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EXECUTIVE SUMMARY 
 

In Newfoundland’s offshore reservoirs, produced gas reinjection is required to avoid flaring. However, 
reinjected gas channels through the reservoir, cause gas short-circuiting between injection and 
production wells and results in a poor job of “sweeping” oil out of the reservoir, leaving oil behind. This 
channeling significantly increases the Gas to Oil Ratio (GOR) at the production well (recycled gas) and 
increases the cost and associated GHG emissions of gas separation, compression, and re-injection. 

 
Injection of a robust and stable foam into the reservoir would enable the reinjected gas to be utilized 
more effectively by forcing the injected gas around the foam to sweep and occupy untouched oil zones.  
Additionally, efficient gas utilization opens new opportunities for gas injection into wells where gas is in 
short supply. 

 
ArmorFoamTM is a strong and stable foam that can be used for this purpose. ArmorFoamTM utilizes 
synergistic interactions between surfactants and nanoparticles to create very strong foams that are stable 
in the presence of oil, high pressure and temperature, and saline water reservoir conditions. 
ArmorFoamTM has properties and performance that cannot be achieved with the individual components. 
ArmorFoamTM is viscous, can block short-circuiting channels created by previous gas injections, and divert 
the gas into oil-rich zones while providing more pore space for produced gas or CO2 storage. With less 
short-circuiting, less produced gas is recycled, requiring less gas processing and compression energy for 
re-injection.  

 
Once the technology is deployed, the long-term benefits for Newfoundland and Labrador (NL) are lower 
GHG intensity and better oil recoveries for NL reservoirs. Once producers can assess how the technology 
could be deployed at their locations, confirm if the environmental and economic merits still hold given 
their specific circumstances, and the requisite safety studies are conducted, a field trial can be quickly 
advanced. 
 
The project was to: 

• design ArmorFoamTM for NL’s reservoirs,  
• determine the magnitude of the GOR reduction and recovery improvement benefit for producers 

by conducting tests and simulations of ArmorFoamTM performance versus the status quo,  
• determine the volume and method of ArmorFoamTM injection 
• determine how much CO2 could be eliminated due to the GOR reduction, and  
• construct a skid capable of executing a field trial.   

 
The project tasks and outcomes were as follows: 

 
• prepare acceptable ArmorFoamTM formulations for the NL reservoirs, 

o three different formulations were prepared  
• conducting lab-scale tests using micromodels and core floods to test the effectiveness against the 

status quo at the Hibernia EOR Research Group (HERG) at the Memorial University of 
Newfoundland.   

o 8 micromodels and 4 corefloods were completed.   
o The corefloods confirmed that oil recovery could be increased with ArmorFoamTM, and 

the gas-oil ratio (GOR) could be reduced, improving the efficiency and reducing the 
energy intensity of the process 
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• conducting reservoir simulations of the status quo and ArmorFoamTM behaviour at HERG.  The 
simulations confirmed: 

o how much ArmorFoamTM would need to be added to increase recovery and a reduced 
CO2 production of 180,000 tonnes per year net of CO2 emissions related to ArmorFoamTM 
supply and manufacturing, 

• assessing the GHG reduction potential 
o an independent engineering firm developed a base case and the GOR reduction impact 

on GHG emissions 
o the project estimated a potential reduction of 180,000 tCO2/year if all locations 

implemented ArmorFoamTM to reduce gas short-circuits 
• completing an economic viability assessment using the simulation data,  

o assuming an avoided cost of $170/tCO2 and incremental oil production at that lower GHG 
intensity, it was shown that ArmorFoamTM has a very compelling economic case  

• designing and building the ArmorFoamTM injection skid that could be used for an offshore field 
trial to achieve TRL 7/8. 

o manufacturing scale-up experiments were completed 
o A skid was designed to produce the requisite amount of foaming solution using the 

formulations developed by Cnergreen. 
o A self-contained ArmorFoamTM injection skid installed in two 20-foot ISO containers 

capable of manufacturing and injecting foaming solution for 3000 m3/ day foam at 3000 
psig was built to Class 1 Division 2 electrical specifications and is available for short-term 
pilot testing on the fixed or floating platforms. 

