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Abstract

:

Carbon capture, utilization, and storage (CCUS) is an attractive technology for the decarbonization of global energy systems. However, its early development stage makes impact assessment difficult. Moreover, rising popularity in carbon pricing necessitates the development of a methodology for deriving carbon abatement costs that are harmonized with the price of carbon. We develop, using a combined bottom-up analysis and top-down learning curve approach, a levelized cost of carbon abatement (LCCA) model for assessing the true cost of emissions mitigation in CCUS technology under carbon pricing mechanisms. We demonstrate our methodology by adapting three policy scenarios in Canada to explore how the implementation of CO2-to-diesel technologies could economically decarbonize Canada’s transportation sector. With continued policy development, Canada can avoid 932 MtCO2eq by 2075 at an LCCA of CA$209/tCO2eq. Technological learning, low emission hydroelectricity generation, and cost-effective electricity prices make Quebec and Manitoba uniquely positioned to support CO2-to-diesel technology. The additional policy supports beyond 2030, including an escalating carbon price, CO2-derived fuel blending requirements, or investment in low-cost renewable electricity, which can accelerate market diffusion of CO2-to-diesel technology in Canada. This methodology is applicable to different jurisdictions and disruptive technologies, providing ample foci for future work to leverage this combined technology learning + LCCA approach.
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1. Introduction


Anthropogenic emissions of carbon dioxide (CO2) and other greenhouse gases (GHGs) have led to rising global temperatures, leading to concern over the effects of global climate change. In 2018 alone, 33.5 billion metric tonnes of CO2 emissions [1] were emitted globally. One technology with high potential for emissions reduction is the synthesis of fuels through carbon capture, utilization, and storage (CCUS). Under the International Energy Agency’s (IEA) Sustainable Development Scenario, the production of synthetic fuels through CCUS is projected to begin in 2025 [2]. CCUS has the advantage of being able to provide a value-added product to offset CO2 capture costs [3]. Furthermore, CCUS offers an attractive option for drop-in substitution with fossil fuel feedstock when the product can be produced at a lower cost and with reduced emissions [4]. While current cost estimates for products generated through CCUS pathways are high [5], policy mechanisms such as carbon pricing [5,6] can help stimulate technology diffusion by gradually incentivizing low-emission technologies.



Currently, one of the largest barriers for large-scale deployment of CCUS is the low technology readiness level (TRL), or maturity, of CCUS processes [5,7,8]. This can lead to data gaps [8] when assessing the life cycle costs and emissions associated with scaling and deploying the technology. Previous studies have aimed to overcome this gap by vetting low TRL CCUS projects using key indicators like reaction stoichiometry [9], energy efficiency [10], or a combination of primary data and performance calculations [8]. However, these indicators do not consider resulting commercial competitiveness rooted in technological improvements, market demands, and policy supports. Moreover, methodologies such as learning curve cost projections [11] or carbon abatement costs [12] have been proposed to capture the economic outlook of these technologies. Still, the former suffers from a lack of explicit environmental evaluation while the latter does not consider indirect costs from the substitution of an incumbent technology [13].



A reliable approach for assessing low TRL CCUS pathways that are both scalable and result in significant emissions reduction is necessary to identify the most climate promising technologies for investment towards future research, development, and demonstration (RD&D). The development and demonstration of such a methodology provides an opportunity to address these highlighted gaps in low carbon energy technology assessment, offering an accurate and forward-looking solution.



Canada, ranked as the highest-scoring nation [14] in carbon capture and storage (CCS) readiness, serves as a good case study for demonstrating this methodology. As the world’s tenth largest economy [15], Canada emitted 2% [1] of global emissions with 565 million metric tonnes of CO2 in 2018. Moreover, the transportation sector was responsible for over 25% [16] of Canada’s emissions in 2018, making it a key sector for reducing national emissions. To meet their Paris Agreement pledge of net-zero emissions by 2050 [17], the Government of Canada has developed a Clean Fuel Standard [18] which aims to reduce the emission intensity of transportation fuels. This is complemented by a federal carbon price pledge of CA$170/tCO2 [19] in 2030. To complement these policies, CO2-to-diesel pathways [20,21] provide an attractive CCUS technology for decarbonizing Canada’s transportation sector. In 2018, nearly 30% [22] of all transport fuel demand in Canada came from diesel. Furthermore, diesel has a higher emission intensity than gasoline [23], making it a good candidate for targeted emission intensity reduction. Domestic production of next-generation low-emission diesel will help Canada maintain its competitive advantage as global energy markets shift to more sustainable solutions.



Herein, we present a methodology for assessing the climate benefit of low TRL CCUS technologies compared to other technologies using a levelized cost of carbon abatement (LCCA) that accounts for all costs and emissions associated with deploying a new technology. A learning curve approach to a CO2-to-diesel process demonstrates both cost and emission reductions as this technology matures. Leveraging this model, we evaluate the potential of this CO2-to-diesel process under three policy scenarios in Canada up to 2050. We also perform a sensitivity analysis to understand the uncertainty of particular market factors. A survey of Canada’s policy landscape highlights mechanisms that can improve the cost of emissions mitigation from the proposed CO2-to-diesel process in relation to the federal carbon price. While we apply this approach to a specific CCUS process in the context of Canada’s climate plan, this methodology can be applied to different technologies and policy environments. This methodology is better suited for cases where robust data are available and limited for cases where data are unreliable. Furthermore, this methodology becomes more specific as the geographical region studied becomes more specific, and vice-versa.




2. Methods


2.1. Hybrid Approach to Levelized Cost of Carbon Abatement Projections


We base our model on the principles outlined in the methodological report for determining a harmonized levelized cost of carbon abatement (LCCA). As defined in this report, the LCCA measures “how much CO2 can be reduced by a specific investment or policy, taking into account relevant factors related to geography and specific asset” [13]. Simply put, it provides the cost per unit of CO2 emission avoided, often expressed in $/tCO2:


  L =  C   E 0  −  E 1     



(1)







Here L represents LCCA, C represents the cost for the technology replacement, E0 represents the CO2 emissions from the original technology, and E1 represents the CO2 emissions from the new technology. Importantly, this includes emissions avoided from operation and replacement of feedstock. A more descriptive form of this equation is as follows:


  L =      C  1 , c a p e x   +  C  1 , o p e x     −    C  0 , o p e x , a v   −  C  0 , c a p e x , l o s s        E 0  −  E 1     



(2)







Here, C1 refers to the costs incurred from deploying the new technology, including the capital costs (C1,capex) and the present value operating costs (C1,opex), which is dependent on factors including the overall plant lifetime and energy costs to upgrade CO2. Likewise, C0 refers to the costs incurred from retiring the incumbent technology. This includes the capital losses associated with retiring the technology early (C0,capex,loss), minus the present value operating costs avoided from stopping operating of the plant (C0,opex,av).



