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Abstract
As global efforts intensify to reduce CO2 emissions and combat climate change, this study explores the integration of Carbon Capture, Utilisation, and Storage (CCUS) and Carbon Tax (CT) for producing low-carbon Liquefied Natural Gas (LNG) in Qatar. The research develops a model employing Post Combustion Capture (PCC) to capture and strategically allocate CO2 from a single major source to various sinks. Utilising a Linear Programming (LP) approach, the model aims to balance profitability with emission reduction, considering factors such as operational costs, carbon tax implications, and the market price of CO2. The study examines three scenarios: maximising profit, minimising emissions, and a hybrid of both, to assess the impact of different CO2 allocation strategies on economic and environmental outcomes of the source. Results indicate that while specific CO2 allocation decisions subtly affect profitability and emissions, the overall economic and environmental performance remains consistent across scenarios. This research highlights the potential of CCUS and CT in enhancing sustainable energy production and advancing a circular economy in carbon management.
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Introduction
In the quest to mitigate climate change, the production of low or zero-carbon products has become increasingly important, especially in industries traditionally associated with high CO2 emissions. Carbon Capture, Utilisation, and Storage (CCUS) plays a pivotal roles in this transformation (Zhu, 2019). This technology is not just about reducing emissions; but also about reimagining production processes to create environmentally sustainable products. Moreover, the utilisation aspect of CCUS opens up opportunities for converting captured CO2 into valuable products, thereby adhering to the principles of a circular economy (Zeng et al., 2017). This could include the transformation of CO2 into building materials, chemicals, or even as a feedstock for synthetic fuels, creating a market for what was once considered waste (Alper & Yuksel Orhan, 2017). Yang et al. (2022) introduces a CO2 allocation approach in China, aiming to achieve carbon peak and carbon neutrality by integrating carbon sinks with sources. It demonstrates that this method results in a fairer regional distribution, particularly benefiting carbon-rich areas like Southwest China. One of the key areas where this transformation is critical is in the production of energy-intensive commodities. In this evolving landscape, the emphasis on producing low-carbon products extends beyond specific sectors, encompassing a wide range of industries. This shift towards sustainable production methods, driven by CCUS and similar technologies, marks a significant stride in redefining how industries operate. By transforming CO2 from a byproduct into a resource, these technologies not only reduce emissions but also foster the creation of diverse low-carbon products. Examples include construction materials where CO2 is used in creating more sustainable concrete, and in the chemical industry for producing greener polymers and plastics. Additionally, the development of synthetic fuels from captured CO2 illustrates the potential for innovation in energy sources. This holistic approach aligns with the principles of a circular economy, setting a new standard for environmental responsibility across all sectors. Kätelhön et al., (2019) explore the use of carbon capture and utilisation (CCU) in the chemical industry to potentially reduce greenhouse gas emissions by up to 3.5 Gt CO2-equivalent in 2030, requiring over 18.1 PWh of low-carbon electricity. Biermann et al., (2020)’s study aims to produce low-carbon steel, ethanol, and electricity by investigating carbon allocation methods in facilities that co-process biogenic and fossil feedstocks with carbon capture utilisation and storage technology. It evaluates two allocation schemes to determine how they impact the emission intensities of these products, highlighting the importance of such schemes in enabling the production of low-carbon products in various industries. In this context, the production of low-carbon liquefied natural gas (LNG) emerges as a crucial area of focus. Through the integration of CCUS in the LNG production process, it is possible to capture a substantial portion of the CO2 emissions generated. This captured CO2 can then be either sequestered or utilised in other industrial processes, thereby reducing the overall carbon footprint of the LNG produced. Building on the foundational work by the author (Sawaly et al., 2023), which established a comprehensive framework for CO2 allocation, this paper delves into the production of low-carbon LNG in Qatar, where the focus is narrowed to QatarEnergy LNG, analysing the environmental and economic impacts from the source's perspective. The aim is to balance profit maximisation with CO2 emission reduction, thereby addressing the critical need for sustainable LNG production practices in the region.
Methodology
Model Description
[bookmark: _Ref151530260]The proposed model aims to produce low-carbon LNG from one of the leading global LNG Producers in Qatar (QatarEnergy-LNG) through CCU within an industrial park setting. The datasets and foundational assumptions employed in this study are detailed in the previous work (Sawaly et al., 2023). Figure 1 graphically represents the framework of the allocation model, detailing the source, sinks, and product of each sink.
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[bookmark: _Ref152176613]Figure 1: CO2 Allocation Framework.
Model Formulation 
The model focuses on two main objectives: first, to minimise emissions relative to annual LNG production as per Equation (1), and second, to optimise net profit from carbon sales after accounting for operational costs based on Equation (2). Foundational definitions and relationships are laid out in Equations (3-8). Essential constraints are set to ensure that CO2 allocation does not exceed the captured amount (Equation 9), individual sink capacities are not surpassed (Equation 10), and the CO2 allocation remains economically viable and environmentally positive (Equations 11-12).
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Parameters:
-IE: Indirect emissions
-DE: Direct emissions
-Q: Quantity of CO2 captured
-CCE: Capturing related emissions
-Tij: Transportation emissions to sink
-TSIJ: Emission saving through local transportation of CO2
-PLNG: Annual LNG production
-CSij: Carbon Sales ($/year) 
-CCCij: Carbon Capture Cost ($/year)
-SCT: Save Carbon Tax ($/year)
-EAC: Equivalent Annual Cost ($/year)
-CRF: Capital Recovery Factor
-Capex: Capital Expenses (capture and transportation)
-Opex: Operating Expenses (capture and transportation)
-R: Price Rate of CO2 ($/ton)
-DF: Bulk Discount Factor










