footprint is 172 kg CO2/tonne of O2 generated, and with a GIF of 0.418 

tonnes CO2/MWh the GHG footprint is 111 kg of CO2/tonne of O2 generated.  
 

3.1.1.4 Vacuum Pressure Swing Adsorption (VPSA) 

In VPSA, the process air is filtered and compressed before it enters the adsorber vessels where 

the actual separation takes place. When the zeolite is saturated, the air stream is switched to the 

second adsorber. In the meantime, the loaded adsorber is prepared for the next adsorption cycle. 

It is depressurized and then evacuated by a vacuum pump to carry out desorption of the adsorbed 

components. Afterwards. the regenerated adsorber is pressurized and prepared again for oxygen 

production. Installed downstream, a product buffer compensates fluctuations in the oxygen flow 

during the switching process of the adsorbers (Figure 6). Since the oxygen pressure from the 

process is low, it usually has to be increased by an oxygen compressor. The pressure of the raw 

material gas is raised by a roots blower which blows it into the adsorber. Subsequently, 

desorption and regeneration are performed by the use of a vacuum pump. The operating pressure 

of a PVSA system is designed at a pressure level in-between that of a PSA system and a VSA 

system. Its power consumption is as low as that of a VSA system. The advantages and 

limitations for this system are similar to VSA/PSA systems. 

 

 

 

Figure 6. Typical VPSA Process Flow Diagram and Capacity Selection Chart10 
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GHG: Based on 90% O2 purity and 245 kWh/t of O2, with a of 0.65 tonnes CO2/MWh the GHG 

footprint is 159 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the 

GHG footprint is 102 kg of CO2/tonne of O2 generated11. 

 

3.1.2 Other Novel Technologies 

GTI reviewed and assessed other novel technologies, however with oxygen generation scale and 

TRL levels much lower than existing commercial technologies.  

3.1.2.1 Electrochemical O2 Generation (TRL – 4) 

Electrochemical separation of hydrogen using the electrolysis process is known and has been in 

practice. In this technology, instead of hydrogen, oxygen is separated from water. NASA is 

developing a solid oxide electrochemical oxygen separation unit (Figure 7) for low oxygen 

production (2 liters /minute scale), however with purities of > 99.99% and delivery pressure of 

200 psig (13.6 barg)12. Oxygen separation under an electrical potential gradient using solid state 

electrochemical devices can provide low temperature operation and high purity oxygen. Table 5 

shows the advantages and disadvantages of electrochemical separation. High oxygen purity can 

be achieved with no moving parts. The remainder is excess hydrogen that can be sold back. The 

biggest advantage is that there are no direct CO2 emissions from this process. The disadvantages 

are that electrolytes are still being researched and it has high operating and capital costs. In 

addition, scale up may be difficult and high purity water may be required.  

 

 

 

 

Figure 7. Electrochemical O2 Generation 
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Table 5. Advantages and Disadvantages of Electrochemical O2 Generation 

Advantages Disadvantages 

High oxygen purity achievable (> 99.99%) Multiple electrolytes in research 

No moving parts except process fan High CAPEX/OPEX 

Excess H2 to sell or burn Small scale, number up 

No direct carbon emissions High purity water 

 Low pressure 

 
GHG - Based on 99%+ purity and  1320 kWh/tonne (compensating for the pressure) of O2

13, 

with a GIF of 0.65 tonnes CO2/MWh the GHG footprint is 910 kg CO2/tonne of O2 generated, 

and with a GIF of 0.418 tonnes CO2/MWh the GHG footprint is 585 kg of CO2/tonne of O2 

generated. 

 

3.1.2.2 Cyclic Auto Thermal Recovery (TRL-6) 

BOC (The Linde Group) has developed a novel high temperature sorption based technology 

referred to as Cyclic Autothermal Recovery (CAR) for oxygen production (Figure 8). The 

technology uses oxygen “storage” property of perovskites at high temperatures and is based on 

conventional pelletized materials. The process is a cyclic steady state process and the perovskite 

is alternately exposed to feed air and regeneration gas flows. The partial pressure swing (using a 

sweep gas) enables production of an O2-enriched stream and internal regenerative heat transfer 

occurs in the system. This technology is based on sorption and storage of oxygen in a fixed bed 

containing mixed ionic and electronic conductor materials14. Start-up procedure consists of using 

an air heater and air flow to heat both beds to 450°C, followed by methane injection to bring 

both beds to high temperatures (~850°C - 900°C). Then cycling is initiated at the high 

temperature using 30 to 60 second cycle periods using air flow from bottom and CO2 from top of 

beds. Oxygen production and product gas mixture compositions are determined and optimization 

of cycle times and gas flow rates are performed to improve bed temperature distribution and 

oxygen production. Table 6 shows the advantages and disadvantages of the CAR system. The 

system is a cyclic system except it is at high temperature. The technology shows a 60% reduction 

in specific power for compression and has been demonstrated at a pilot scale of ~ 10 tonnes/day. 

