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Abstract: In the Carbon Capture, Utilization, and Storage (CCUS) projects, the source-sink matching process is the linchpin for successful implementation. Prevailing source-sink matching algorithms predominantly rely on continuous-time mixed-integer linear programming models, which often simplify physical and economic constraints. These conventional approaches suffer from notable drawbacks: they lack the finesse to conduct in-depth technological and economic analyses of CCUS, necessitate pre-set pipe network routes, fail to comprehensively evaluate source-sink compatibility, and struggle with large-scale matching of multi-source and multi-sink scenarios.​ This study presents a groundbreaking pipe network iterative generation algorithm that effectively addresses these longstanding limitations. The algorithm constructs extensive pipe networks from scratch by considering the unique engineering-economic characteristics of pipelines and the performance profiles of pre-screened CO2 sources and storage sites. Unlike traditional methods, it can generate one or more intricate pipe networks connecting multiple CO2 sources and sinks simultaneously. An automated process further refines these networks into optimal tree-shaped configurations, seamlessly linking CO2 source clusters with sink clusters.​

The true strength of this innovation lies in its integration into the source-sink matching model. This integration significantly bolsters the model's predictive capabilities, enabling a more accurate and comprehensive assessment of CCUS projects and clusters. As a result, the enhanced model offers unparalleled practical value for real-world applications, marking a significant advancement in CCUS project evaluation and planning.
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1. Introduction
The source matching methods consider CO2 source characteristics, site feasibility, and overall cost of the full-chain CO2 capture, utilization, and geological storage (CCUS) system to optimize the carbon mitigation potential 1. Moreover, the high spatial dependency among CCUS components, characterized by spatial diversity (CO2 sources, reservoirs, and pipelines), makes this simultaneous optimization complex and challenging. The desired source-sink matching process should mimic the infrastructure-establishing process, considering the pipe route finding or pipeline networks generation process, the techno-economic features of full-chain CCUS projects, and the cost curve of the CCUS cluster. The pipe route finding is the core part of the source-sink matching process. 
 Identifying pipe routes is a crucial problem in several engineering domains, particularly in the oil and gas industry. Due to the complexity and diversity of constraints in the piping system, achieving a feasible layout is time-consuming and challenging. Therefore, it is significant to investigate the automatic pipe routing methods. These algorithms include Mixed-Integer Linear Programming (MILP), genetic algorithms, analytic hierarchy processes with geographic information systems (GIS), artificial intelligence algorithms such as genetic algorithms, ant colony algorithms, fisher routing, particle swarm algorithms, and simulated annealing algorithms, among others 
 ADDIN EN.CITE 

1-5
. Mixed-integer linear and nonlinear Programming (MILP or MINLP) algorithms are powerful optimization techniques that can handle integer and continuous variables. It is commonly utilized in pipeline generation to address complex optimization problems with mixed data types. Geographic Information Systems (GIS) tools play a crucial role in pipeline planning and management. GIS tools provide spatial analysis capabilities that enable efficient route selection, environmental impact assessment, and pipeline risk analysis. The process of natural selection and genetics inspires the development of Genetic Algorithms. They can find near-optimal solutions by simulating evolution through processes such as selection, crossover, and mutation. The Analytic Hierarchy Process (AHP) combined with Geographic Information Systems (GIS) can facilitate informed decisions about pipeline route selection, taking into account various factors. Artificial Intelligence Algorithms have gained prominence in pipeline generation due to their ability to learn from data and adapt to changing environments. Genetic algorithms are optimization algorithms that mimic the process of natural selection to evolve solutions to complex problems. In the context of source-sink matching for pipeline networks, a genetic algorithm can be employed to optimize the routing of pipelines, minimizing transportation distance or overall cost while considering the techno-economic characteristics of the system. These algorithms include Ant Colony Optimization, Fish School Routing, Particle Swarm Optimization, and Annealing algorithms. Combining these advanced algorithms and tools can significantly enhance the efficiency, reliability, and cost-effectiveness of pipeline generation processes. This results in optimal pipeline designs that meet various criteria and constraints.
Most use geographic analysis to determine the shortest route or lowest cost, and MILP algorithms to select candidate pipe segments for pipeline infrastructure. The route selection and MILP model, combined with a geographic information system (GIS), have been widely utilized to achieve the optimum cost-effective pipeline infrastructure 
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3, 6, 7
. Identifying where to construct a realistic and feasible pipeline network has greatly challenged previous infrastructure models and has always been highly approximated 8. Companies and software for pipeline networks include NextGen, SPS, TGNET, Pipetech, and Synergi Pipeline Simulator software modules by DNV, among others. These software modules combine network design, simulation, and risk assessment tools to facilitate the efficient and safe operation of pipeline systems.  
The techno-economic model is the core part of the source-sink matching processes, especially for pipelines. Various techno-economic models have been widely used 
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1, 4, 8-12
. The empirical and fixed cost parameters (or so-called one-size-fits-all type model) are primarily used in the literature for their simplification; the budgetary type techno-economic model or engineering-economic model is preferred for pipeline generation. 
 The source matching methods consider CO2 source characteristics, site feasibility, and the overall cost of the CCUS system to optimize the carbon mitigation potential 13. Moreover, the high spatial dependency among CCUS components, characterized by spatial diversity (CO2 sources, reservoirs, and pipelines), makes this simultaneous optimization complex and challenging. Applying the mathematical methods, such as mixed integer linear or improved nonlinear planning model (MILP or MINLP), with physical and temporal constraints to explore the robust optimal source-sink matching problem has been assessed globally 
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1, 4, 8-12
. MILP and MINLP algorithms simplify the source-sink matching process or pipeline infrastructure into a typical linear programming problem with economic assessment 
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5, 11, 14-16
. However, the MILP solvers are restricted to large-scale instances (e.g., thousands of vertices, continuous reservoirs with various types, and presetting pipe segments 
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4, 17, 18
. As a result, previous models focused on optimizing one or two of these multiple objects with many assumptions, especially for the pipe network, to make their predictions tractable. These algorithms do not implement a realistic pipeline network with high-capacity trunklines and branch pipes 1. 