Using the LCCA, we can assess the potential of promising CCUS technology through a hybrid bottom-up, top-down approach [11]. The bottom-up component refers to a comprehensive techno-economic analysis (TEA) and life cycle assessment (LCA) used to rigorously estimate the state of a current CCUS process. For our purposes, we use this analysis to derive an LCCA for our initial technology scenario. In the case of future scenarios, a bottom-up model is no longer appropriate since it is difficult to predict the technologies or processes used. The top-down component [11] refers to future estimates based on technology learning curves (TLCs) which capture the reduction in production costs relative to the cumulative production volume of a specific technology.



We apply a component-based TLC approach, where the overall learning of a system is constructed from learning rates for individual components of the system [24]. This is valuable for technologies that have not reached the market yet, such as CCUS, since learning for the entire system is not fully understood. Furthermore, cost reductions can be attributed to specific components [24] through cost reductions from mass production, changing material costs, reductions in material usage, or improvements in manufacturing time. This component-based approach is explained mathematically through the following equation:


  C (  X t  ) =   ∑   i = 1  n   C  0 i          X t     X 0        −  α i     



(3)







Here, the change in cost of each individual component (C) is related to the change in process capacity (X) from time 0 to time t through the learning index,    α i   . Overall, this is a disaggregated form of a one-factor learning curve (OFLC) [24]. Since TLC studies are often interested in the cost reduction for every doubling of capacity, this relationship can be generalized to the cost reduction for the doubling of production volume, known as the progress ratio,   p  r i   :


  p  r i  =   C ( 2  X 0  )    C  0 i     =       2  X 0     X 0        −  α i    =  2  −  α i     



(4)







Finally, the progress ratio and learning index can be related to the learning rate,    l  r i   :


  l  r i  = 1 − p  r i  = 1 −  2  −  α i     



(5)







Similarly, we use this component-based learning rate method to estimate the energy efficiency improvements associated with individual units. Through this approach, the LCCA can be determined at a particular point in time. Then, we can derive a final form for the LCCA, expressed as a function of time:


  L  t  =      C  1 , c a p e x    t  +  C  1 , o p e x    t    −    C  0 , o p e x , a v    t  −  C  0 , c a p e x , l o s s    t       E 0   t  −  E 1   t     



(6)







Through a time-dependent LCCA, we can elucidate the relationship between innovation, emissions reduction, and low carbon government policies such as the Clean Fuel Standard [25], which uses an increasing carbon price as its cornerstone for emissions reduction.




2.2. CO2-to-Diesel Case Study


We apply the described methodology to assess the development of the CO2-to-diesel process provided in Figure 1, developing a mass and energy balance to support a TEA and LCA (Figure S1, Tables S1–S4). Briefly, CO2 feedstock is captured using a Monoethanolamine (MEA)-based capture system while hydrogen is generated through electrolysis which converts water and electricity into H2. The gaseous feedstocks are then combined and sent through a reverse water gas shift (RWGS) reactor, producing the desired CO/H2 syngas ratio. The syngas is then fed to a Fischer Tropsch (FT) reactor, where it is converted to a distribution of hydrocarbon molecules. Units downstream of the FT reactor serve the purpose of recovering the diesel fuel from the other by-products. This includes water separation, product recovery through hydrotreating, isomerization, reforming, upgrading, separation of gaseous and wax hydrocarbons, and combustion of the final non-diesel products for heat generation and flue gas for recycling to the FT reactor after CO2 separation. The flue gas generated from heat generation can be recycled for additional CO2 feedstock.



Currently, there are no large-scale CCUS processes in operation in Canada, excluding those using captured CO2 for enhanced oil recovery. Instead, we use the Shell Quest CCS plant [26] as our reference capacity, which began operation in 2015 and captures one MtCO2/year. To ensure economies-of-scale do not influence the observed cost reductions, we assume one MtCO2/year plant is constructed every year from 2026 and 2049, with the operation of each plant beginning the year following construction from 2027 to 2050. Initial plant construction in 2026 is in line with Canada’s Clean Fuel Standard which estimates blending of hydrogenation-derived renewable diesel (HDRD) [25] is projected to begin in 2026. We assume CO2-derived renewable diesel to be equivalent to HDRD in our work due to technological similarities [27] for production. Additional technical details are provided in the SI.



Utility costs, product demand, and utility demand were estimated using estimates from Canada Energy Regulator (CER), using the 2020 Energy Futures Evolving Scenario data [22,28] which makes projections under the assumption that current policy trajectories continue at the same trajectory into the future. While energy system projections are known to be uncertain and sensitive to numerous inputs [29], CER data are consistent with similar energy models [30] and have been reliably and verifiably demonstrated in the literature [30,31,32]. Water price and emissions intensity were 12.3 ¢/tonne and 28.18 gCO2eq/tonne, respectively, and were constant throughout the analysis (Table S4). Emissions intensity [33,34] for electricity generation was calculated based on a weighted average by source (Table S7).



Learning rates for capital costs were selected using literature values for the technology when possible. Otherwise, a learning rate from a similar technology is applied [35]. Learning rates for each technology are provided in Table 1, with learning rates for the sub-components provided in Table S8 of the SI. Due to the lack of data available [7] for learning rates for environmental impacts, learning rates gathered for capital costs reductions were similarly applied to the respective units to estimate improvements in energy efficiency (Table 2). In the case of the PEM electrolyzer, a minimum energy value was set based on a 100% [36] electricity-to-hydrogen efficiency to ensure efficiency improvements were not overpredicted.





3. Results & Discussion


3.1. Learning Curve Effects on LCCA


Prior to evaluating different policy scenarios in Canada, we looked at the pure learning effects of the CO2-to-diesel process on the LCCA up to 2050. Through this, we can decouple technology innovation from market and/or policy evolution. To isolate the impact of technology learning on the LCCA, Canada average 2026 CER projections are used for each year (Table S6).