The disadvantages are that high thermal output is required and there maybe axial and thermal 

gradients within the system. Also, optimization of the perovskites materials and its scale-up for 

large oxygen systems is unknown.  
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Figure 8. Ceramic Auto Thermal Recovery Schematic 

 

Table 6. Advantages and Disadvantages of CAR 

Advantages Disadvantages 

Essentially a cyclic system (like 

PSA/VSA) 

Temperature of 800-900 C needs to be achieved before 

generating oxygen in bed 

60% reduction in specific power for 

compression 

Axial and thermal gradients a concern 

0.6-9.7 tonnes/day of O2 pilot scale Scale-up performance of perovskite materials 

 Optimization of the perovskite bed zone and the heat transfer 

zones for a given material 
 

GHG: Based on 115 kWh/tonne of O2, with a GIF of 0.65 tonnes CO2/MWh the GHG footprint 

is 75 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the GHG footprint 

is 48 kg of CO2/tonne of O2 generated. Heating up the system to high temperature adds to the GHG 

footprint. The thermal energy required to heat the system to 800oC will lead to additional 21 kg 

CO2/tonne (with 80% heat transfer efficiency) of O2 increasing the GHG footprint to 96 kg 

CO2/tonne of O2 and 69 kg CO2/tonne of O2 for GIF’s of 0.65 and 0.418 respectively. 

 

3.1.2.3 Vortex Tube Air Separation (TRL = 4) 

The Ranque-Hilsch vortex tube (VT) separates a compressed gas stream into two lower pressure 

streams with one stream having higher temperature and the other having lower temperature than 

the inlet stream. This phenomenon is referred to as energy (temperature) separation. VT consists 

of one or more tangential inlet nozzles (vortex generator/generator), a tube, an orifice at the cold 

gas outlet, and a conical control valve at the hot gas outlet. When compressed gas is tangentially 
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injected into the VT through the inlet nozzles, intense swirling flow is generated and the gas 

proceeds towards the hot outlet. A portion of the gas moving towards the hot outlet reverses its 

direction near the hot outlet and moves towards the cold outlet along the axial region (also called 

the core region) of the tube. The peripheral region of the flow is found to be warmer than the 

inlet gas, while the flow near the core region becomes colder than the inlet gas. The warm 

peripheral flow comes out through the annular space between the tube wall and the conical valve 

at the hot outlet. The colder core flow in the opposite direction comes out through the central 

orifice of the cold outlet. The conical valve placed at the hot outlet controls the relative mass 

flow rate of hot and cold gases15. Figure 9 shows the schematic of the different sections for the 

oxygen separation using the vortex tube. The GHG footprint on this technology could not be 

determined since there are no readily available costs for oxygen separation for this technology. 

Table 7 shows the advantages and disadvantages of the vortex separation technology. The 

technology is simple and lightweight with a low inlet pressure for operation. However, it can 

only produce 80% pure O2 and external heating is required that leads to higher energy input to 

achieve higher concentrations.  

 

 

Figure 9. Vortex Tube Air Separation 

 

Table 7. Advantages and Disadvantages of Vortex Tube Air Separation 

Advantages Disadvantages 

Simple, lightweight design (more so for space 

applications) 

Maximum concentration of 80% O2 can be 

achieved 

 

Air Comes in 
tangentially 

through nozzle 

Vortex is 
generated 

Nitrogen boils 
off at wall and 

moves in 
backflow area 

O2 condensed  
into liquid film 
and liquid layer 

is enriched 
with O2 
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Low inlet pressure (testing at 2 bar) External heating required to achieve higher 

concentration 

 

 

3.1.2.4 Magnetic Field O2 Separation (TRL = 3) 

The operating principle of this technology is that a beads module is placed between magnet’s 

poles and a computer controls the on/off pulses. The magnetized beads hold oxygen and alter 

alignment, and when field is off, the beads return to original alignment. The magnet activates 

oxygen’s paramagnetic properties to retain oxygen while other gases are released. ITN Energy 

Systems was working on this technology, however they are not currently pursuing it. It is not 

clear whether the follow-up work was not pursued due to resources or technical reasons. Table 8 

shows the comparison of the energy consumption of magnetic and other O2 generating 

technologies. As shown, magnetic oxygen separation shows a much lower power consumption as 

compared to VSA and cryogenic. Table 9 shows the advantages and disadvantages of this 

technology. The advantages are that is has lower power consumption, fast start up time and there 

is no thermal input or high compressor energy required. The disadvantages are that the magnetic 

properties drive the purity and quantity of the oxygen separated and scalability is unknown. Also, 

the company developing this technology is no longer working on it.  

 

 

 

Figure 10. Magnetic Field O2 Separation 



 

15 
 

Table 8. Technological Comparison 

 

 

Table 9. Advantages and Disadvantages of Magnetic Field O2 Separation 

Advantages Disadvantages 

Lower power consumption than currently used 

cryogenic separation systems  

Dependent on magnetic properties and 

interference of other gases 

Fast start-up time (seconds) Scalability with large magnetic devices 

No compressor required or thermal input Company not pursuing this technology 

 

GHG -The indicated energy required is 45 kWh/tonne of O2 which is lower than the 

thermodynamically minimum energy required of 58 kWh/tonne. With 45 kWh/tonne and a GIF 

of 0.65 tonnes CO2/MWh the GHG footprint is 29 kg CO2/tonne of O2 generated and with a GIF 

of 0.418 tonnes CO2/MWh the GHG footprint is 19 kg of CO2/tonne of O2 generated.  

 

 

3.1.2.5 MOLTOX (TRL = 6)  

 

Molten salts are used for O2 separation through pressure and temperature swing absorption under 

non-corrosive process conditions. The process relies on the ability of the molten salt mixture to 

selectively absorb oxygen from a gas mixture (e.g. from air) by means of an oxidation reaction 

under certain process conditions, and subsequently desorb the oxygen from the molten salt 

mixture by means of the reverse decomposition reaction to produce oxygen under other 

conditions. Unlike conventional methods, the process parameters may be optimized to obtain 

operating conditions that are substantially noncorrosive to conventional high-temperature alloys. 