o Successful completion of the project resulted in Technology Readiness Level (TRL) 
advancement to TRL 7. Once the onshore field trial is completed the TRL 8 will be 
achieved. 
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PROJECT RESULTS 
The project tasks were as follows: 

Task 1: Chemical Selection 
Task 2: ArmorFoamTM flow test at reservoir condition (Micromodel) 
Task 3: ArmorFoamTM flow test at reservoir condition (Coreflood): 
Task 4: Reservoir simulation/modeling of ArmorFoamTM performance in offshore condition 
Task 5: ArmorFoamTM process design for offshore conditions 
Task 6: ArmorFoamTM Injection Strategy, cost and competitiveness evaluation 
Task 7: ArmorFoamTM skid design/manufacturing for an offshore pilot test  

 

Each of the tasks, scope, original deliverables and actual results for the following are shown below 

Task 1:  Chemical selection 
Scope:  A selected range of constituents to be screened to find the optimum formulation (stability and 

viscosity performance versus cost) for the pilot test condition. Foam stability to be evaluated over time 

and in contact with reservoir fluids. 

Deliverables  

• Several formulations that generate stable foams that last longer than 24 hours in the presence 

of proxy reservoir constituents.  

• Formulation to be used for micromodel and coreflood testing 

Outcomes: 

A series of bulk and static foam stability tests were performed to select chemicals and finalize 

ArmorFoamTM formulations for micromodel and coreflood testing. The tests include screening a range of 

constituents for ArmorFoamTM design that generate stable foam, stability of generated foam in contact 

with crude oil compared to conventional surfactant foam, and stability of ArmorFoamTM at high 

temperatures. The summary of the results is presented in the following pictures: 

 

 

Figure 1: A photo of a high-temperature visual cell used to observe foam 

texture (bubble size) and foam height over time as a criterion for foam 

stability. 
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Figure 2: ArmorFoamTM remained stable over time at 80 ˚C without significant foam height and quality change.  

 

 

Figure 3: ArmorFoamTM remains stable in contact with crude oil while conventional surfactant foam collapses in 

less than 15 minutes.  

Task 2: ArmorFoamTM flow test at pore scale (Micromodel) 
Scope: A unique visual porous media (micromodel) setup by HERG at the Memorial University of 

Newfoundland to be manufactured to simulate and visualize the ArmorFoamTM performance in offshore 

reservoir conditions. The setup will test the ArmorFoamTM behavior for dynamic stability at actual 

reservoir conditions. The ArmorFoamTM performance will be compared to gas and water as baselines. The 

pressure, temperature, water salinity, and crude oil composition will be matched to offshore reservoir 

conditions and the performance of ArmorFoamTM to be visualized and evaluated. 

6 hours 2 hours initial 

Conventional surfactant foam 

Initial              5 minutes      15 minutes 

ArmorFoamTM made with the same surfactant  

          Initial              5 minutes      15 minutes 

Foaming 

solution 

Oil 

Foam 

Collapsed Foam 
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Methodology: 

A total of 8 micromodel experiments were conducted in the Visualization Pressure Cell (VPC) housed at 

the Hibernia EOR Laboratory (see Figure 4). The experiments were conducted under pressure of 2500 psi 

(around 17,000 KPa) and a temperature of 30 ˚C, except for the initial low-pressure tests and the high-

temperature comparison tests.  

 

Figure 4:  Visualization Pressure Cell: image (left) and schematic (right) 

Two series of micromodel experiments were completed. Three tests in a single permeability micromodel 

(Figure 5 left) and five in a dual-permeability micromodel (Figure 5 right). The micromodels were designed 

and manufactured in the Hibernia EOR Laboratory. All experiments consisted of a flooding sequence of 

gas-foam-gas to see the impact of foam on gas injection performance at the pore scale.  Injection fluids 

for the experiment included two ArmorFoamTM solutions, NL crude oil, nitrogen gas, and multivalent ion 

brine (35,000 ppm). A generalized methodology for the experiment is shown in Figure 6. 

 

 

 

 

 

 

 

Figure 5: Left: Single and right: dual permeability (K) micromodels used in the experiments. Dark brown zones show 

pores saturated with oil, and the white area mimics rock grains. 

