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Summary 
Due to excessive greenhouse gas (GHG) emissions, Canada and Alberta have committed to a 
net-zero economy by 2050 [1]. Technologies such as GHG capture and sequestration, 
geothermal energy, and critical elements extraction will need to advance significantly to convert 
natural resources to marketable supplies while reducing the environmental impact. This case-
study explored the feasibility of co-developing geological CO2 sequestration (GCS), lithium (Li) 
extraction, and geothermal energy within deep (> 3 km) Devonian saline aquifers in Alberta, 
focusing in on the Leduc Formation [2]. This research expanded on the foundations laid by two 
pioneering pilot projects in Germany [3,4] and France [5,6] that were designed and implemented 
to co-develop geothermal energy with GCS and Li extraction. It evaluates the feasibility of 
implementing an integrated 'GCS+' strategy within the Devonian Leduc formation in Alberta. 
GCS+ is defined as an integrative approach that combines CO2 sequestration with the extraction 
of geothermal energy and critical elements, such as Li, from deep geological formations. This 
research was conducted to explore the adoption of circular economy principles of maximizing 
resource value while reducing waste and mitigating the associated environmental footprints (e.g., 
water, land, noise), on these carbon sequestration and Li / geothermal energy extraction projects.  
 
GCS is positioned as a significant option to achieve carbon neutrality in Alberta [1], especially 
considering the province's extensive history of oil and gas development and existing 
infrastructure. However, GCS is a cost-intensive technology that could be further incentivized by 
extracting Li and geothermal energy from produced brines. While the implementation of GCS+ 
demands significant financial outlays for infrastructure, technology, and the continuous 
management and monitoring of CO2 storage, these costs are offset by substantial environmental 
and economic benefits. These include the reduction of atmospheric CO2 levels aiding in climate 
change mitigation, and the extraction of valuable Li for battery production and geothermal energy 
as a clean energy source. This comprehensive approach diminishes the region's reliance on fossil 
fuels and encourages economic diversification, fostering the development of new industries in 
Alberta.  
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Fig. 1. A conceptual schematic of the CO2 injection and combined extraction of geothermal energy and Li process from 
deep geothermal brines (the GCS+ process). 

Fig. 2. Examples of geospatially varying data used to identify potential locations for GCS+ development A) Map of 
aqueous Li concentrations in subsurface brine across Alberta [7] B) map of geothermal temperatures above 100 
degrees C across Alberta [8]. 
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Methodology 
Geospatial data, including temperature and Li concentration profile were obtained from the 
Government of Alberta datasets as described below. Secondary sources including academia, 
industry, and government publications were referenced to analyze GCS, geothermal and Li 
extraction technologies along with Alberta policy framework.  First, a multi-criteria assessment 
tool for our novel GCS+ concept was developed by integrating publicly available data about 
subsurface temperatures [8], brine Li concentrations [7], presence of saline aquifers identified as 
having carbon storage potential [9], proximity to seismic activity [10], geological conditions [11], 
and indigenous rightsholders [12,13], exploring this spatially variable data using Python to 
determine appropriate project location. Fit-to-purpose modeling was then utilized including the 
Natural Renewable Energy Laboratory’s (NREL) System Advisor Model (SAM) for techno-
economic analysis and Pembina’s Energy Policy simulator for Alberta policy evaluation [14]. 
These tools were leveraged to explore the feasibility of a GCS+ model, integrating geothermal 
energy extraction and critical element recovery with traditional GCS operations.   

Key Findings and Suggestions 
Technical Advancements Required for Evaluating Co-Development Opportunities 

Multiple GCS+ configurations were explored in this study, per Figure 3, to evaluate the feasibility 
of optimizing GCS+ operation and its profitability and sustainability. The key technical challenges 
associated with the proposed GCS+ scheme include [5,6]:  

• Induced seismicity and changes in pore pressure from injection versus the pressure 
reductions resulting from brine extraction [15,16]. 

• Impact of CO2 content increase in the extracted water over time and any environmental 
leakage potential [17]. 

 
Fig. 3. Possible GCS+ co-development schemes based on previously implemented industrial pilots and designs 
[3,18] A) This scheme describes the use of dedicated production and injection wells for co-injecting CO2 with brine 
B) This scheme describes the use of a dedicated CO2 injection well for CO2 sequestration within a shared pore 
space. 
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Indigenous Engagement and Policy Implications 