Figure 11 compares the electrical demand of the MOLTOX process with cryogenic ASU. There 

is a 55% reduction in electrical demand that translates to a direct reduction in GHG’s. However, 

there is thermal input required to the system that offsets some of the benefits of GHG reduction 

(discussed later). Table 10 shows the advantages and disadvantages of the system. The 

advantages include lower cost and lower energy demands and the technology has been tested at 

pilot scale abd has good potential for thermal integration. The disadvantages of the technology 

are that it requires thermal input and material and corrosion issues exist with molten salts.  
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Figure 11. MOLTOX Comparison 

 

Table 10. Advantages and Disadvantages of MOLTOX 

Advantages Disadvantages 

55% reduction in electric demand  Requires thermal input 

> 50% reduction in net thermal  Material and corrosion issues 

Pilot tested  

Thermal Integration  

 
GHG-Based on 95% O2 purity, and 98 kWh/tonne of O2, with a GIF of 0.65 tonnes CO2/MWh the GHG 

footprint is 64 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the GHG 

footprint is 41 kg of CO2/tonne of O2 generated. The thermal energy required to heat the system to 600oC 

will lead to additional 15 kg CO2/tonne of O2 increasing the GHG footprint to 79 kg CO2/tonne of O2 and 

56 kg CO2/tonne of O2 for GIF of 0.65 and 0.418 respectively. 

 

3.1.2.6 Advanced Cryogenic Air Separation (TRL = 2) 

The main principle of this process being developed by Institute of Industrial Science, Japan, is to 

exchange the heat of compressed N2 from the top of the distillation column (DC) with that of the 

depressurized O2 from the bottom. Then the N2 and O2 are adjusted to near boiling point and dew 

point before flow back to the DC by exchanging heat with other streams. Neither condenser nor 

reboiler is required in this process, which significantly reduces the energy consumption. Table 11 

shows the advantages and disadvantages of this technology. The technology can provide thermal 

input through recuperation and only one distillation column is required. Hence, this lowers the 
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energy consumption by about 31%. This paper study shows that theoretically with thermal 

integration ASU’s can provide lower power consumption and hence lower GHG’s than what is 

currently being achieved. The disadvantages of the system are that low purity may be achieved 

and integration of the system is unknown. Also, this is only a paper study at this point and will 

require significant effort to be commercial.     

 

Figure 12. Advanced Cryogenic Air Separation 

 

Table 11. Advantages and Disadvantages of Advanced Cryogenic Air Separation 

Advantages Disadvantages 

Self-heat recuperation technology O2 with low purity as no re-boil 

temperature control (95%) 

Only one distillation column in the proposed process Technical challenges of integration  

Energy consumption of the proposed cryogenic air 

separation process was decreased by 31% 

Paper study - Requires further 

evaluation 

 
GHG - Based on 155 kWh/tonne of O2, with  GIF of 0.65 tonnes CO2/MWh the GHG footprint is 101 kg 

CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the GHG footprint is 65 kg of 

CO2/tonne of O2 generated.  

 

3.1.3 Chemical Looping 

3.1.3.1 Newcastle Innovation Limited's Chemical Looping Process (TRL = 2) 

The Newcastle innovation team from Australia, has an integrated chemical looping air separation 

unit, that takes a portion of the flue gas in a reduction reactor and exchanges it with a metal oxide 

to provide O2-enriched flue gas back to the boiler (Figure 13). This is an integral O2 generation 

method and not an independent method. This allows the operation of the power generating plant 
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in a more energy efficient manner than conventional oxy-fuel plants1. Table 12 shows the power 

required for the process. Table 13 shows the advantages and disadvantages of the process. The 

advantages are that since it is an integral process it consumes less energy. However, it requires 

solid transport and thermal input.   

 

Figure 13. Newcastle Innovation Limited's Chemical Looping Process 

 

Table 12. Operating Principle for Newcastle Innovation Limited's Chemical Looping Process 

 

 

                                                      
1 Moghtaderi, B., Wall, T. F., and Shah, K/. V., “Integrated Chemical Looping Air Separation in Marge Scale Oxy-

fuel Plants”, US 2014/0219895 A1, August 2014. 
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Table 13. Advantages and Disadvantages of Newcastle Innovation Limited's Chemical Looping Process 

Advantages Disadvantages 

Significant reduction in electrical power demand Requires solid transport  

Multiple metal oxides can be used – Cu, Mn, Ni High thermal input 

 Only Patent Available 

 Electric demand shown, thermal inputs unknown 

 

GHG – The quality of O2 generated is unknown leading to uncertainity in this data. Based on 31 

kWh/tonne of O2 provided in the literature survey with a GIF of 0.65 tonnes CO2/MWh the GHG 

footprint is 21 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the GHG 

footprint is 13 kg of CO2/tonne of O2 generated. The thermal energy required to heat the system 

to 850oC will lead to additional 22 kg CO2/tonne of O2, increasing the GHG footprint to 43 kg 

CO2/tonne of O2 and 35 kg CO2/tonne of O2 for GIF’s of 0.65 and 0.418 respectively. 

 

3.1.3.2 TDA Research Inc.'s Chemical Looping Process (TRL = 4) 

TDA's new chemical absorbent-based air separation process can potentially deliver low-cost 

oxygen.  The new sorbent operates at a high temperature, hence eliminating the thermodynamic 

inefficiencies inherent in the conventional cryogenic ASU. Unlike the sorbents used in commercial 

PSA systems, TDA’s sorbent selectively removes oxygen (not nitrogen); which allows the 

effective utilization of the large amounts of energy in the high pressure oxygen-depleted stream.  