Traditional approaches to CCUS pipeline network generation and cluster planning for future studies are hampered by critical limitations:​ 1) Oversimplified source-sink pairing prioritizing transport distance or aggregate cost over engineering-economic characteristics, ignoring continuous non-integer variables (e.g., flow rates, costs) and their complex interdependencies across sources, sinks, and pipe segments.​ 2) theoretical-feasibility contradiction in pipeline network evaluation, lacking systematic optimization of actual network costs, and failing to accurately characterize technical schemes of CCUS projects/clusters and associated component expenses.​ 3) Generic techno-economic analyses that overlook regional heterogeneities (geographic-geological features, topographic impacts, non-linear cost-flow dynamics) and detailed engineering nuances across thousands of multi-sectoral sources/sinks, diverse capture technologies, and mitigation options.​ 4) Computational bottlenecks arise in optimizing pipeline networks at million-square-kilometer scales with kilometer- or higher-resolution, where evaluating engineering-economic features of non-integer continuous variables requires exponentially increasing computational resources 4.  
Therefore, a comprehensive and efficient CCS infrastructure model should simultaneously consider several critical decisions: (1) detailed techno-economic evaluations of full-chain CCUS projects, (2) the pipeline network and how to distribute CO2 flow rate and costs from the dispersed sources through the pipeline network to the spatially distributed reservoirs with various techno-economic features 
 ADDIN EN.CITE 

6, 19-21
; (3) cost curves of CCUS cluster with pipeline network topologies. This paper presents a comprehensive CCUS source-sink matching model, incorporating a novel pipeline network generation algorithm. It considers the budgetary type techno-economic evaluation of full-chain CCUS projects, the optimal pipeline network, and a dataset for source-sink matching. Finally, a quantitative analysis of the CCUS cluster in Ningxia Province was conducted as an example to demonstrate the feasibility of this model. 

2. The framework for source-sink matching

The CCUS sink matching model is developed in this study using pipeline generation algorithms that do not preset pipe segments, a robust techno-economic model, and a GIS-based source-sink matching process. The techno-economic model considers parameters such as the diversity of CO2 stream types, capture scale, storage capacity, injectivity, site risk, and potential pipeline routing. Furthermore, due to the various geographical distributions, CCUS deployment should consider the entire technical and economic systems process. In this research, we present a scalable infrastructure approach for carbon capture, utilization, and storage (CCUS). The ITEAM-CCUS hub is a geospatial optimization and engineering-economic model that evaluates all components of CCUS infrastructure simultaneously, in the most optimal way, to determine the cost and spatial arrangement of an integrated CCUS system. ITEAM-CCUShub is powered by an algorithm that identifies all feasible pipeline segments, considering the pipeline's techno-economic model to reduce levelized costs (Fig.S1). The model approximates the lower cost of capturing a lesser fraction of CO2 from exhaust gases by allowing all affordable or required CO2 streams to be captured and transported to suitable sites for permanent isolation. ITEAM-CCS hub can be used to determine the cost of CCS infrastructure and the appropriate size of CCS deployment to fulfill mitigation targets (location, preliminary technical design, cost, and revenue). Additionally, this model can identify where existing CO2 sources should be retrofitted within a full-chain CCUS project. This model is demonstrated for the Ningxia region, utilizing a set of CO2 sources (power plants, oil refineries, and cement manufacturers) and CO2 reservoirs (depleted oil and saline aquifer formations), which highlights the importance of systematic planning for CCS infrastructure. Finally, we suggest crucial future research issues for CCS infrastructure, including establishing a solid and resilient CCS supply system.
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Fig.S1 Schematic figure for source-sink matching with the pipeline-generating system