High K 

Low K 
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Figure 6: Overall methodology for the micromodel experiment at Hibernia EOR laboratory via Visualization 

Pressure Cell. 

Deliverables: 

• Laboratory data showing high stability, high mobility reduction factor and higher oil recovery 

compared to gas injection at the pore scale, demonstrating the potential of ArmorFoamTM for 

improving gas injection efficiency. 

Outcomes: 

Homogeneous micromodel: 

An example series of photographs taken during the micromodel experiment is shown in Figure 7, followed 

by an example of a quantitative measurement of pressure profile and oil recovery results for an 

experiment in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Example of micromodel images during a test (flow direction from the bottom of the image) used to 

analyze each fluid’s performance and understand the flow mechanisms. 

 

Initial (oil saturated) Primary gas injection ArmorFoamTM injection Secondary gas injection 
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Figure 8. Example of micromodel results. Left) pressure profile and right) oil recovery profile during different fluids 

injection. Higher pressure during ArmorFoam injection demonstrates the ability of foam to block the path of least 

resistance during previous gas injection and improve the efficiency of the gas injection process. 

Heterogenous micromodel: 

To understand the ArmorFoamTM performance better, a heterogeneous micromodel was fabricated and 

tested. An example of this test is shown in Figures 9 and 10. ArmorFoamTM Improved the efficiency of gas 

injection in such a system, and besides the additional oil recovery, it also improved the amount of gas 

stored at the pore scale. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: ArmorFoamTM improves oil recovery and gas storage in heterogeneous micromodel by addressing the gas 

short-circuits (channels) and enhancing fluid diversion from high permeability channels to low permeability zones. 

1- Initial (oil saturated) 2- End of primary gas injection                           

3- End of ArmorFoamTM injection 4- End of secondary gas 

injection 

Gas channels 
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Figure 10 shows the results of ArmorFoam injection in a heterogenous micromodel.  

 

 

Figure 10: Dual permeability micromodel; ArmorFoamTM at injection at a pressure of 2500 psi and temperature of 
30°C pressure (left) and oil recovery (right) profiles. 

                 

Task 3: ArmorFoamTM flow test at reservoir condition (coreflood) 
Scope: Core flood tests will be performed on reservoir rock at simulated reservoir conditions to simulate 

ArmorFoamTM performance at field test conditions.  

Methodology: Core flooding experiments mimic field-scale injection/production scenarios and conditions 

at the simplified laboratory scale in one dimension. The main objectives of this experiment are to 

measure/calculate oil recovery, permeability, relative permeability, saturation change, and fluid-rock 

interactions. 

In our experiments, the objective was to evaluate the performance of the ArmorFoamTM in different core 

flooding scenarios. Four experiments were conducted using brine, nitrogen gas, and ArmorFoamTM in core 

samples. The coreflood equipment is shown in Figure 11, and a simplified methodology is presented in 

Figure 12.  
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Figure 11: The coreflood equipment used in this project. 

 

Figure 12: Core flooding experiment methodology 

 

 

Deliverables: Laboratory results showing the performance of ArmorFoamTM at reservoir conditions and 

compared to the status quo 

Outcomes: 

An example of coreflood results is shown in Figure 13. ArmorFoamTM injection resulted in better sweep 

efficiency and diverted the injected fluid (in this case, water) toward the new part of the rock sample. 

Such behavior resulted in more oil recovery and additional fluid storage. In the case of gas injection, more 

gas can be stored, less gas will be produced (due to gas short-circuit reduction by ArmorFoamTM), and less 

gas recirculation, hence reducing associated emissions. The laboratory data were used to build a reservoir 

model and simulate the behavior of ArmorFoamTM at large-scale applications and estimate the impact of 

ArmorFoamTM on GHG reduction. 
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Figure 13: ArmorFoamTM improves the oil recovery efficiency on lab-scale hence less energy is needed per unit 

volume of oil produced, reducing the carbon intensity. 

 

Task 4: Reservoir simulation/modeling of ArmorFoamTM performance in offshore 

condition 
Scope:  Laboratory data and results will be utilized to predict ArmorFoamTM performance in model 

reservoirs using reservoir simulations. 