As a result, the new air separation system is said to be highly efficient and delivers a low cost 

oxygen product16,17. TDA's air separation technology uses a high temperature PSA process, and is 

most suitable if either excess thermal energy and/or low cost fuel are available to supply the heat 

needed to operate the TDA's process at the operating temperature of 650°C. Table 14 shows the 

advantages and disadvantages of TDA’s technology. The biggest advantage is that it can be 

thermally integrated and can be used for processes where available low cost thermal energy can 

be effectively utilized. However, the disadvantage is that thermal energy is needed. 
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Figure 14. TDA Research Inc.'s Chemical Looping Process  

 

Table 14. Advantages and Disadvantages of TDA Research Inc.'s Chemical Looping Process 

Advantages Disadvantages 

8% reduction in power usage Air has to be pre-heated 

Highly thermally integrated with process Steam required to regenerate 

 High temperature and pressure valves 

 Does not operate as standalone 

 Requires solid transport 

 

GHG- Based on 145.3 kWh/tonne of O2, with a GIF of 0.65 tonnes CO2/MWh the GHG 

footprint is 94 kg CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the 

GHG footprint is 61 kg of CO2/tonne of O2 generated. This is based on the electric demand only. 

The thermal energy required to heat the system (as per survey sheet) will lead to additional 21 kg 

CO2/tonne of O2 increasing the GHG footprint to 115 kg CO2/tonne of O2 and 82 kg CO2/tonne 

of O2 for GIF of 0.65 and 0.418 respectively. 

 

3.1.4 Novel Sorbents 

As other technologies provide process improvements, O2 separation technologies with novel 

materials are also being investigated. This section reviews the novel sorbents.  
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3.1.4.1 Western Research Institute's Sorbent Based Air Separation (TRL =5) 

WRI is developing a more efficient and stable, higher sorption capacity, newer class of materials 

operating at lower temperatures. If successful, their sorbent-based oxygen production process 

could represent a major advancement in air separation technology with a new ceramic sorbent 

materials that has a higher O2 adsorption capacity, >200 ºC reduction in  operating temperatures, 

and up to two orders of magnitude faster desorption rates than those used in earlier development 

efforts. The performance advancements afforded by the new materials could lead to substantial 

savings in capital investment and operational costs18 (Figure 18). Table 15 shows the comparison 

and reduction in power consumption of the WRI process with other processes. This is primarily 

due to lower operating temperatures and improved material. Table 16 shows the advantages and 

disadvantages of the WRI material and process. The process/material has lower operating 

temperature, compared to the previous method, and faster desorption rates. However, the material 

life is unknown for this specific application and thermal input is required for the process.  

 

  

 

 

Figure 15. Western Research Institute's Sorbent Based Air Separation 

 

Table 15. Comparison of WRI process with other processes 

 

Table 16. Advantages and Disadvantages of Western Research Institute's Sorbent Based Air Separation 

Advantages Disadvantages 

New ceramic sorbent materials have a higher O2 adsorption Thermal input required 
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200 ºC lower operating temperatures, and greater capacity to hold oxygen Sorbent lifetime 

Two orders of magnitude faster desorption rates than earlier efforts  

 
GHG-Based on 90 kWh/tonne of O2, with a GIF 0.65 tonnes CO2/MWh the GHG footprint is 59 kg 

CO2/tonne of O2 generated, and with a GIF of 0.418 tonnes CO2/MWh the GHG footprint is 38 kg of 

CO2/tonne of O2 generated. This is based on the electric demand only and thermal heat is unknown. The 

thermal energy required to heat the system to 600oC will lead to additional 15 kg CO2/tonne of O2 

increasing the GHG footprint to 74 kg CO2/tonne of O2 and 53 kg CO2/tonne of O2 for GIF of 0.65 and 

0.418 respectively. 

 

3.2  Technology Evaluation 

The technology evaluation was carried out using three different criteria. The primary criteria was 

the GHG reduction potential of each of the technologies, which was calculated based on the 

power required to generate a tonne of oxygen. Based on literature survey, different power 

consumptions for the technologies were considered. Table 17 shows the GHG change based on 

two different GIF’s as compared to the baseline. The table also accounts for the increase in 

GHG’s as a result of the thermal input required by some of the technologies, shown as an 

addition to the electrical power input.  

Table 17. Different technologies with energy required to generate oxygen and the CO2 emissions generated by these 

technologies and the percent increase (+) or decrease (-) in the GHG emissions. The addition in the emissions for 

emerging technologies is due to the GHG production from the thermally driven system  

 

 

Table 18 shows the evaluation of the GHG and the values provided for the GHG reduction. The 

cryogenic process was considered as the baseline with a value of 3. The technologies that 

Technologies kWh/tonne
0.65 

tCO2/MWh

0.418 

tCO2/MWh

% GHG 

Change

Cryogenic 225 146 94 Baseline

PSA 525 341 219 133%

VSA 265 172 111 18%

VPSA 245 159 102 9%

Electrochemical (NASA) 1320 858 552 487%

Ceramic Auto Thermal (Linde) 115 75+21=96 48+21=69 -34%

Vortex

Magnetic (ITN Energy Systems) 45 29 19 -80%

MOLTOX (Conoco Phillips) 98 64+15=79 41+15=56 -46%

Advanced Air Separation (IISc, Japan) 155 101 65 -31%

Chemical Looping (Newcastle) 31 21+22=43 13+22=35 -71%

Chemical Looping (TDA Research) 145 94+21=115 61+21=82 -21%

Sorbents (Western Research Institute) 90 59+15=74 38+15= 53 -49%

Emerging Technologies

Existing Commercial Technologies
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generated > 10% increase in CO2 were given a low value of 1 and those that reduced GHG’s by 

> 40% were given a high value of 6. Table 19 shows the GHG reduction potential and TRL of 

each of the technologies.  