This study examines the effectiveness of implementation of GCS+ within Alberta’s policy 
framework as specified by the Alberta Energy Regulator's (AER) directives. These directives 
include Directive 051: Injection and Disposal Wells; Directive 065: Resources Applications for Oil 
and Gas Reservoirs; Directive 089: Geothermal Resource Development; and Directive 090: Brine-
Hosted Mineral Resource Development [19]. A further critical component was the interface with 
Indigenous rights-holder and examination of opportunities for Indigenous-led companies in terms 
of ownership, jobs, and training. Ownership was explored as a policy matter, while jobs and 
training were recognized as being primarily related to funding and support from various 
government entities.  
Since the discovery of oil in the Devonian reservoirs in 1947 initiated extensive conventional and 
unconventional hydrocarbon exploitation in the Leduc Formation, this development has resulted 
in over 2,900 orphaned oil and gas wells as of February 01, 2024 [20–22]. This study explored 
potential policy mechanisms to encourage the adoption of previously orphaned wells for GCS+ 
operations, considering the role of the Alberta Orphan Well Association (OWA) in facilitating these 
adoptions within a framework aimed at promoting a circular economy.  
The significance of Indigenous rights-holders in this process is paramount, especially given the 
proximity of the proposed project sites to Indigenous lands, including Alexander 134A and 
Whitecourt #232 Alexis, which are First Nations reserves of the Alexander First Nation and the 
Alexis Nakota Sioux Nation, respectively [13]. The reserves are within a 50 km radius of the 
proposed project location as shown in Figure 4. The identified site, situated near the town of 
Whitecourt and the Fox Creek area, showcases high Li concentration and geothermal heat, and 
falls within the territories covered by Treaty 6 and Treaty 8. 

 
Fig. 4. Proximity of selected location (shown in purple) for the proposed GCS+ scheme to First Nation reserves 
(pinned in red) and signed treaties adapted from AER/AGS Interactive Minerals Map [23]. 
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Economic Viability and Carbon Credits 

Given the variability in Li concentration and geothermal heat in the Leduc Formation, the model 
accounted for the geospatial distribution across the select locality to recommend the most 
economically and environmentally viable project location. Notably, the province's deregulated 
volatile energy market with its occasional low electricity price ($52.19/MWh in 2020; 
$162.46/MWh in 2022) presents a hurdle for the economic viability of geothermal projects as 
standalone power generators [24,25].  One of the benefits of the proposed GCS+ concept is 
generating value through carbon credits in Alberta’s emissions trading market [26,27]. 

Novel/Additive Information 
This work offers new insights into the first of its kind GCS+ scheme for a sustainable circular 
economy in Alberta. It provides scientific-based guidance to improve and stabilize the economic 
benefits of traditional GCS operations within Alberta’s policy framework while reducing the 
environmental risks associated with individual plant operation.  
Acknowledgements  
This research was funded by the CREATE REDEVELOP Grant #386133824, a collaborative 
research scholarship and training experience in responsible energy development funded by the 
National Sciences and Engineering Research Council of Canada (NSERC). We gratefully 
acknowledge the guidance provided by our faculty advisor Dr. Amin Ghanizadeh and Highly 
Qualified Professional (HQP) advisor Ekaterina Ossetchkina, Dr. Jennifer Winter, Dr. David 
Eaton, and the REDEVELOP Project Manager Julie Younes. Dr. Amin Ghanizadeh thanks the 
sponsors of Transitional Energy Consortium (TEC) and Tight Oil Consortium (TOC) for supporting 
his positions at the Department of Earth, Energy, and Environment (EEE) at the University of 
Calgary. 
 
References 
 
1  Alberta, 2023. (2023) Alberta Emissions Reduction and Energy Development Plan. 

https://open.alberta.ca/publications/alberta-emissions-reduction-and-energy-development-plan. 
2  Majorowicz, J.A. and Grasby, S.E. (2020) Heat Transition for Major Communities Supported by Geothermal 

Energy Development of the Alberta Basin, Canada. Geothermics, 88, 101883. 
https://doi.org/10.1016/j.geothermics.2020.101883. 

3  Mouchot, J., Pralle, N., Girard, B. and Brand, S. (2023) Do Look Down! Sourcing Critical Material Lithium and 
Renewable Energy with Minimal Environmental Impact in Europe. European Association of Geoscientists & 
Engineers, 1–5. https://doi.org/10.3997/2214-4609.202321107. 

4  Weinand, J.M., Vandenberg, G., Risch, S., Behrens, J., Pflugradt, N., Linßen, J. and Stolten, D. (2023, April 14) 
Low-Carbon Lithium Extraction Makes Deep Geothermal Plants Cost-Competitive in Energy Systems. arXiv. 
https://doi.org/10.48550/arXiv.2304.07019. 

5  Blount, G., Gorensek, M., Hamm, L., O’Neil, K. and Kervévan, C. (2017) CO2-Dissolved and Aqueous Gas 
Separation. Energy Procedia, 114, 2675–2681. https://doi.org/10.1016/j.egypro.2017.03.1451. 