The effect of the individual learning rates on the overall cost shares is provided in Figure 2A. Initially, the PEM electrolyzer and MEA Capture are responsible for 48.6% and 15.9% of total capital costs, respectively. However, since both technologies are at lower TRLs, higher learning rates lead to a reduction in the cost-share from 2027 to 2030 and 2050. While the PEM electrolyzer is still the dominant capital cost in 2050, the cost-share has now reduced to 40.1%. The MEA capture also saw a decrease to 14.4% of the cost-share. As these technologies improve rapidly, the already mature technologies bear a higher cost-share. FT product upgrading is similar to oil refining, which is considered to be a mature technology. As a result, while the FT product upgrading has an 18.8% cost share in 2027, this increases to 24.1% in 2050. A similar trend occurs for the steam cycle, boiler steam generation, and the syngas compressor.



Figure 2B highlights the effect of learning on the overall electricity consumption shares. The PEM electrolyzer is the dominant source for electricity consumption with 84.2% in 2027. Despite a higher learning rate than the other components, the electricity consumption share increases to 86.7% in 2050. This is a result of the minimum electricity value, which assumes 100% power to gas efficiency. In contrast, the MEA capture unit has no minimum electricity applied to it, causing a more significant improvement in energy efficiency as the electricity consumption share drops from 10.4% in 2027 to 7.7% in 2050.



The impact of technological learning on overall expenses and the LCCA are shown in Figure 3A,B, respectively. In our initial year of 2027, capital costs are CA$1846 million for a 1 MtCO2/year facility. The learning rate, initially at 9.5%, leads to quick decreases in capital costs as capacity doubles rapidly in the intial years, reaching a capital cost of CA$1484 million in 2030. Afterwards, the rate of improvement decreases as doubling slows, reaching a capital cost of CA$1142 million in 2050. Similarly, the improved energy efficiency leads to decreases in the required electricity consumption, leading to a drop from 1086 MW in 2027 to 973 MW in 2030 to 864 MW in 2050. Together, this leads to an LCCA that decreases to below half its original value, from CA$987/tCO2eq in 2027 to CA$482/tCO2eq in 2050. However, when compared to Canada’s federal carbon price pledge, the LCCA is still CA$312/tCO2eq above the carbon price, suggesting additional subsidies would still be needed to sustainably operate this CO2-to-diesel technology.




3.2. Adapting Policy Scenarios in Canada to CO2-Derived Diesel Demand


Now, we examine specific policy scenarios within Canada to evaluate the potential for emissions reduction using this CO2-to-diesel technology, and the cost relative to Canada’s carbon price pledge of CA$170/tCO2 in 2030. CER projections in diesel and biofuel demand are predicated on policy action continuing to increase at a pace similar to recent history [28]. For Canada, the Pan-Canadian Framework on Clean Growth and Climate Change [40] plays an important role, from which an escalating carbon price and the Clean Fuel Standard are primary drivers. In 2020, the demand for diesel in the transportation sector in Canada was 754 PJ. However, this demand is expected to decline at an average annual rate of 1.5% [28], reaching 480 PJ in 2050. Simultaneously, biofuel demand was 109 PJ in 2020 and is expected to grow at an average annual rate of 2.0% [28] to 195 PJ in 2050. In 2018, biodiesel constituted 11% [41] of total biofuel demand in Canada. We assume this ratio is constant in order to estimate biodiesel demand consistent with CER projections.



Projections of CO2-derived diesel demand up to 2030 are driven by the Clean Fuel Standard [25], which is complemented by the federal carbon price. Within the Clean Fuel Standard, HDRD diesel is expected to be integrated into the fuel mix in 2026 and rises to 49 PJ/year [25] in 2030. From this, we can develop three trajectories based on various policy scenarios. Diesel, biodiesel, and the three CO2-derived diesel scenarios are provided in Figure 4, with additional values provided in Table 3.



Existing Policy Scenario (Scenario 1): Under this scenario, no additional policies are put in place after 2030 to succeed the Clean Fuel Standard and strengthen CO2-derived diesel demand. Further, no additional growth of renewable fuels is assumed. Domestic production of renewable diesel through the proposed CO2-to-diesel follows the projection provided through the Clean Fuel Standard. That is, production rises from 0 to 49 PJ from 2026 to 2030, before remaining constant to 2050.



Growth Scenario (Scenario 2): Under this scenario, no additional policies are put into place after 2030 to succeed the Clean Fuel Standard and strengthen CO2-derived diesel demand. However, we assume renewable fuels grow at a rate of 2.0% annually [28], based on projections from the CER. Domestic production of renewable diesel through the proposed CO2-to-diesel pathway follows the projection provided through the Clean Fuel Standard up to 2030. Then, between 2030 and 2050, production increases at a rate of 2.0% annually.



Continued Policy Development Scenario (Scenario 3): Under this scenario, it is assumed that additional policy enacted after 2030 follows the same trajectory set by the Clean Fuel Standard, consistent with the demand projections from CER. Examples of policies may include more stringent emission intensity standards, renewable fuel blending requirements, and/or a higher carbon price. Domestic production of renewable diesel through the proposed CO2-to-diesel pathway follows the projection provided through the Clean Fuel Standard up to 2030. Then, between 2030 and 2050, the production of renewable diesel continues this linear growth until it reaches 294 PJ in 2050.



While our three policy scenarios follow linear growth profiles, technology tends to diffuse in a non-linear fashion. Therefore, to better model the true rate of commercial deployment of technology in relation to imposed policies, we leverage the three policy scenarios and map the linear diesel demands to a sigmoid function (S-curve) using the logistic growth function [42]:


   A n  =    A  s a t     1 +      A  s a t   −  A  b a s e        A  b a s e      e  − r n      



(7)







Here,    A n    is the annual market capacity at a particular year, while    A  b a s e     is the initial capacity and    A  s a t     is the saturated capacity; r is the growth rate and n is the number of periods after the start period [43].    A  b a s e     and    A  s a t     are specified, allowing r to be fit using techniques such as non-linear regression. For all scenarios, we define the initial capacity as 1 MtCO2/year. The saturation capacity is determined based on the demand for CO2-derived diesel in 2050 (Table 3). We fit for r by constraining actual demand in 2050 to be 99% of the demand required in our scenarios.



