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In the path to a net-zero carbon and energy transition from fossil fuel, the world is facing a dilemma of growing global energy demand and required actions on climate-related risks. While over 80% of the current global energy needs are supplied by fossil fuels, the number of carbon capture, utilization and storage (CCUS) projects is limited in this sector. There is a huge gap between the scale and distribution of ongoing CCUS projects and the carbon intensity (CI) of energy-intensive industries. Furthermore, the climate impact of growing reliance on unconventional resources (Tar sands and shales) as well as the depletion of conventional resources poses challenges to the oil and gas sector to meet energy demand, while limiting their greenhouse gas (GHG) emissions. On the other hand, the economic viability of CCUS projects is highly sensitive to carbon credits policies, which are not yet fully integrated in a way to fill the current gap in the number, scale and distribution of these projects. Moreover, there is limited consistency between the allocated decarbonization funds and the anticipated economic growth of fossil fuel economies to promote wide-scale global resilience to carbon exposure. Therefore, it is essential to take climate-related risks, including socioeconomic impacts, into consideration for the decision-making process of companies and governments to embrace low-carbon energy. The focus of this article is on carbon resilience calibration and emissions scenario analysis in investment decisions to realize decarbonization goals through balancing short-term actions with long-term energy transition plans. The challenges and prospects of the application of CCUS technologies as an industrial decarbonization approach are discussed. Carbon footprint (CFP) observing, factoring and reporting workflows for correlating carbon exposure and resilience as part of climate assessment are introduced. Moreover, the main elements of carbon resilience scenarios are analyzed to fill the gap between the current industrial activities and decarbonization plans and to avoid making decisions solely based on economic aspects. Finally, we propose a workflow for carbon resilience calibration and a cash flow model for a sample CCUS project in the upstream oil and gas industry.
Keywords: decarbonization, CCS, carbon resilience scenario analysis, carbon risk, carbon factoring
1 INTRODUCTION
Climate change and energy security are amongst the main critical concerns of sustainable development (Arachchige et al., 2021), which have direct and indirect impacts on other elements including water and land, as shown in Figure 1 (Ramos et al., 2022). Carbon dioxide (CO2) emissions have increased by approximately 80% since 1970 and global temperatures have risen by more than 1°C since 1950 (Ourworldindata, 2020), which is tied to fossil fuels utilization and widespread clearing of forest lands (IPCC, 2018). The share of the global fossil CO2 emissions by sectors are 38% for power industry, 21% for other industrial combustion, 21% for transport, 10% for non-combustion and 9% for buildings. (World Resource Institute, 2015).
[image: Figure 1]FIGURE 1 | Direct and indirect physical impacts of sustainable development pillars (Ramos et al., 2022) (courtesy to UN, DESA).
The intensification of the greenhouse effect due to human activities poses global environmental problems and unprecedented abrupt changes in the global ecosystem, with 89% of current changes associated with global climate change (Jentsch and Beierkuhnlein, 2008). Climate change effects include disrupting weather patterns, leading to extreme weather events, unpredictable water availability, exacerbating water scarcity and contaminating water supplies (Babaeian, 2015). The goals of Paris agreement pose growing pressure on investors to address climate-risks associated with their investment portfolios, given the need to meet energy demand globally, while limiting GHG emissions. According to the annual oil and gas investor survey published in early 2022, 70% of investors feel pressure to invest in green funds and decrease the weighting of fossil fuels in their portfolios, which was 10% higher compared to 2020 (BCG, 2021).
Despite investments to improve efficiency, the energy intensity of oil and gas extraction activities has increased by 33% since 1980 in the country members of the organization for economic cooperation and development (OECD) (English and English, 2022). Moreover, average CO2 emissions is 5.5 tones per capita in developed countries, which is higher than countries with lower human development index (HDI) (Programme, 2022). Carbon footprint (CFP) of an average person in North West Europe (UK, Norway, Denmark and the Netherlands) is around 17–19 tons of CO2 per year from direct emissions (power, heating, private transport and industry) and indirect emissions (consumption of food and material goods) (Tukker, 2014). This number is around 1.5 tons per capita in Africa (Ritchie et al., 2020). It is worth mentioning that, nearly 80% of EUs energy was provided from fossil fuel sources in 2018 (Eurostat, 2020). In 2020, the range of EU energy sources was made up of 35% petroleum products, 24% natural gas, 12% solid fossil fuels, 17% renewables and 13% nuclear energy (Simplified, 2020).