Results and Discussion
In this case study, the system boundary is defined by the source. The primary aim is to enhance sources’ profitability while minimising its environmental footprint, particularly CO2 emissions. Emissions and costs taken into account are those related to carbon capture and transportation, along with carbon tax.

Allocation percentages comparison across the 3 scenarios

a) Objective 1- Maximise Profit
The results show that from 2016-2020, every sink met their CO2 needs 100%, except for the Dukhan field (see 
Figure 4). The model focuses heavily on transportation costs in its cost structure, aiming to maximise source profit, primarily influenced by these costs. This is seen as sinks closer to the source, like Oryx GTL and Pearl GTL (5 and 3 km away, respectively), are prioritised. Following them, the AlShaheen field, 80 km distant, gets its CO2 share. Interestingly, the model favors smaller-capacity sinks like QAFAC H2, QAFAC NG, and QAFCO, about 100 km from the source, over the larger Dukhan field. This choice is driven by Equation 8's discount factor; allocating more to Dukhan would lower CO2 costs and thus profit. The model first meets the demands of these smaller sinks to maintain a high CO2 selling price before attending to Dukhan. Furthermore, the consistency of carbon capture costs, which remain unaffected by the CO2 transportation destination, ensures they do not influence the allocation decisions as the source consistently captures the same amount of CO2 each year, irrespective of its eventual transportation or allocation destination. Instead, transportation stands out as the primary variable cost. 










Figure 2: Percent CO2 allocation from source to sinks (Objective 1).
b) Objective 2 - Minimise CO2 emissions
In addressing the objective of minimising the source's emissions, the allocation patterns exhibit distinct characteristics. With QatarEnergy-LNG as the designated system boundary, transportation-related emissions emerge as the primary factor influencing CO2 allocation. This places the distances between the source and the sinks at the forefront of the allocation strategy, echoing trends seen in the prior case. Figure 3 visually maps out the allocation designed to mitigate sources’ emissions. Owing to their closeness to the source, Oryx GTL and Pearl GTL are the initial beneficiaries, each receiving a full allocation of 1,280,000 ton CO2/year. Following this, the AlShaheen field, 80km from the source, is allocated its CO2 share. The remaining sinks, all roughly 100km from the source, share what is left of the captured CO2. More importantly, the allocation to the EOR sinks, which, due to their expansive capacities, secure a larger CO2 share. A pivotal observation is the potential for numerous allocation solutions. The model's flexibility is evident: as long as the nearby sinks—Oryx, Pearl, and AlShaheen—are the primary recipients, the residual CO2 can be variably distributed among the other four sinks. Their equal distance from the source means the allocation order does not affect emissions. It is evident that Oryx, Pearl, and AlShaheen consistently receive full capacity allocations. In contrast, the other sinks experience varied allocations year on year, reinforcing the notion of multiple viable solutions, provided the three primary sinks are fully allocated first. 