The resulting S-curve growth trajectories (Figure 5) serve to model the more natural trajectory of technology uptake and CO2-derived diesel production, while the linear growth trajectories (Figure 4) serve as the regulatory backbone mandating a defined amount of CO2-derived diesel consumption. In cases where actual demand differs relative to the demand projected under the three scenarios, we assume import/export of CO2-derived diesel at a 9% markup [44], consistent with marketing and distribution costs for gasoline. The result is commercial uptake of the CO2-to-diesel process that is triggered by imposed policies but diffuses at a rate independent of these policy requirements. The gap between the two demands is then accounted for by imports/exports. The S-curve results for each scenario, along with the calculated growth rate, are shown in Figure 5.



Although the largest environmental benefit will arise from substituting diesel with CO2-derived diesel, in reality, CO2-derived diesel will be competing with other low carbon fuels, like biofuel, for market share. Financial risks are a concern here, with feedstock costs of CO2 largely dictating CO2-derived diesel production costs [45] and hence, its competitiveness. Unfavorable competition between CO2-derived diesel and other low-carbon diesel can be mitigated through two supporting mechanisms. First, supporting literature showing high performance with higher renewable diesel blending ratios [46] increases confidence in the use of blended fuel. Second, explicit policy intervention to support biodiesel use [47] has led to a significant production increase in recent years. With similar policy support like the Clean Fuel Standard, this could see the same effect for CO2-derived fuel.



Since there is uncertainty surrounding the future supporting mechanisms for integrating CO2-derived diesel into the diesel pool, we evaluate the resulting LCCA under two diesel substitution assumptions:




	(1)

	
the consumption of diesel is sufficiently regulated to facilitate a one-to-one substitution of fossil fuel-derived diesel with diesel produced from the CO2-to-diesel process and;




	(2)

	
no additional higher blending regulations are introduced and CO2-derived diesel competes equally with all sources of diesel. Here, diesel from the CO2-to-diesel process follows a one-to-one substitution with the diesel pool in the year it is substituted.









In 2018, the biodiesel content in the diesel pool amounted to 1.9% [41]. Furthermore, under our policy scenarios, biodiesel is projected to rise to 4.0% of the diesel pool and CO2-derived diesel is projected to account for 10–59% of the diesel pool in 2050. As the makeup of the diesel pool shifts from fossil fuel-derived feedstocks produced in oil refineries to biomass and CO2 feedstocks, the overall emission intensity of the diesel pool will also decrease. Then, the impact of adding additional CO2-derived diesel on the LCCA will decrease since the diesel being displaced leads to fewer emissions avoided. Estimates for the makeup of the diesel pool and diesel demands under each scenario are provided in Tables S10–S12 of the SI.



Finally, we also incorporate CER projections [28] for utility and fuel prices, demands, and sources of electricity generation from 2026 to 2050. This creates a complete picture for our model by taking into account the factors unique to Canada. Importantly, by explicitly accounting for regional variability in factors such as utility prices and utility emission intensities, we can assess the impact of the geographical location where the CCUS technology is in operation. This makes the proposed approach easily transferrable to fit the unique geographic or policy environment of other subnational (e.g., states or provinces), national (e.g., USA), or multi-national jurisdictions (e.g., European Union).




3.3. Projections for CO2-to-Diesel in Canada


LCCAs for all three of our policy scenarios were estimated under both the one-to-one substitution of fossil fuel-derived diesel and the diesel pool, leading to six cases. In each case, we provide the LCCA for the Canadian average of the CER data, as well as each province and territory in Canada based on the electricity price and electricity generation in the region. Lifetime emissions are determined by averaging the emission intensities of the electricity generation and diesel pool over the plant lifetime. To limit effects from economies of scale, we report the LCCA for all cumulative expenses and emissions between the initial operation year of 2027 and time, t. This can be expressed mathematically by modifying our time-dependent LCCA formula:


  L  t  =     ∑   2027  t     C  1 , c a p e x    t  +  C  1 , o p e x    t    −    C  0 , o p e x , a v    t  −  C  0 , c a p e x , l o s s    t        ∑   2027  t  (  E 0   t  −  E 1   t  )    



(8)







Results for the LCCA under each scenario are provided in Figure 6. All data are provided in Tables S16–S29 of the SI. An example calculation of the LCCA is also provided for Quebec in Table S44 of the SI.



For each scenario, our results show that the LCCA varies widely depending on the province or territory that the CO2-to-diesel process is located in. In the cases of Nova Scotia, Alberta, and Nunavut, the high emission intensity of electricity generated leads to a situation where the proposed CO2-to-diesel process produces more emissions than it avoids. In 2027, the estimated emission intensity for electricity generation in each region is projected to be 430 gCO2eq/kWh, 439 gCO2eq/kWh, and 948 gCO2eq/kWh, respectively. For Nova Scotia and Alberta, respectively, 57% and 80% of electricity is generated from coal or natural gas. In the case of Nunavut, 97% of electricity is generated from oil, since many communities are remote. Considering the Continued Policy Development Scenario with a one-to-one substitution with fossil fuel-derived diesel, technological learning and decarbonization of electricity generation will eventually lead to emissions avoided in Nova Scotia, beginning in 2036. Therefore, this technology could be a viable option in the future once this level of emissions is reached. However, for the cases of Alberta and Nunavut, both will continue to create net emissions through 2050 unless additional emissions mitigation technologies such as CCS are employed.



A comparison of the three policy scenarios developed shows the influence of technological learning. As expected, the 2050 LCCA is lowest for the Continued Policy Development Scenarios and highest for the Existing Policy Scenarios. Considering the Canadian average LCCA under each scenario with one-to-one substitution with fossil fuel-derived diesel, the 2050 LCCA ranges from CA$422/tCO2eq in the Continued Policy Development Scenario to CA$584/tCO2eq in the Existing Policy Scenario. As more CO2-to-diesel capacity is built, the capital expenses and energy consumption decrease, leading to a more favorable LCCA. This is aided further by decreasing emission intensity from 2027 to 2050 across all regions but is offset slightly by rising electricity prices. Overall, without additional policy beyond 2030, it is unlikely that the proposed CO2-to-diesel process will be a viable option in Canada. Even in Manitoba—the most favorable region—the LCCA under the Existing Policy Scenario and Growth Scenario only reach CA$286/tCO2eq and CA$265/tCO2eq, respectively. This sits CA$116/tCO2eq and CA$95/tCO2eq above the federal carbon price, meaning additional subsidies or investments are necessary in order to operate the facilities at break-even. This could be achieved through additional provincial policy supports such as carbon pricing or other incentives. Conversely, under the Continued Policy Development Scenario, Manitoba has an LCCA of CA$209/tCO2eq—just CA$39/tCO2eq above the carbon price, making it much more viable. This would translate to a consumer cost of only 20¢/L above the levy from the pledged federal carbon price. Herein, we will focus on the Continued Policy Development Scenario to highlight key factors that can help reduce the LCCA. The initial 2027 and final 2050 LCCA for each region under this scenario for a one-to-one substitution with fossil fuel-derived diesel are provided in Table 4. Our estimated LCCAs fall in line with break-even carbon price estimates of US$0-670/tCO2eq [5] for fuels generated from CCUS technology.