On the other hand, according to the World Bank indicator for countries’ preparedness for a low-carbon transition (Group, 1944), the fossil fuel dependent countries (FFDCs) are least prepared for the energy transition in terms of exposure (hydrocarbon exports make up for GDP) and resilience to carbon emissions (revenues from oil and gas sales not adequately managed). This is mainly due to energy investment priorities based on economics to reduce poverty and increase standards of living, with minimum or no integration with climate impacts. Green climate fund was founded as a structure under the united nations framework convention on climate change (UNFCCC) to financially aid developing countries (up to a total 100 billion dollars) reaching their carbon emissions reductions goals based on the Paris agreement, while not losing their GDP. However, the infrastructure of these funds is not clear yet (Deng et al., 2022). Up to now, only 10 billion dollars of the green fund has been confirmed (Green Climate Fund, 2023).
The growing reliance on unconventional resources such as heavy oil and oil sands, reservoir depletion in areas with mature hydrocarbon fields, and the complexities surrounding productivity of newly-developed carbonate fields are the examples leading to high carbon intensity (CI) activities (Masnadi et al., 2018; Talebian et al., 2021). CI is defined as the issuer’s direct and first-tire indirect GHG emissions divided by the revenue, which is recommended to consider for climate-related risk analysis (Global, 2021). Additionally, the hard-to-abate industries also pose a major challenge in achieving net-zero emission ambitions. The CI values of several energy-intensive products are shown in Figure 2, according to commercial examples around the globe (Duncan et al., 2009), where the bubble size represents the CO2 concentration in gas stream to CO2 capture equipment. It can be seen that iron and steel, cement and chemical sectors are significant carbon emitters, due in part to the need for high-temperature heat generation and CO2 process (Bervikccs, 2019).
[image: Figure 2]FIGURE 2 | CI of energy intensive industry products, courtesy to (adopted data from Duncan et al., 2009).
Figure 3 illustrates the countries across the globe that have set laws, policy documents and legislations to achieve concrete timeline targets of net-zero emissions. The carbon neutrality goals in the grey zones in this figure are under discussion with no defined plan of action, while the green zones including Suriname, Bhutan, Benin, Gabon, Guinea-Bissau, Guyana, Cambodia, Liberia and Madagascar have already achieved net zero (Netzerotracker, 2023). The distribution of target plans for achieving carbon neutrality includes different combinations of renewables, decarbonizing the power sector and industrial process, hydrogen production and CCUS (BCG, 2021).
[image: Figure 3]FIGURE 3 | Timeline targets for carbon neutrality (copyright permission is obtained from Zandt, 2022, by corresponding author).
In the following sections we discuss different aspects of CCUS deployment, the high sensitivity of CCS sustainability to carbon tax policies in different countries, the huge gap between the active CCS projects and high CI activities. The importance of factoring climate-risks for decarbonizing the operations and rebalancing the business portfolios based on integration of technology-economics and environmental aspects in decision-making process is also discussed.
2 CCUS INDUSTRY UNCERTAINTIES
CCUS is currently considered indispensable to achieve decarbonization goals. A successful CCUS project requires capital, capture at source, transfer and storage sites. The approved underground storage sites include saline formations, depleted oil and gas reservoirs, unmineable coal seams, organic-rich shales and basalt formations. CO2 is trapped in the subsurface via structural, residual, solubility and mineral trapping mechanisms.
CCUS technology is developing rapidly, with more than 130 CCUS-related facilities under construction and in operation worldwide as of September 2021. The world’s CCUS investment scale approached USD 3 billion in 2020, which was a significant increase compared to USD 800 million in 2018 and USD 1 billion in 2019. Figure 4 presents the distribution of operational and planned global CCS/CCUS projects in comparison with CI of upstream and downstream activities, estimated based on the life cycle analysis (LCA) methodology (Masnadi et al., 2018). The size and color of bubbles varies with the number of active and under development CCS/CCUS projects in a country. As can be seen, the distribution of CCS/CCUS projects is not in line with the distribution of the highest CI projects.
[image: Figure 4]FIGURE 4 | Status of global CCS/CCUS projects in terms of numbers (bubbles) in comparison with average CI of upstream and downstream activities (graduated colors from deep red at highest values to light red at lowest range) (Figure is original and designed by authors, adopted data from Masnadi et al., 2018).