6  Kervévan, C. (2016) Successfully Combining CO2 Storage and Geothermal Heat Extraction. BRGM Flag Ship 
Project Web Article. https://co2-dissolved.brgm.fr/. 

7  Alberta Geological Survey. (2024) Lithium Content in Groundwater and Formation Water (DIG 2019-0029). 
https://geology-ags-aer.opendata.arcgis.com/datasets/lithium-content-in-groundwater-and-formation-water-dig-
2019-0029/explore. 

8   (2022, June 17) Subsurface Temperature Model of Alberta: Input Data (Tabular Data, Tab-Delimited Format). 
Alberta Geological Survey. https://ags.aer.ca/publication/dig-2021-0029. 

9   NATCARB Atlas Saline Basin 10km Grid - EDX. https://edx.netl.doe.gov/dataset/natcarb-atlas-saline-basin-
10km-grid. 



 

 

GeoConvention 2024 6 

10  Alberta Geological Survey. (2024) Alberta Earthquake Dashboard. https://ags-
aer.shinyapps.io/Seismicity_waveform_app/. 

11  Alberta Geological Survey. (2024) Bedrock Geology of Alberta (DIG 2013-0018) - Overview. 
https://www.arcgis.com/home/item.html?id=8ffb78beb46746f4939df49ccc3d65da. 

12   (2024) Native Land. Native-Land.Ca. https://native-land.ca/. 
13  Alberta. (2024) Map of First Nations Reserves and Metis Settlements. https://www.alberta.ca/map-of-first-

nations-reserves-and-metis-settlements. 
14  Wang, J.R. and Steinmann, P. (2021) Exploring a Simulation Model of Canadian Energy Policy. 
15  Babarinde, O., Okwen, R., Frailey, S., Yang, F., Whittaker, S. and Sweet, D. (2021) A Workflow to Assess the 

Efficacy of Brine Extraction for Managing Injection-Induced Seismicity Potential Using Data from a CO2 Injection 
Site near Decatur, Illinois. International Journal of Greenhouse Gas Control, 109, 103393. 
https://doi.org/10.1016/j.ijggc.2021.103393. 

16  Cheng, Y., Liu, W., Xu, T., Zhang, Y., Zhang, X., Xing, Y., Feng, B. and Xia, Y. (2023) Seismicity Induced by 
Geological CO2 Storage: A Review. Earth-Science Reviews, 239, 104369. 
https://doi.org/10.1016/j.earscirev.2023.104369. 

17  Kelemen, P., Benson, S.M., Pilorgé, H., Psarras, P. and Wilcox, J. (2019) An Overview of the Status and 
Challenges of CO2 Storage in Minerals and Geological Formations. Frontiers in Climate, 1. 
https://www.frontiersin.org/articles/10.3389/fclim.2019.00009. 

18  Kervévan, C., Beddelem, M.-H., Galiègue, X., Le Gallo, Y., May, F., O’Neil, K. and Sterpenich, J. (2017) Main 
Results of the CO2-DISSOLVED Project: First Step toward a Future Industrial Pilot Combining Geological 
Storage of Dissolved CO2 and Geothermal Heat Recovery. Energy Procedia, 114, 4086–4098. 
https://doi.org/10.1016/j.egypro.2017.03.1549. 

19  AER. (2020, May 11) AER Directives. Alberta Energy Regulator. https://www.aer.ca/regulating-
development/rules-and-directives/directives. 

20  Alberta. (2024, January 17) O&G Liability. https://www.alberta.ca/oil-and-gas-liabilities-management. 
21  Orphan Well Association. (2024) Orphan Wells Inventory. Orphan Well Association. 

https://www.orphanwell.ca/about/orphan-inventory/. 
22  AER. (2020, July 14) AER Geology. Alberta Geological Survey. https://ags.aer.ca/atlas-the-western-canada-

sedimentary-basin/chapter-1-introduction. 
23  AER. (2021, March 19) Alberta Interactive Minerals Map. Alberta Geological Survey. 

https://ags.aer.ca/publication/iam-001. 
24  AESO. (2023) 2022 Annual Market Statistics. https://www.aeso.ca/assets/Uploads/market-and-system-

reporting/2022_Annual_Market_Stats_Final.pdf. 
25  Market Surveillance Administrator. (2023) Quarterly Report for Q4 2022. 

https://www.albertamsa.ca/assets/Documents/Q4-2022-Quarterly-Report.pdf. 
26  Alberta. (2024) Protocol CO2. https://open.alberta.ca/publications/9780778572213. 
27  Bachu, S., Yuan, L.P. and Brulotte, M. (1995) Resource Estimates of Industrial Minerals in Alberta Formation 

Waters. https://static.ags.aer.ca/files/document/OFR/OFR_1995_01.pdf. 

 
 
 