[bookmark: _Ref152176626]Figure 3: Percent CO2 allocation from source to sinks (Objective 2).
c) Multi-Objective (Maximise Profit + Minimise Emissions)
To achieve the dual objectives, Matlab was employed to determine the optimal allocation solution, aiming for the highest profit and the lowest emissions. The outcomes of this scenario is depicted in Figure 4; where the amount of CO2 allocated from the source to each sink is illustrated. The allocation trends across the years 2016-2019 exhibit remarkable consistency for most sinks. Specifically, Oryx, Pearl, QAFCO, QAFAC H2, and AlShaheen consistently receive around 80% sink capacity satisfaction. This uniformity underscores the model's balanced approach in addressing the CO2 needs of these sinks over these years. In contrast, Dukhan and QAFAC NG consistently receive a slightly lower satisfaction percentage, hovering around 70%, marking them as the sinks with the lowest percentage satisfaction compared to their counterparts during this period. However, 2020 presents a deviation from this trend. The allocation percentages for QAFAC NG, Pearl, and Oryx surge, with each achieving a capacity satisfaction of over 90%. This spike suggests a shift in the model's priorities or external factors influencing the allocation for that year. Dukhan field, on the other hand, consistently emerges as the sink with the lowest capacity satisfaction across all years, reinforcing its position as a lower priority in the allocation hierarchy. It is worth noting that this scenario is designed to harmonise both objectives: maximising profit and minimising emissions. The allocation percentages across all sinks hover within a relatively close range, indicating the model's endeavour to strike a balance between the two objectives while ensuring equitable CO2 distribution among the sinks.











[bookmark: _Ref151503767][bookmark: _Ref152176643]Figure 4: Percent CO2 allocation from source to sinks.
Profit and emissions comparison for the 3 Scenarios
[bookmark: _Ref147952485][bookmark: _Ref147952481]Table 1: Comparative analysis of the total profit and total emissions across all cases (for years 2016-2020).
	
	Profit ($/year)
	Profit($/ton LNG)
	Emissions(t/year)
	Emissions(t CO2/t LNG)

	Case 1
	2.55108
	3.31
	19,292,315
	0.251

	Case 2
	2.55108
	3.31
	19,292,315
	0.251

	Case 3
	2.53108
	3.29
	19,292,434
	0.251



Upon analysing the profit and emission metrics for the three cases, it is evident that the sources’ performance is remarkably consistent. The profit and emission values remain consistent for Cases 1 and 2, with only a marginal deviation observed in Case 3 (See Table 1). This consistency suggests that the profit and emissions of the source are largely unaffected by the specific CO2 allocation strategy adopted.
Conclusion
In the ongoing global effort to reduce CO2 emissions and combat climate change, the integration of Carbon Capture, Utilisation, and Storage (CCUS) and Carbon Tax (CT) holds great promise. This study explored the application of these technologies to produce low-carbon Liquefied Natural Gas (LNG) in Qatar, with a focus on QatarEnergy-LNG as a significant CO2 source. The research developed a model employing Post Combustion Capture (PCC) to allocate CO2 strategically to various industries, using Linear Programming (LP) to balance profitability with emission reduction. The study assessed three scenarios, aiming to maximise profit, minimise emissions, and a hybrid approach. The results indicate that while CO2 allocation strategies subtly affect profitability and emissions, the overall economic and environmental performance remains consistent across scenarios.
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