Recent studies on evolution of announced available storage capacity shows a 40% gap between available and demanded storage capacity by 2030 (English and English, 2022). Storage capacity is the volume of CO2 geologically stored in a geological formation, which controls the cumulative volume that can be injected over the life of the project. Furthermore, containment risks associated with potential leakage pathways through caprock, faults and old legacy wells and the risks due to induced seismicity represent uncertainties (Zoback and Gorelick, 2012), that can damage public perception about geological storage and affect projects performance especially at early stages.
Figure 5 presents the cost of CO2 abatement in different sectors by using first of kind (FOAK) capture plants, in different countries around the globe (Irlam, 2017). As can be seen in this figure, the cost of CO2 avoided in heavy industry sectors is higher in all regions.
[image: Figure 5]FIGURE 5 | Cost of CO2 avoided in FOAK in different regions (data adopted from Irlam, 2017).
A comparison of the cost estimates of chemicals, heavy industries, natural gas (NG) and ethanol production without CCS and with FOAK and Nth of a kind (NOAK) CCS technologies is presented in Figure 6 (Budinis et al., 2018). As can be seen in Figure 6, cost reduced by migrating from FOAK to NOAK plants, which is mainly due to plant size increase and consequent reduction of performance risks.
[image: Figure 6]FIGURE 6 | Comparison of cost of CCS technologies for chemicals and heavy industries vs. natural gas processing in FOAK and NOAK plants in the US (adopted data in figure from Budinis et al., 2018).
The market price for CO2 after spending huge amounts of investments in the upfront drilling, infrastructure, injection phase operation and continuous monitoring is of the main concerns of CCS developers in terms of economic risks. Financial assessment of three scenarios of CO2 storage, which include 1) CO2 storage for CCS, 2) CO2 storage for CCS and enhanced oil recovery (EOR), and 3) CO2 storage for CCS, EOR and temporarily underground storage via CO2 interim storage (CIS), showed that they can only be economically viable when the tax credit is above 40 USD per ton of captured ad sequestrated CO2 (Farhat et al., 2013).
Figure 7 presents the benchmark capture cost for different industries and the global captured emissions for each industry, where the bubble size represents the capture rate percentage. For the green colored bubbles, with 50 USD/t CO2 threshold market price for CO2 in OECD countries, CCUS in these industries in commercially viable. While for the industries with capture costs higher than the threshold market price, CCUS is not commercially viable.
[image: Figure 7]FIGURE 7 | Global benchmark of capture cost vs. captured emissions per sector, bubble size is capture rate per sector (Figure adopted data from Irlam, 2017 and utilised in figure design).
However, according to the recently passed Inflation Reduction Act (IRA) in the US, the increased 45Q tax credits to USD 85/t CO2 has assigned CCUS as one of the most attractive energy transition industries on a levelised value of carbon basis. Figure 8 shows that the new incentives significantly expanded CCUS commercial viability for gas refining, hydrogen, cement and steel sectors (Bailera et al., 2021; Wamsted et al., 2022; Abdou, Alabbasi, Adair).
[image: Figure 8]FIGURE 8 | Capture cost vs. emissions per sector in the US, bubble size is capture rate per sector (Figure adopted data from BCG, 2021; Bailera et al., 2021; Wamsted et al., 2022; Abdou, Alabbasi, Adair).
3 CARBON FACTORING
In an environment of new agreements on climate change, shift of interests from fossil fuels and changing business financials, the risks associated to carbon (carbon risk) results from the transition process from a carbon-intensive brown economy to a low-carbon green economy. Brown-minus-green (BMG) risk factor was proposed for measuring the risks associated to energy transition in investment portfolios (Görgena, 2019). BMG accounts for three main dimensions, including value chain (impact of climate policy on trade, production, sales, etc.), public perception and adaptability. The BMG factor is measured for different sectors, where the greener a financial institution’s investment, the lower is its BMG factor (Roncalli et al., 2021). Overall, the energy and materials sectors are recognized to be the most sensitive sectors impacted by an unexpected acceleration in the transition process towards a green economy. Given the high sensitivity of energy sector to energy transition, the role of oil and gas companies on understanding the climate risks and opportunities through reporting carbon footprint (CFP), climate factoring and resilience forecasting is highlighted. CFP is a parameter used to measure the amount of direct and indirect GHGs originated by a company, event, activity or during the life cycle of a product or service (Useche-Narvaez et al., 2021).