In all scenarios, substituting diesel from the diesel pool leads to higher LCCAs than substituting fossil fuel-derived diesel. For example, the Canadian average 2050 LCCA rises from CA$422/tCO2eq to CA$500/tCO2eq. This is directly related to the emission intensity of the fuel being displaced. Fossil fuel-derived diesel has a well-to-wheel emission intensity of 104.5 gCO2eq/MJ, while the CO2-derived diesel has an emission intensity of 26.2 gCO2eq/MJ in 2027. As CO2-derived diesel is integrated into the diesel pool, the overall emission intensity will decrease, and the emissions avoided will follow. For the Canadian average, this leads to a difference of 105 MtCO2eq avoided over the lifetime of the CO2-to-diesel facilities coming into operation between 2027 and 2050 (Figure 7). Care should be taken to ensure renewable diesel substitutes high emission intensity diesel to achieve the highest emissions reductions on the road to net-zero emissions by 2050.



Regional variation in LCCA is a result of the combined factors of electricity prices and emission intensity from electricity generation. Substitution of fossil fuel-derived diesel in Manitoba and Quebec leads to LCCAs of CA$209/tCO2eq and CA$213/tCO2eq, respectively. In Manitoba and Quebec, only 0.04% and 0.4% of electricity is generated from fossil fuel sources in 2027, making them particularly suited for low carbon technology with high electricity burdens. Furthermore, the electricity prices in these provinces are the lowest nationally, at 5.9 ¢/kWh. In contrast, British Columbia and Newfoundland & Labrador have low emissions intensities for electricity generation but have electricity prices above the national average which makes them less attractive than Quebec or Manitoba. For Ontario, electricity generation has an emission intensity of 51.4 gCO2eq/kWh in 2027—below the national average—but has an electricity price of 15.1 ¢/kWh, leading to an LCCA of CA$567/tCO2eq in 2050. Until provinces or territories with high electricity prices can lower the cost of electricity, the proposed CO2-to-diesel process is unlikely to be a net benefit for emissions mitigation since significant additional investment will be needed outside of the federal carbon price to achieve these emissions reductions.



Emissions avoided from the CO2-to-diesel facilities coming into operation between 2027 to 2050 also differ significantly across regions (Figure 7, Tables S30–S43). Since the plant lifetime is 25 years, emission mitigation continues until 2075. Using the average Canadian values, 681 MtCO2eq are avoided through the CO2-to-diesel facilities coming into operation between 2027 and 2050. Nearly half of the total emissions avoided are from net capture of the facility. Substitution of diesel with the lower emission intensity CO2-derived diesel accounts for an additional 34.9% if substituting fossil fuel-derived diesel. Only 16% of electricity generated in Canada in 2027 is expected to come from fossil fuels, therefore emissions avoided from decarbonization of electricity and technological learning are smaller contributions, but still account for 112 MtCO2 avoided. In Quebec, 925 MtCO2eq would be avoided in the same period. Quebec has a low emission intensity from electricity generation, leading to nearly three-quarters of total emissions avoided coming from net capture from the operation of the CO2-to-diesel facility. Technological learning only contributes 0.3% of the emissions avoided in this case, since improving the energy efficiency of the plant does not translate significantly to avoided emissions. Diesel substitution leads to equal emissions avoided regardless of region. Operation of the CO2-to-diesel facilities in Ontario would lead to 858 MtCO2eq avoided since the emission intensity from electricity generation is between the Quebec average and the Canadian average.



While the proposed CO2-to-diesel process is unlikely to be operated in Northwest territories due to its remoteness, the territory provides insight into the effect of technological learning when emission intensity from electricity generation is relatively higher. Here, the operation of the CO2-to-diesel facilities leads to 139 MtCO2eq emissions created compared to the incumbent refining technology, due to the high consumption of electricity with higher emission intensity. However, over time technological learning improves the energy efficiency of the individual units. By 2075, 35.4% of emissions avoided are a result of technological learning. Moreover, emissions avoided from decarbonization accounts for 39.4%. As a result of these contributions, only 393 MtCO2eq are avoided, or 42% of the emissions avoided if the facilities were in Quebec. While not shown explicitly, Manitoba would avoid 932 MtCO2eq over this period. Overall, technological learning is important for emission reduction in areas where emission intensity from electricity generation is high. However, in areas where electricity generation is low emission intensity, simple operation of the facility will lead to net avoided emissions. From an emissions mitigation perspective, CCUS technology with high electricity consumption has a positive effect only in regions with low emission intensity from electricity generation. Otherwise, the focus should be on the decarbonization of electricity.




3.4. Sensitivity Analysis


While no provinces or territories in Canada have an LCCA that drops below the CA$170/tCO2eq federal carbon price, both Quebec and Manitoba move within CA$50/tCO2eq by 2050 under the Continued Policy Development Scenario. Furthermore, many of the variables used in our projections are subjected to external factors that lead to uncertainty in the reported LCCA. To understand how these external factors can influence our LCCA, we run a sensitivity analysis on electricity price, emission intensity from electricity generation, crude oil price, learning rate, and electrolyzer capital cost. Model-specific variables like plant lifetime and discount rate are also included. The effect on the 2050 LCCA for Quebec, Manitoba, Ontario, and Canada are provided in Figure 8. For each case, we assume a constant decrease or increase from the baseline value of the region. In the case of emission intensity from electricity generation and learning rate, a minimum of 0 was set.