Table 18. GHG evaluation criteria 

 

Table 19. Technology GHG Reduction Potential and TRL 

 

 

Based on Table 17 and Table 19, CAR, Magnetic, MOLTOX, Chemical Looping (Newcastle) 

and WRI Sorbents provide the most potential to GHG reduction. With these technologies, 

magnetic O2 production company is not pursuing the technology, Newcastle Innovations is a 

paper study. This leaves CAR (Linde), Sorbents (Western Research Institute-WRI) and 

MOLTOX (Conoco Phillips) as possible candidates for GHG reduction potential in the emerging 

technologies area.  

 

1 2 3
Cryogenic
(Baseline)

4 5 6

GHGs >10% 
increase

up to 10%
increase

no
change

up to 20% 
reduction

20-40% 
reduction

>40%
reduction

Technologies
GHG Reduction 

Potential
TRL

Cryogenic 3 9

PSA 1 9

VSA 1 9

VPSA 1 9

Electrochemical (NASA) 1 4

Ceramic Auto Thermal (Linde) 5 6

Vortex Unknown 4

Magnetic (ITN Energy Systems) 6 3

MOLTOX (Conoco Phillips) 6 6

Advanced Air Separation (IISc, Japan) 5 2

Chemical Looping (Newcastle) 6 2

Chemical Looping (TDA Research) 5 4

Sorbents (Western Research Institute) 6 5

Existing Technologies 

Emerging Technologies
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4.0 Over-The-Fence 

4.1  Over-The-Fence (OTF) Technology Review 

GTI, COSIA members and Air Liquide discussed over-the-fence business arrangements and how 

these can be implemented. This was a preliminary discussion that provided information 

regarding oxygen pipelines across the word and how these are contracted, installed and 

maintained. Specific discussions regarding implementing these pipelines in oil sands context 

were also discussed. Air Liquide has vast experience and expertise in the field of industrial gases 

generation, transmission and distribution. 

4.1.1 OTF and Air Liquide’s Experience with OTF 

OTF Experience - Air Liquide has performed work in the OTF area since the 1960’s and for 

over the past 50 years has refined this concept. OTF and building of pipeline network can be 

compared to occupying a “mall” with a single or two anchor customers, i.e. Nordstrom, Macy’s 

that will occupy the space and then other vendors will follow to eventually fill the mall. 

Similarly, for oxygen supply pipelines and OTF, a single or two anchor customers provide the 

impetus to build and supply the oxygen through pipelines. The technology chosen for the 

application is based on the plant size. Based on the capacity, either a cryogenic or a non-

cryogenic system can be chosen. The standard plants are 200- 2500 tonnes/day, are considered 

still off-the-shelf, and can be quickly installed. Non-Cryogenic units are 50-150 tonnes/day, have 

lower purity and lower pressure gaseous oxygen and usually VSA is used for these conditions 

(Figure 16).  

 

 

  

 

 

Figure 16. Oxy Plant Sizing Options 
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Figure 17. Air Liquide Pipeline Networks 

Pipelines by Air Liquide- Air Liquide built a pipeline in 1999 in Scottford in the Fort Saskatchewan 

province for transporting 1000 tonnes/day O2. They have a good understanding of the integration of all 

the lines. The pipeline in Hamilton is 2000 tonne/day + 700 tonne/day and serves multiple customers. 

Quebec has a 20 km pipeline and O2 and N2 pipeline with several customers, .i.e. chemical, steel etc., with 

a capacity of about 8000 tonne/day. The US gulf coast is about 16000 tonnes/day. In total, Air Liquide 

has 410 ASU and 21 cogeneration trains across the world. Cogeneration is used with the ASU’s. Northern 

Europe and Singapore have pipeline networks of 2800 km and 190 km respectively(Figure 17).  

 

Business Arrangements – Based on discussions with Air Liquide, for OTF there are three 

business arrangements that can be executed. One is a long term supply arrangement. i.e. 15-20 

years and this would be the responsibility and under ownership of the company supplying the 

industrial gases. The second is a fixed or variable pricing structure based on the escalation 

determined by vendor and the buyer. The third is a minimum take or pay arrangement.  

 

To build a 10000 tonnes/day system, Air Liquide and customers jointly decide whether to have 

two 5000 or three 3300 TPD etc. plants. The O2 purity of 99.9999% can be achieved for all 

customers and there is no penalty for customers that require lower purity O2, and Air Liquide 

will take the cost in. Cryogenics are more custom jobs and involve higher CAPEX and lower 

OPEX. The OPEX can be discussed with utilities to reduce costs per kWh in case that is needed. 

If O2 is integrated, it is safe to do the heating of O2 at the point of use. Air Liquide provides 98% 

reliability. In case the performance parameters are not met, Air Liquide will put more resources 

if faster resolution or more reliability is desired.  