Three scopes have been established for CFP of an organization, where scope 1 is direct GHGs from sources controlled by the organization, scope 2 is indirect emissions occur outside the organization from imported external resources, and scope 3 is indirect emissions occur outside the organization from source not owned or controlled by it, but linked to its activities (Useche-Narvaez et al., 2021). While it is clear that energy and materials sector have a large scope 1 emissions mainly due to extraction, production and refining operations, there is a significant scope 3 sources of indirect emissions (at least 40% of total scope 1 and 2), which is currently hard to define due the lack of global reporting standards. The reporting boundaries for scope 3 upstream and downstream emission sources of an oil company and by implication a refinery unit is illustrated in Figure 9 (Institute, 2016). This figure shows the complexities of scope 3 calculations in terms of data availability, quality and perhaps double counting. Operators can enhance understanding of the scope 3 emissions by generating baselines and AI-driven CIs of their products to track the impact on the environment and shift to less carbon-intensive products to promote the reduction of their scope 3 emissions.
[image: Figure 9]FIGURE 9 | Scope 3 emission sources for a refinery (Institute, 2016).
While 78% of investors are considering the addition of CFP factoring into evaluations of oil and gas companies, almost 70% of investors who are currently factoring CFP into their present and long-term models do not believe they impact valuations (BCG, 2021), which is attributed to vague factoring boundaries and standards. The accurate CFP values define the limitations of resources, sources of emissions and energy consumption and can be used for a sensible and balanced decision-making towards decarbonization goals by suggesting alternative activities with reduced carbon emissions at each point of time (Bista et al., 2019).
4 CARBON RESILIENCE CALIBRATION (CRC)
In response to the anticipated shrinkage in traditional oil and gas practice in North Sea as decarbonization accelerates, viable technologies over the next 30 years in providing low-carbon energy are divided into proven, probable and possible, as shown in Figure 10 (Quirk et al., 2021). Technology cost, CFP, plant scale and area and climate impact are the measured elements in ranking the technologies. However, collaborative mindset and collective thinking is the essential unmeasurable element to optimize the benefit from technical solutions.
[image: Figure 10]FIGURE 10 | Proven, probable and possible technologies (from vertex to the base), applicable in North Sea through energy transition (Figure designed by authors and adopted data from (Quirk et al., 2021)).
The carbon resilience calibrator (CRC) analysis is proposed here for monitoring, factoring and predicting the climate-risk of different levels of decisions in upstream and refining process management. In this work, Carbon resilience is defined as the capacity to absorb carbon risks and thrive in altered circumstances during the energy transition. CPF, carbon risk factoring and analysis of exposure and resilience in decision-making process is illustrated in Figure 11.
[image: Figure 11]FIGURE 11 | Proposed CRC workflow.
Artificial intelligence (AI) tools support the predictions of data-driven CI of new projects based on the historical data bank (Mor et al., 2021). Integrated AI framework based on data-driven approach has become of interest to predict the CFP of oilfield activities in terms of associated development and production operations such as drilling new wells, artificial lift systems (ALS) and oilfield-produced water treatments to enhance production while minimizing the operations CFP (Yang et al., 2016; Katterbauer, 2021). Figure 12 is our proposed cash flow model for a sample CCS/CCUS project to promote CRC through emission scenario analysis. However, it is important to consider the sizable electricity contribution of AI, large scale machine learning and information and communication technologies, which is up to 8 percent of the global energy use, in the CRC scenario analysis. According to recent studies (Patterson et al., 2022), the data training phase of the AI-based ChatGPT tool emitted 552 tones CO2e, and its daily CFP is around 24 kg CO2e (Ludvigsen, 2022). The carbon cost associated to the application of smart technology in CRC method can be reduced by shifting to sustainable AI infrastructure and embracing “Green AI” (Dhar, 2020).
[image: Figure 12]FIGURE 12 | Proposed CCS/CCUS cash flow model based on CRC approach.
5 CONCLUSION
This paper illustrates the importance of carbon factoring and carbon resilience calibration in the decision-making process of sectors with high CI, in the road to industrial decarbonization and achieving sustainability goals. Data-driven CI estimates can encourage prioritizing low-CI actions and methods and enable decision-makers to decarbonize the operations.
However, the progress in this direction will rely fundamentally on improved reporting and enhanced transparency of industrial emissions. CFP reporting and factoring and carbon resilience analysis are introduced and discussed as the tools enabling decision-makers to decarbonize operations. For example, different levels of decision makers at any mature or green field development can assess their decisions based on CFP. Therefore, the decision-making process will be supported by carbon resilience calibration, to provide added value and resilience.
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