Results of the sensitivity analysis show varying degrees of influence by the underlying factors. While there is significant uncertainty surrounding capital costs of nascent technology like the electrolyzer, we find that this does not translate to large uncertainty in the resulting LCCA. Conversely, the plant lifetime and discount rate model parameters lead to the most uncertainty, highlighting the importance of proper variable selection. Finally, while the sensitivity of the learning rate is noticeable, the significant variation of electricity price and emission intensity of electricity generation emphasizes the regional impact on the viability of low TRL CCUS. In particular, while the sensitivity of all other variables dampens as the LCCA decreases, the impact of electricity price remains the same.



Considering electricity price in more detail, the results show that for Manitoba and Quebec there are cases where the LCCA of the proposed CO2-to-diesel process drops below the federal carbon price limit. Specifically, if the electricity price in Quebec is 2 ¢/kWh below the projected value, the LCCA will reach CA$154/tCO2eq in 2050 and drop below the federal carbon price in 2038. Likewise with Manitoba, the LCCA will reach CA$151/tCO2eq in 2050 and drop below the federal carbon price in 2037. When compared to the pledged carbon price levy, this would save the consumer of 41 ¢/L and 39 ¢/L in Manitoba and Quebec, respectively. Furthermore, combinations of these variables shifting towards our optimistic cases can further reduce the LCCA.



An LCCA below the federal carbon price indicates that the emissions-reducing technology can be fully funded by revenue generated from the federal carbon price, rather than from other public revenue streams. Considering Manitoba, an additional investment would be required to make up the gap between the LCCA and carbon price—CA$100/tCO2eq or CA$100 million in 2027. However, this investment would be fully recovered in 2037 when avoided costs are considered. Therefore, Manitoba and Quebec are both well-suited provinces for CO2-to-diesel technology if capacity growth is in line with our Continued Policy Development Scenario. For the Canadian average and Ontario, the gap between the LCCA and the federal carbon price is still significantly under the optimistic cases, meaning operation of the proposed CO2-to-diesel is highly sensitive to regional variations and facility construction should be limited to regions with favorable environments for CCUS technology.





4. Future Work


Variable policy and market conditions in different global jurisdictions create opportunities for specific CCUS technologies. Therefore, future work should look to apply our methodology to different CCUS technologies and/or different global jurisdictions to identify locations where each unique process offers a cost-effective climate solution. For example, CO2 electrolysis [48] is an area of active research as a negative emissions CCUS pathway. Due to the lower TRL of CO2 electrolysis compared to an RWGS reaction for producing CO, a CO2 electrolysis-to-diesel pathway could lead to lower LCCAs after sufficient doublings of capacity. However, this technology also has higher electricity consumption requirements that could offset any cost reductions. Beyond CO2-to-diesel production, CO2 electrolysis can serve as a pathway to production [48,49] of various renewable chemicals, fuels, and value-added products. As new CCUS technologies mature, detailed projections for deployment should be developed on a case-by-case basis using our methodology to the benefit of sub-national, national, and multi-national jurisdictions alike.




5. Conclusions and Policy Implications


5.1. Conclusions


For the first time, technology learning curves (TLCs) have been integrated with a levelized cost of carbon abatement (LCCA) to assess early-stage CCUS technologies and determine the true cost of mitigating emissions. Using a case study, we illustrated and demonstrated this integrated TLC-LCCA tool for a CO2-to-diesel pathway under three policy scenarios in Canada. Through technological learning alone, we find that the LCCA for a 1 MtCO2/year CO2-to-diesel process will drop from CA$987/tCO2eq in 2027 to CA$482/tCO2eq in 2050. Projections for energy consumption and market prices across Canada allow us to develop regional roadmaps accounting for variations in market factors, emission intensities, and energy profiles. High emission intensities of electricity generation in Alberta, Nova Scotia, and Nunavut lead to a net increase in emissions when replacing fossil fuel-derived diesel with CO2-derived diesel. For all other regions, we find that CO2-to-diesel processes are infeasible under existing policy pledges without additional subsidies. Under a scenario of continued policy development, Manitoba and Quebec reach 2050 LCCAs of CA$209/tCO2eq and CA$213/tCO2eq, respectively. This is primarily due to low emission intensities from electricity generation and low electricity prices compared to other regions in Canada. From a consumer perspective, this would cost 20 ¢/L and 23 ¢/L, respectively, above the federal carbon price levy of CA$170/tCO2eq in 2030.



We find that substituting fossil fuel-derived diesel with CO2-derived diesel versus substituting the diesel pool composition with CO2-derived diesel leads to a 105 MtCO2eq difference in avoided emissions, highlighting the importance of ensuring CO2-derived diesel does not replace biodiesel or other renewable fuels. For regions with higher relative emission intensities, technological learning has more relative importance than areas of low emission intensities, but overall more emissions are avoided in areas with lower emission intensities from electricity generation. Rather than developing CCUS technologies, areas with higher emission intensities from electricity generation should focus on the decarbonization of their electrical grid.



For Manitoba and Quebec, electricity available at 2 ¢/kWh below the baseline values would lead to LCCAs of CA$151/tCO2eq and CA$154/tCO2eq in 2050, respectively. This would save the consumer 41 ¢/L and 39 ¢/L, respectively, when compared to the levy from the pledged carbon price. A higher learning rate, longer plant lifetime, or larger discount rate can lead to further decreases in the LCCA. Overall, Quebec and Manitoba are well-suited for the deployment of CCUS technology such as our CO2-to-diesel process.



Finally, from a wider perspective, CO2-derived diesel is developing alongside numerous strategies aiming to decarbonize transportation in Canada. For instance, electric vehicles are highly energy-efficient [50,51] and are seen as the primary solution [51,52] to decarbonizing light-duty and personal transportation. At the same time, renewable fuels like hydrogen, biofuels, and CO2-derived fuels are anticipated to help decarbonize other areas including maritime shipping, aviation, and heavy-duty transportation [52]. This is particularly true in the short to medium term due to energy density limits [51] in electric vehicle technology. Considering the importance of both electrification and the use of low carbon fuels in the energy transition [52], future efforts should aim to identify gaps in decarbonization so that these technologies can be deployed in a strategic and complementary way. In the context of the present study, electric vehicles would be well suited for regions with low emission intensity electricity, like Quebec or Manitoba. Meanwhile, for regions with high emission intensity electricity like Alberta or Saskatchewan, CO2-derived fuel offers an effective solution to decarbonizing transportation.