Costing - The E&P cost is approximately CAD $65 MM for 3,000 tonnes/day plant. This is E&P 

cost only. Unless built for an over-the-fence business case, the buyer of the ASU would have to 

have an EPC company and estimate the capital required to erect the ASU with its relevant 

Outside battery limits (OSBL) equipment. The CAPEX was calculated on a USGC basis.  It 

takes about 30 months to build a 2500 TPD plant. Make-up water is small so water is not a 

concern. There is a requirement of 50 MWth for a 3000 TPD plant. The supply cost is CAD 50-
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70$/tonne (USD 38-53$/tonne) within a kilometer, with carbon steel that is mostly underground 

with a supply pressure of 12 MPa. A 25-30% reduction in GHG compared to OTSG can be 

achieved. In case of smaller plants, VSA can be installed. However, after 3-4 units, VSA 

maintenance cost is high. Gulf coast is not comparable to Alberta and Alberta conditions need to 

be taken into account. It has to be discussed if cogeneration makes sense or not and its 

integration for reducing cost of O2 generated. 

 

It is believed that underground would be the preferred solution, certainly over longer distances in 

order to avoid supporting structures. It is also the best way to ensure continued cathodic 

protection. Since the terrain will be a dominant factor, it is difficult to state which would be 

cheaper. For budgetary purposes only, a trenched line is estimated to be between 1.0 to 2.5 MM$ 

per km, depending on complexity (farmer's field to more complex like river crossings/directional 

drilling etc).     

 

4.1.1.1 GHG Emissions – kWh/tonne of O2 for cryogenic systems (by Air Liquide) 

Air Liquide can provide power requirements for specific ASU requests. The power requirement 

will depend on project size, by products (nitrogen, argon...), product purity and product pressure. 

The latter was under considerable discussion at the COSIA Annual Meeting (associate 

members), asking if 40 bar would not be a better or more applicable target than 100 bar. Air 

Liquide also has to take into account customer/project integration requirements (steam or electric 

power use for compressor motive force, recovery of compression heating in steam cycle). 

Finally, it has to be determined whether high CAPEX, low OPEX designs are chosen, versus low 

CAPEX, high OPEX ASU designs. GHG emissions while related to the amount of required 

power, will also have commercial and technical criteria. Some of these are (partial listing): 

• How does one take into account the provenance of the electricity? 

• Is the electricity to be used made via the combustion of either natural gas (cogen or other) 

or coal; 

• Was it made via hydropower or nuclear resources or does it include a renewable 

(wind/photovoltaic) component?  

• The blend of all these electricity vectors (in different regions,  provinces or geography) 

will have an impact on GHG emissions. 

• Commercially it may also become important to allocate specific power requirements to 

any other product(s) out of the ASU such as gaseous nitrogen, liquid nitrogen and liquid 

argon. These products may or may not be produced at every 3,000 tonnes/day ASU. 

 

4.1.1.2 Improvement in Cryogenic Systems Efficiency over the Years (by Air Liquide) 

Significant improvement has been made over the last 40 plus years on reduction of CAPEX and 

OPEX on different and larger sized ASUs. Structured packing and better motors have improved 

efficiencies over time. The advent of structured packing, coupled better motors and better 

manufacturing of vessels/cold boxes, new process cycles, and improvements in Brazed Heat 

Aluminum Exchangers (BHAX) and rotating equipment efficiency have contributed to 



 

27 
 

the overall efficiency improvements.  The information provided in the figure below highlights 

what has been experienced through Air Liquide references and are indicative of the industry as 

well. Specific power consumption reduced by 25% in the last 40 years. Upscaling of 

technologies enabled significant specific cost per tonne of oxygen investment reductions (Figure 

1819 and Figure 220). 

 

Figure 18. Timeline of Improvement in Cryogenic Systems Efficiency  

 

4.1.2 Other Companies with OTF 

Other companies that have similar pipeline networks and can provide potential business 

arrangements are Praxair that has presence in Europe and the Gulf Coast. In the Rhine-Ruhr area 

in Europe, Praxair (with Air Liquide) operate a 500 km pipeline system for the transport of 

oxygen and nitrogen21 (Figure 19).  Linde has presence in Europe and is building similar 

networks in China22 (Figure 20).   
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Figure 19. Praxair Pipeline Networks 

 

Figure 20. Linde Pipeline Networks 

4.1.3 CAPEX and OPEX of ASU 

An ASU unit with a capacity of 2300 tonnes/day,  the CAPEX and OPEX  requires $96.5 million 

in capital costs and $4.76 million per year in fixed operating costs23 (Table in Appendix B). 

Table 20 shows the cost of oxygen with an ASU unit on-site for a 2300 tonnes/day unit using 

simple economics. The ASU can generate O2 at $33/tonne, while the OTF cost is between $38-

53/tonne. This increase in the cost could be to cover the risk to supply the oxygen.  
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Table 20. Cost of oxygen with an ASU unit on-site in USD  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O2 Production TPD 2300

CAPEX

Capital Cost MM$ 96.5

Loan Term Years 15

Capital Cost Recovery Factor 0.15

Annualized Capital Cost MM$ 14.5

OPEX

Operating Labor MM$ 2.009

Maintenance Labor MM$ 0.7694

Maintenance Material MM$ 1.154

Admin & Support MM$ 0.8337

Annual Fixed Cost MM$ 4.7661

Annualized Capital Cost MM$ 8.492

Total Levelized Annual Cost MM$ 13.26

O2 Cost $/tonne 33
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5.0 Integration of Oxygen Generation Technologies 

5.1  Integration of Oxygen Generation Technologies with OTSG and DCSG  

Oxy-fuel combustion is expected to have several advantages over post-combustion capture, 

including:  

• Ability to capture up to 99% of the CO2 emissions 

• Lower levelized capture costs 

• Lower total energy and operation and maintenance costs  

• Recovery of water from flue gas, thus reducing or eliminating the need for boiler make-

up water 

• No requirements for amine or ammonia solvents, which may pose operational and 

environmental challenges  

• Potential for improved efficiency as there is no nitrogen present in the combustion 

process. 