Methodology: 

A preliminary 3D pseudo foam model with parameters similar to Hibernia offshore reservoir was built 

using the empirical method in CMG for mobility control. Then, a representative cartesian model was 

constructed to mimic the core used in the coreflood experiment performed in the Hibernia EOR for history 

matching and deduce the history-matched relative permeability endpoints. Lastly, the inferred foam 

parameters and endpoints’ relative permeability was corrected to represent the Hibernia formation. 

These were then used to simulate gas and foam flooding in a heterogenous pseudo-field-scale model. 

Deliverables 

A reservoir simulation model showing the performance and forecast of ArmorFoamTM in oil recovery and 

GOR (gas to oil ratio) reduction.  

Outcome: 

The outcome of field scale simulation has been used as the basis for GHG reduction and ArmorFoamTM 

benefits calculations. An example of results is shown in Figures 14 and 15. 
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Figure 14: Only two weeks of ArmorFoamTM treatment in a proxy offshore reservoir model resulted in about 5% 

additional oil recovery. The injection interval can be optimized to maximize the benefits. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Only two weeks of ArmorFoamTM treatment in a proxy offshore reservoir model resulted in up to 80% 

GOR reduction. The lower the GOR, the lower the energy required for gas recycling and the lower emissions. The 

injection interval can be optimized to maximize the benefits. 
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Task 5: ArmorFoamTM process design for offshore 
Scope:  A small footprint ArmorFoamTM manufacturing and injection skid will be designed compatible 

with NL offshore conditions and specifications. The capital cost will be estimated.  

Deliverables: Process diagram, cost, volume, and logistics report for ArmorFoamTM offshore pilot test 

Outcomes 

Based on discussions with HERG and feedback from an operating company, a 3000 m3/day ArmorFoamTM 

pilot was designed.  This required generating several hundred cubic meters per day of foaming solution 

and injecting the solution at 3000 psig into the water injection line of a Water Alternating Gas (WAG) 

injection well.  The specific injection logistics would be determined by the specific operator circumstance 

and platform design. 

To produce the required quantity of foaming solution, several totes per day of nanoparticles/surfactant 

concentrated solutions delivered in 4m3 totes by supply ship are needed.  A two-week foam injection 

campaign will require multiple totes to be supplied and connected via hoses to the ArmorFoamTM blending 

equipment located on the floating or fixed platforms or supply vessels.  The supply vessels that arrive on 

a routine basis would be used to transport the solution totes to the platforms. 

The manufacturing process was scaled up from the lab, and several different methodologies were tested 

to assess their capability of manufacturing a stable ArmorFoamTM at the rates required.  Certain methods 

were not effective at scale-up, and the successful method was used for the large-scale design.   

The proprietary blending equipment, injection pump, and associated utilities were designed to be housed 

in two 20-foot ISO containers for a Class 1-Division 2 electrical classification environment that would be 

acceptable for a temporary injection trial on the platforms. The ISO containers were used to protect the 

equipment from the elements and facilitate flammable hazard isolation.  Power (via welding outlets), low-

pressure water supply (via hoses), air supply (via hoses), and high-pressure foaming solution tie-ins will 

be required. The process diagram was created for the ISO containers, and budgetary capital and operating 

cost were prepared. 

Task 6: ArmorFoamTM Injection Strategy, cost and competitiveness evaluation 
Scope:  To determine the most effective injection strategy, costs, and value generation 

Inputs and Requirements 

• Estimated volume of foam required and injection rate 

• Site layout and equipment 

• Pump specifications 

• Injection procedure 

• Regulatory requirements 

• Foam production mitigation procedure 

• Gas, Foam concentrates and water supply logistics 

• Volume and cost of ArmorFoamTM for an offshore pilot test 

• Status quo and competing technologies evaluation 

 



Page | 14 
 

Deliverables  

• An acceptable offshore foam injection skid that can be used for all injection projects.  