5.2. Policy Implications


While scale-up of low technology readiness level CCUS technologies can help reduce costs and mitigate emissions over time, new policy mechanisms can catalyze the deployment of this low carbon technology. Foremost, escalating the federal carbon price beyond 2030 provides a broad market solution to incentivizing low carbon technologies. An economy-wide carbon price signal is considered an effective approach for achieving long-term emissions mitigation goals, such as Canada’s 2050 net-zero emissions target [53]. For the proposed CO2-to-diesel process, if the federal carbon price rose to the BP estimate [54] of US$250/tCO2eq by 2050, the LCCA under the Continued Policy Development Scenario for Quebec and Manitoba would both be under the federal carbon price. Additional policies (e.g., carbon pricing) applied at the provincial level could also support the proposed CCUS technology beyond the federal carbon price level. Seven provinces and territories in Canada, including Quebec, have sub-national carbon prices [55] in place. However, carbon pricing as a primary policy approach for emissions mitigation has been criticized [56]. While others support the effectiveness of carbon pricing, it should be part of a larger policy package aiming to reduce emissions that includes complementary climate and non-climate policies [53,57]. The United States currently uses the 45Q tax credit [58] that will provide a US$35/tCO2eq credit to carbon utilization processes by 2026. Implementation of a similar tax credit in Canada could help bridge the gap between the LCCA of CCUS technologies and the federal carbon price.



Regulating the allowable emission intensity of fuels, akin to the Clean Fuel Standard, can also support a CO2-to-diesel process. Under the Clean Fuel Standard, the emission intensity of liquid fuels is required to drop 12 gCO2eq/MJ [25] from 90.4 gCO2eq/MJ to 81.0 gCO2eq/MJ between 2022 and 2030. By continuing this emission intensity standard trajectory beyond 2030, low emission intensity fuels will be required to be blended at increased quantities into fuels. While biodiesel is currently used to reduce the overall emission intensity of the diesel pool, CO2-derived diesel can accelerate this process due to an emission intensity of 5 gCO2eq/MJ lower [23] than biodiesel. However, emission reduction targets could still be achieved through lower-cost biodiesel. Instead, introducing modified fuel blending requirements can better support the growth of CO2-derived fuels. In 2020, Canada, along with five provinces, had diesel fuel blending requirements ranging from 2.0–4.0% [59] biodiesel in the diesel pool. Introducing a similar CO2-derived fuel blending requirement would incentivize the growth of CO2-to-fuels technologies that could accelerate capacity growth and therefore, technological learning and reduced LCCAs.



Mechanisms such as Renewable Portfolio Standards [60] can help reduce emission intensities from electricity generation by mandating the percent of electricity generated from renewable or non-emitting sources. In Canada, five provinces [60] currently have a Renewable Portfolio Standard in place, ranging from targets of 30% in 2030 in Alberta to 93% as of 2020 in British Columbia. Nova Scotia, Alberta, Saskatchewan, and the Northwest Territories, with emission intensities above the national average, are good targets for emissions reduction through non-emitting electricity sources. All but Northwest Territories have a Renewable Portfolio Standard in place, but none provide targets beyond 2030. Increasing the renewable energy requirement and setting new targets towards 2050 can both help support the decarbonization of Canada’s electrical grid and lower the LCCA for CCUS technologies such as the proposed CO2-to-diesel process. Alongside Renewable Portfolio Standards, feed-in tariffs and coal phase-out [61] can also generate large reductions in emission intensity.



In addition to reducing emission intensity, increased capacity of renewable electricity can help lower regional costs of electricity. In 2020, the International Energy Agency (IEA) reported that solar photovoltaic (PV) is consistently cheaper than coal and gas-fired electricity generation [62] in most countries. Furthermore, the International Renewable Energy Agency (IRENA) projected the cost of solar PV could fall to as low as US$0.02/kWh in 2030 and US$0.014/kWh in 2050 [63]. In the short term, replacing coal and gas-fired electricity generation with cheap renewable sources such as solar PV and onshore wind can reduce emission intensities while simultaneously reducing electricity costs. In the long term as electricity storage becomes more reliable, the substitution of more expensive electricity sources such as nuclear can further reduce the LCCA as emission intensities begin to level out.



Finally, public RD&D investment in CCUS technology is important for creating a demand for clean technology [61], while also leading to reductions in cost through learning-by-researching [64]. During early development periods, policies that support learning-by-researching [65] can be effective in the growing market capacity of a particular technology. For low technology readiness levels, CCUS such as the proposed CO2-to-diesel process, a well-designed funding program [66] will be necessary to support its innovation process. Focus moving forward should be to ensure coordination between RD&D funding and support policy to accelerate CCUS innovation towards market diffusion.