5.1.1 Integration of Oxygen Generation Technologies with OTSG  

SAGD requires large quantities of steam for injection, which is produced by multiple large OTSGs 

which are large size boilers that generate steam at pressure (Figure 21). Each OTSG may produce up 

to 250 ktonnes/yr of CO2, depending on their size. The CO2 Capture Project, carried out by Praxair, 

Devon Canada, Cenovus Energy and Statoil ASA was to demonstrate oxy-fuel combustion as a 

practical, economic and commercially ready technology for CO2 capture from OTSGs used in the in-

situ production of bitumen. The primary oxygen technology provider for this project is 

Praxair24,25,26,27. The study included a short term boiler test on a 50 MMBtu/hr. burner and a longer 

term pilot evaluation was also performed. The goal of the project was to develop a reliable, lower 

cost solution for capturing CO2 from OTSG boilers that is deployable at commercial scale. The 

testing indicated that this was a viable option for reducing GHG’s. Further work on the longer term 

pilot test was not found in the literature survey.  
 

 

Figure 21. Schematic of the OTSG with inlet and outlet boundaries 

5.1.2 Integration of Oxygen Generation Technologies with DCSG  

DCSG systems operate by directly injecting feed water into the combustion environment (Figure 

22). With this approach, the process stream leaving the combustion chamber contains steam 
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generated from the feed water, steam generated from combustion products, and non-condensable 

gases. Unlike conventional boiler technologies, direct contact steam generators do not transfer 

heat through the boiler walls to the water (no surface boiling). This nearly eliminates surface 

fouling, allowing for very low quality feed water to be used, such that minimal feed water 

treatment is required. Further, the additional steam generated from combustion products (>10%) 

enables fuel efficiencies to exceed 100% on a lower heating value (LHV) basis, resulting in 

efficiencies that are more than 10% higher than conventional OTSG systems.  Note, fuel 

efficiencies remain less than 100% on a higher heating value (HHV) basis.  These performance 

gains are partially offset, however, as fuel and air compressors are required to bring the reactants 

up to system pressure. DCSG’s offer the ability to operate at superheated conditions by adjusting 

the feed water flow relative to the fuel flow. Operation with steam quality ≥100% ensures 

maximum energy delivery to the well.  Further, by operating at superheated conditions, the solids 

in the feed water leave the system as dry solids. The dry solids can be filtered after the DCSG 

and transported off site. No downhole injection of blowdown is required, but the trucking of 

solids will be an additional cost. Thermal integration of oxygen generation with DCSG has a 

good potential. Regarding GHGs, DCSG-Oxy systems are well suited for CO2 capture.  Oxy-

combustion of hydrocarbon fuels with the injection of liquid water leads to process streams of 

~90% steam with the remainder being CO2. Because the only major constituents in the products 

leaving the combustor are steam and CO2, the required separation of non-condensable gases 

(CO2) offers the potential for a CO2 capture ready system.  Using this process, any CO2 that does 

not stay in the bitumen reservoir can be separated through flashing of the produced fluids after 

these have come to the surface and recycled back to the combustor with the produced gas. Water 

used within this system can have high solids content and hydrocarbon contamination because the 

equipment is relatively insensitive to the quality of the water used28 (Figure 23).  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 22. Schematic of the DCSG with inlet and outlet boundaries 
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Figure 23. Direct Contact Steam Generator (DCSG) block diagram 

For a DCSG the oxygen has to be compressed and transported to the DCSG at high pressures. 

This is usually in the range of 80 bar. Figure 24 shows the oxygen compression power required 

at different pressure7. For a DSG, the required compression power is 135 kWh/t in addition to the 

separation energy and auxiliary losses. Assuming the separation energy and the auxiliary losses 

remain constant, the total power consumption will be 310 kWh/tonne of oxygen including 

compression up to 80 bar.  
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Figure 24. Oxygen specific compression power  

5.1.3 Advancements in oxygen production technologies with integration schemes and 
efficiency 

SAGD Applications: The scope of this work was for 40,000 barrels/day equivalent to 2,500 

tonnes/day of O2. Large-scale ASU O2 generation limits the possibilities of alternative 

integration schemes as these have electric demand and physical footprint. One can consider a 

distributed system which will lead to a smaller scale oxygen system coupled with the newer 

steam generation systems29. Thermal integration for some of the emerging technologies is the 

key to ensure that available thermal energy is being utilized for improving the process efficiency.  