• Report on competitiveness comparison to alternatives  

• Status quo cost structure 

• Identification of alternative EOR technologies and cost assessment 

• Volume and cost estimation of ArmorFoamTM for offshore application 

Outcomes 

The estimated volume of foam and injection rate required was a balance of well injectivity experience and 

simulation results. 3000 m3/day of foam over two weeks was defined as the base requirement, followed 

by a water and gas injection sweep. 

The site layout on each platform was not available for evaluation. In discussions with Aker Solutions, 

maintenance laydown areas, drilling fluid tanks, and welding power outlets are generically available on 

each platform, and two 20-foot ISO containers could fit into these locations. 

The foaming solution pump volume and pressure specifications were defined to be able to inject into the 

water alternating gas (WAG) injection lines.  The injection procedure selected is leveraging existing WAG 

injectors and modifying whichever wells exhibit significant short-circuiting to WAG wells.  The cost of 

converting a gas injection well into a WAG well was not available and confidential to the operators. 

The regulatory requirement is to ensure the foam constituents would not have any adverse biological 

effects should the produced water be discharged. The ArmorFoamTM foaming solution constituents are 

diluted concentrations of nanoparticles based on minerals already existing within the marine environment 

(silica) and surfactants (like soap), with a final foaming solution pH between 6-9. The foaming solution is 

significantly diluted over time in the reservoir when the ArmorFoamTM collapses and mixes with produced 

water before any marine discharge, and no adverse biological effect is anticipated. 

The foam is designed to be stable at the reservoir pressures. Should ArmorFoamTM reach a production 

well, the foam collapses when lower pressures are experienced in the production well and surface tanks.  

In a worst-case scenario, routine antifoam can be used to reduce the bubble surface tension and collapse 

any foams generated.     

Based on the volumes, site layouts, injection and logistics requirements defined earlier, the foaming 

solution injection skid that could deliver the foam at required pressures and volumes was designed. 

A qualitative competitiveness comparison between the Status Quo (gas injection), Water alternating Gas 

strategy, ArmorFoamTM, and surfactant foam was completed to achieve GOR reduction and additional oil 

production.  The Water Alternating Gas approach could not reduce GOR or increase oil recovery by any 

significant amount.  Surfactant foams quickly collapse in contact with oil and are ineffective in lowering 

gas to oil and increasing production. ArmorFoamTM is stable in the presence of oil and delivered an average 

GOR reduction of 40% (up to 80%) and a 5% increase in ultimate oil recovery. 

Task 7: ArmorFoamTM skid design/manufacturing for an offshore pilot test   
Scope: The skid will be built in collaboration with an engineering company to be used in a future pilot 

test in NL under offshore conditions. 
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Deliverables:  Commercial-scale foam generation skid and foam breaking technique (Design and capital 

cost) and Fabricated skid. 

Outcomes 

Based on the design developed from Tasks 5 and 6 and support from Aker Solutions, a Foaming solution 

manufacturing and injection process was constructed and housed in two ISO containers.  The unit was 

tested and demonstrated that it could produce the required quantities of foaming solution. 

REVIEW OF THE PROJECT’S KEY PERFORMANCE INDICATORS 
1. Energy efficiency (GOR reduction, more oil, potential for CO2 storage): 

a. Validated Gas to Oil Ratio reduction up to 80%. At 40% GOR reduction, the estimated CO2 

reductions were confirmed to be 180,000 tonnes per year if applied across all operations 

b. Validated 5% additional oil recovery from enhanced pore space sweep  

2. Qualitative cost based on simulation (foam used vs oil recovered)  

a. Based on the simulation work, corefloods, and micromodels of the selected formulation 

and using a conservative foam used versus oil recovered rate as determined through the 

test work, a significant value proposition is available for oil producers based on reduced 

GHG emissions at a value of CAD$170/t, and additional oil production at CAD$100/barrel. 

GHG REDUCTION  
Aker Solutions, located in St Johns, assisted Cnergreen in calculating the GHG benefits available with 
ArmorFoamTM implementation.  The Engineering company was familiar with the process technologies 
used on the fixed and floating platforms and the GHG-related emissions from those processes.   

The base case process information was extracted from publicly available information from Canada-
Newfoundland & Labrador Offshore Petroleum Board (C-NLOPB) operator submissions, annual 
production statistics, and the Canadian Government Management of Greenhouse Gas Act Reporting 
Regulation data from 2018 through 2020. 