Overall, learning in emerging CCUS technology, realized through deployment and scale-up of promising processes, provides a competitive option for the synthesis of low emission, CO2-derived products, particularly in regions with favorable market conditions. The additional policy supports up to and beyond 2030, including an escalating carbon price, CO2-derived fuel blending requirements, or investment in low-cost renewable electricity, can further accelerate market diffusion. While this study has been tailored to a Canadian context, our methodology and model provided can be applied to develop detailed LCCA projections for any region and technology.
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Figure 1. A block flow diagram of the CO2-to-diesel process used for our case study. The blue blocks indicate upstream processes, while green blocks indicate the FT synthesis and other downstream processes. 
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Figure 2. (A). The purchased cost of each unit in the overall CO2-to-diesel process highlighting the effect of individual learning rates on the cost structure of the process between 2027 and 2050. The cost-shares are provided for significant units. (B). The electricity consumption of each unit in the overall CO2-to-diesel process highlighting the effect of individual learning rates on the cost structure of the process between 2027 and 2050. 
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Figure 3. (A). The annual operating costs and lifetime capital costs of a 1 MtCO2/year CO2-to-diesel process from 2027 to 2050. (B). the LCCA compared to Canada’s federal carbon price pledge from 2027–2050. The difference between these in 2050 is provided. In each sub-figure, a legend is provided. 
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Figure 4. Projections for demand of diesel and biodiesel, as well as the demand for CO2-derived diesel under three different policy scenarios in Canada. A legend is provided below the figure. Data is provided in Table S9. 
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Figure 5. (A) Cumulative CO2-to-diesel capacity for each policy scenario using an S-curve distribution to model technological diffusion. Growth rates for each scenario are provided in the figure. (B) Annual CO2-to-diesel capacity growth for each policy scenario based on the derived growth rates. A legend is provided at the top of the figure. All data is provided in Tables S13–S15. 
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Figure 6. Projections for the LCCA for the provinces and territories in Canada with LCCA’s below CA$1000/tCO2eq under (A) The Continued Policy Development Scenario with substitution of fossil fuel-derived diesel, (B) The Continued Policy Development Scenario with substitution of the diesel pool, (C) The Growth Scenario with substitution of fossil fuel-derived diesel, (D) The Growth Scenario with substitution of the diesel pool, (E) The Existing Policy Scenario with substitution of fossil fuel-derived diesel, and (F) The Existing Policy Scenario with substitution of the diesel pool. Alberta, Nova Scotia, and Nunavut are not included since they do not abate emissions. Saskatchewan is not included because its LCCA is above the cutoff. The Canadian average LCCA and federal carbon price are provided as bold lines. All data are provided in Tables S16–S29. 
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Figure 7. Emissions avoided by type of mitigation for (A) Canada, (B) Quebec, (C) Ontario, and (D) Northwest Territories under the Continued Policy Development Scenario. The total emissions avoided from type of mitigation is provided to the right of each subfigure. 
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Figure 8. Sensitivity of the LCCA to seven highlighted factors for (A) Manitoba, (B) Quebec, (C) Canada, and (D) Ontario. The range of each variable for the optimistic and pessimistic cases are provided in the table below the sub-figures. The pledged federal carbon price of CA$170/tCO2eq is provided as a dashed orange line. 
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Table 1. Initial learning curve parameters for the capital costs of the individual units in the CO2-to-diesel process. Learning rates for each technology, along with capital expenses, initial cost-share, and whether or not the learning rate for individual unit was calculated based on its sub-components are provided.
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	Component
	Capital Expense (CA$M)
	Cost Share
	Sub-Components
	Learning Rate
	Sources





	PEM Electrolyzer
	374.06
	48.6%
	Yes
	12.9%
	[24]



	Gas Pre-Heater before RWGS reactor
	4.56
	0.6%
	
	4%
	[37]



	Flue Gas Quench and Particulate Removal
	4.71
	0.6%
	
	2%
	[37]



	RWGS Reactor
	2.19
	0.3%
	
	11%
	[24,38]



	MEA Capture
	112.20
	15.9%
	
	11%
	[39]



	Syngas Feed Compressor
	23.26
	3.0%
	
	5%
	[35]



	FT Reactor
	7.67
	1.0%
	Yes
	12.3%
	[24]



	Syngas Cooler Water Condensing Heat Excharger
	3.35
	0.4%
	
	4%
	[37]



	FT Product Upgrading
	144.57
	18.8%
	
	4.0%
	[35]



	Boiler Steam Generation
	27.82
	3.6%
	
	1%
	[37]



	Steam Cycle
	54.83
	7.1%
	
	4%
	[37]



	Overall
	769.43
	100.0%
	
	9.5%
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Table 2. Initial learning curve parameters for the energy efficiency of the individual units in the CO2-to-diesel process. Learning rates for each technology, along with electricity requirement, initial electricity share, and electricity minimum are provided.
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	Component
	Electricity (MW)
	Electricity Share
	Electricity Minimum (MW)
	Learning Rate
	Source(s)





	PEM Electrolyzer
	923.5
	84.2%
	572.6%
	12.9%
	[24]



	Flue Gas Quench and Particulate Removal
	21.9
	2.0%
	
	2%
	[37]



	MEA Capture
	114.2
	10.4%
	
	11%
	[39]



	Syngas Feed Compressor
	37.2
	3.4%
	
	5%
	[35]



	Total Consumption
	1096.8
	100.0%
	
	
	



	Net Generation
	10.9
	1.0%
	
	
	



	Net Total
	1085.9
	99.0%
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Table 3. Demand for different diesel products, including CO2-derived diesel demand under each policy scenario.
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	Product
	2026 (PJ)
	2030 (PJ)
	2050 (PJ)





	Diesel Demand
	756.1
	713.5
	480.1



	Biodiesel
	13.2
	19.3
	21.4



	CO2-Derived Diesel under Existing Policy Scenario (Scenario 1)
	0.0
	49.0
	49.0



	CO2-Derived Diesel under Growth Scenario (Scenario 2)
	0.0
	49.0
	72.8



	CO2-Derived Diesel under Continued Policy Development Scenario (Scenario 3)
	0.0
	49.0
	294.0
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Table 4. LCCA for each province and territory in Canada, as well as the Canadian average and federal carbon price, in the Continued Policy Development Scenario and under one-to-one substitution with fossil fuel-derived diesel in 2027 and 2050. The levelized diesel price above the CER Canadian average diesel price is also provided.
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Region

	
LCCA

	
Levelized Diesel Price Above Canadian Average




	
2027 (CA$/tCO2eq)

	
2050 (CA$/tCO2eq)

	
2027 (CA$/L)

	
2050 (CA$/L)






	
Carbon Price

	
125.00

	
170.00

	
0.34

	
0.46




	
Canada

	
663.10

	
422.41

	
2.82

	
1.73




	
Newfoundland & Labrador

	
534.03

	
433.60

	
4.07

	
2.99




	
Prince Edward Island

	
509.90

	
364.72

	
3.17

	
1.82




	
Nova Scotia

	
No Abatement

	
No Abatement

	
4.53

	
3.06




	
New Brunswick

	
539.95

	
364.72

	
3.11

	
1.99




	
Quebec

	
295.45

	
212.67

	
1.62

	
0.69




	
Ontario

	
745.55

	
567.32

	
5.30

	
4.00




	
Manitoba

	
291.84

	
208.75

	
1.63

	
0.66




	
Saskatchewan

	
No Abatement

	
1576.49

	
2.11

	
1.11




	
Alberta

	
No Abatement

	
No Abatement

	
2.72

	
1.65




	
British Columbia

	
517.39

	
383.09

	
3.44

	
2.18




	
Yukon

	
666.67

	
454.96

	
3.88

	
2.64




	
Northwest Territories

	
5006.75

	
949.59

	
4.20

	
2.71




	
Nunavut

	
No Abatement

	
No Abatement

	
4.94

	
3.26
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