Power Generation Applications: An integrated power generation system with an air separation 

unit will provide increased cycle efficiency. Additional power is generated from the high-

pressure nitrogen produced from the air separation unit. The high-pressure nitrogen stream is 

compressed to an optimal pressure, heated in heater and expanded through a nitrogen turbine to 

produce supplemental power. The nitrogen stream may be heated in the main heat exchanger, 

separately or directly. Heat is recovered from the nitrogen discharge by heat exchange with the 

feed water stream in heat exchanger. The feed water stream is admitted to the main heat 

exchanger (or boiler) to generate high purity steam30. 
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Figure 25. Other integration methods in the power industry 
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6.0 Summary and Recommendations 

The objective of the study was to scan and evaluate oxygen production technologies that can 

benefit COSIA’s Green House Gases (GHG) Environmental Priority Areas (EPAs) and evaluate 

pathways to address the challenges associated with the cost and GHG intensity of Oxygen (O2) 

production from the Canadian Oil Sands (COS) and Alberta context. The objectives were 

achieved by dividing the efforts into three different tasks. The first task was to identify, evaluate, 

and assess existing and emerging O2 generating technologies to reduce the GHG footprint for 

COS operations. The second task was to evaluate the potential for over-the-fence (OTF) business 

arrangements in discussions with a major industrial gas vendor (Air Liquide) to Steam Assisted 

Gravity Drainage (SAGD) applications. Based on current cryogenic air separation technology, 

the third task assessed the benefits and challenges of integrating two main steam generating 

equipment – Once Through Steam Generator (OTSG) and Direct Contact Steam Generator 

(DCSG) with the oxygen generation technology.  

GTI performed a comprehensive search of oxygen generating technologies. Efforts were focused 

on non-membrane based existing and emerging oxygen generation technologies. Based on this 

comprehensive search, four commercial technologies and nine emerging technologies were 

identified. GTI evaluated, compared and assessed these technologies based on potential for GHG 

reduction and Technology Readiness Level (TRL). Further, advantages and limitations of each of 

these technologies were evaluated. For existing technologies, cryogenic Air Separation Unit 

(ASU) are the most applicable to SAGD. In terms of emerging technologies, with cryogenic 

technology being the baseline, advanced sorbents by Western Research Institute and MOLTOX 

by Conoco Phillips and were estimated to provide the largest reduction in GHG with other 

technologies either not providing the GHG reduction or requiring significant efforts for 

commercialization.  

COSIA members, Air Liquide and GTI had a detailed discussion for OTF business 

arrangements. Air Liquide provided insights on the different oxygen pipelines across the world 

that they owned and operated for oxygen supply and the different arrangements possible for 

COSIA members. There were also (non-confidential) discussions about contract terms and costs 

for the different arrangements. There are three business arrangements that can be executed. One 

is a long term supply arrangement. i.e. 15-20 years and this would be the responsibility and 

under ownership of the company supplying the industrial gases. The second is a fixed or variable 

pricing structure based on the escalation determined by vendor and the buyer. The third is a 

minimum take or pay arrangement. 

GTI also evaluated the integration of Once through Steam Generator (OTSG) and Direct Contact 

Steam Generator (DCSG) with cryogenic ASU. OTSG are currently available SAGD steam 

generating technology and operate at near-atmospheric pressure and do not require O2 to be 

pressurized but have heat transfer losses. DCSG requires high pressure O2 but can hadle 

produced water. A distributed system which will lead to a smaller scale oxygen production 

system coupled with steam generation system with thermal integration may provide significant 

reduction in GHG.  

GTI did not perform detailed analysis of the different technologies as this was not the intent of 

this effort. However, this report provides substantial information to that end. The Appendix of 

this report contains the supporting information for each of the assessed technologies.    



 

36 
 

The Appendices of this report offer useful information and insights into the various 

organizations, but further evaluation of these organizations is warranted.  When considering 

these organizations, it is recommended that the following attributes be considered. 

• Engineering competency, with technical breadth and depth in relevant disciplines 

• Demonstrated experience in technology development, from prototype through scale-up 

• Facilities for experimental testing and resources for analytical evaluation  

• Demonstrated success in commercialization and market deployment 

 

Recommendations/Next Steps 

A study that integrates the oxygen generation technology with the steam generation technology 

and provides the lowest GHG and integration potential should be the next step of this study. This 

will provide the best path forward / approach to the COSIA members for potential significant 

reduction in GHG’s.  

End of Report 

 



 

37 
 

Appendix A. TRL Definitions 

 

Level 9.  Actual technology proven through successful deployment in an operational setting: 

Actual application of the technology in its final form and under real-life conditions, such as those 

encountered in operational tests and evaluations. Activities include using the innovation under 

operational conditions. 

Level 8.  Actual technology completed and qualified through tests and demonstrations:  

Technology has been proven to work in its final form and under expected conditions. Activities 

include developmental testing and evaluation of whether it will meet operational requirements.  

Level 7. Prototype ready for demonstration in an appropriate operational environment:  

Prototype at planned operational level and is ready for demonstration in an operational 

environment. Activities include prototype field testing.  

Level 6. System/subsystem model or prototype demonstration in a simulated environment:  A 

model or prototype that represents a near desired configuration. Activities include testing in a 

simulated operational environment or laboratory.  

Level 5. Component and/or validation in a simulated environment:  The basic technological 

components are integrated for testing in a simulated environment. Activities include laboratory 

integration of components. 

Level 4. Component and/or validation in a laboratory environment:  Basic technological 

components are integrated to establish that they will work together. Activities include integration 

of “ad hoc” hardware in the laboratory.  

Level 3. Analytical and experimental critical function and/or proof of concept:  Active research 

and development is initiated. This includes analytical studies and/or laboratory studies. Activities 

might include components that are not yet integrated or representative. 

 Level 2. Technology concept and/or application formulated:  Invention begins. Once basic 

principles are observed, practical applications can be invented. Activities are limited to analytic 

studies.  

Level 1. Basic principles of concept observed and reported:  Scientific research begins to be 

translated into applied research and development. Activities might include paper studies of a 

technology’s basic properties 
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Appendix B. CAPEX and OPEX of ASU 

CAPEX and OPEX of an Air Separation Unit in USD and for 2300 tonnes /day23  
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