The majority of the emissions from the platforms are from driving power generation equipment, whose 
power is then used to drive gas compressors and water pumps or direct drive produced gas compressors 
and sea-water injection pumps.  Reducing the Gas to oil ratio by avoiding gas short-circuiting will reduce 
the gas that requires recompression and reinjection. 

The base case emissions data showed that CO2 emissions were 1,372,000 tons per year for the four 
platforms, based on averaged emissions from 2018 through 2020. The MUN generated core data and 
simulations showed that GOR can be reduced by 80%, and oil production could be increased by 5%.  
Assuming a conservative 40% GOR reduction resulted in reduced gas compression, and the resultant GHG 
reduction was 181,000 tons per year if ArmorFoamTM was deployed across all the platforms 
(approximately 15% reduction). 

The offsetting GHG generation for the ArmorFoamTM solution product supply, including emissions related 
to manufacturing and delivery, amounts to 1,140 tons, so the total benefit is estimated at 180,000 tons 
per year net. 
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PROJECT’S KNOWLEDGE DISSEMINATION ACTIVITIES  

Cnergreen collaborated with Memorial University of Newfoundland (HERG group) to test ArmorFoamTM 

at the pore scale, core scale, and field scale to show the potential of ArmorFoamTM in energy efficiency 

improvement and GHG reduction. Such studies resulted in promising outcomes that are in preparation 

for publication. We expect several publications from this project and national and international 

meetings/conference presentations. We also presented the project’s outcome to operator companies in 

NL for future consideration. 

BENEFITS OF PROJECT TO OFFSHORE NL AND CANADA 

The key benefits of the project to NL and Canada (Alberta, Saskatchewan, BC, Ontario, and Manitoba – 

wherever oil and gas are produced) are: 

• The project created 10 direct jobs at MUN, Cnergreen, Exergy Solutions and Aker Solutions during 

the project. The Project has resulted in an ongoing research program for the next several years 

at MUN with Cnergreen. 

• Confirmed that reduced GHG’s can be achieved per barrel of oil produced at any location that 

uses gas or CO2 injection-based enhanced oil recovery (reduced GOR) 

• Confirmed in the lab-scale that improving oil recovery achieved using enhanced oil techniques is 

possible from existing reservoirs, and viable economic life can be extended profitably without 

having to drill new wells and find new reservoirs,  

• Once ArmorFoamTM is deployed, additional royalties from oil produced from those reservoirs,  

• additional jobs from the manufacturing, supply and delivery of the ArmorFoamTM to the locations 

and maintaining existing platform jobs for a longer duration. 

 

PROJECT BUDGET AND PARTNERS 

The total project budget awarded for this project was $1,820,600 and the main partners and collaborators 

were: 

• Memorial University of Newfoundland 

o To conduct the lab-scale validation of ArmorFoamTM technology for offshore and reservoir 

simulation 

• Aker Solutions (St. John’s) 

o To evaluate and calculate the GHG reduction offshore and considerations for ArmorFoamTM 

deployment  

• Exergy Solutions 

o To design and fabricate skids required for ArmorFoamTM application in offshore conditions 
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FUTURE/NEXT STEPS 

The successful results of this project will be shared with operators across Canada and the US directly and 

via industry publications and conferences. The micromodels effectively show ArmorFoam’s superior 

performance, and the manufacturing scale-up will play an integral part in achieving commercialization. 

Conducting a trial in offshore is significantly more logistically and operationally complex than conducting 

a trial onshore. Based on the very encouraging results and strong value proposition developed for 

ArmorFoamTM, the next step is to demonstrate the technology’s effectiveness in an onshore pilot and 

validate the reduced Gas to Oil ratio and increased oil recovery that can be achieved.  Efforts are currently 

underway to complete an onshore pilot with the ArmorFoamTM manufacturing/blending skid in 2022/23. 

The onshore pilot results will be shared with NL operators and extrapolated to their specific circumstances 

to confirm the value potential. Once that value and logistics can be secured with interested operators, 

Cnergreen will actively proceed with an offshore pilot using the equipment fabricated during this project.   