The schematic figure for source-sink matching with the pipeline-generating system is shown in Fig. S1. The source-sink matching model is built in this study using a techno-economic assessment framework, which considers parameters such as diversity of CO2 stream types, capture scale, storage capacity, injectivity, site risk, and potential pipeline routing. Furthermore, due to the variety of geographical distributions, CCUS deployment should consider the entire process of technical and economic systems, with a particular focus on the CO2 pipeline. In this research, we present a scalable infrastructure approach for Carbon Capture, Utilization, and Storage (CCUS). This model is a geospatial optimization, an engineering-economic model that evaluates all components of CCS infrastructure simultaneously and in the best possible way to determine the cost and the spatial arrangement of an integrated CCS system. The model is powered by an algorithm that identifies all possible pipeline segments while considering the pipeline's techno-economic model to reduce levelized costs. The model approximates the lower cost of capturing a lesser fraction of CO2 from exhaust gases by allowing all affordable or required CO2 streams to be captured and transported to suitable sites for permanent isolation. The model can be used to determine the cost of CCS infrastructure and the appropriate size of CCS deployment to fulfill mitigation targets (location, preliminary technical design, cost, and revenue). Additionally, this model can identify where existing CO2 sources should be retrofitted within a full-chain CCUS project. This model is demonstrated for the Ningxia region, utilizing a set of CO2 sources (power plants, oil refineries, and cement manufacturers) and CO2 reservoirs (depleted oil and saline aquifer formations), which highlights the importance of systematic CCS infrastructure planning. Finally, we suggest crucial future research issues for CCS infrastructure, including establishing a strong and resilient supply system.
2.1 CO2 sources and sinks selection  

The decision to retrofit an existing asset will be based on whether the asset will continue to operate with CCUS as a practical option for the residual life period of the coal plant. The primary criteria for assessing the feasibility of retrofitting plants are an emission amount greater than 0.5 Mt/a and a remaining lifetime of more than 20 years. The site suitability evaluation of storage sites or sinks uses a spatial analysis process based on multicriteria methods, considering major geological features 
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22-26
. A suitable storage site can ensure technical feasibility (including capacity, injectivity, and seal integrity), safety (an acceptable risk level), economy (the lowest cost), and social acceptability (compliance with existing legislation, regulations, and social constraints). The site suitability evaluation of CO2-enhanced water recovery (CO2-EWR) at the zone scale considers three priority objectives: technical performance, risk minimization, and social and environmental restrictions 
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27
. The GIS data (encompassing more than 50 data types) at sub-basin scales, along with multiple criteria methods and spatial analysis algorithms, are utilized to screen and select sites.  
For chemical utilization and biomass utilization projects, the suitability criteria are evaluated through metrics of levelized cost, CO2 abatement volume, energy consumption, and additional carbon emission factors. Levelized cost serves as a cornerstone indicator, quantifying the long-term average expenditure per unit of carbon reduction to ensure economic viability that balances upfront investments with lifecycle benefits. Concurrently, the magnitude of CO2 abatement is critical, necessitating rigorous quantification of net greenhouse gas reductions throughout the project’s lifecycle to validate its climatic impact. Energy consumption metrics assess resource efficiency, prioritizing projects with low energy intensity to avoid rebound effects where high energy inputs offset abatement gains. Additional carbon emission factors account for indirect or secondary emissions, such as those from supply chains or infrastructure, thereby preventing carbon leakage that could undermine net mitigation goals. Collectively, these criteria form a holistic framework to prioritize projects that demonstrate both financial sustainability and verifiable environmental effectiveness in achieving genuine carbon neutrality.
2.2 Techno-economic model of full-chain CCUS projects 
The techno-economic model is a core part of the systematic evaluation of CCUS projects. Various techno-economic models have been widely reviewed and utilized to estimate the costs of different components of an integrated carbon capture, utilization, and storage (CCUS) system. Most famous of them are the model from the International Energy Agency (IEA) model, the Battelle CO2-geographic information system (GIS) model by the Pacific Northwest National Laboratory 
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28, 29
, the SIM-CCS model by the Los Alamos National Laboratory 30, and the Integrated Environmental Control Model 
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14, 31-33
, are available for cost evaluation of a single CCUS project or CCUS hub with different focuses on specific components. However, significant knowledge gaps exist in the cost of integrated CCUS projects, pipeline transportation, and site performance assessment for CO2 storage, especially in studies that treat CO2 pipeline transport and geological storage as fixed costs or simplified functions of specific technical parameters, such as flow rates. These techno-economic models of integrated CCUS projects comprise technical models (including technical design and performance models) and economic models. In the process of an integrated CCUS project, CO2 from flue gas of various CO2 sources is captured by an amine-based capture technology with a low-concentration CO2 stream or direct compression with a high-purity CO2 stream, then compressed for pipeline transport to selected deep saline aquifer reservoirs for CO2 storage operation. The technical models can be classified into increasing complexity and precision, empirical, semi-empirical, analytical, numerical simulation, and technical design. Correspondingly, the economic models can be grouped into empirical, budgetary, and accounting types based on the operating, monitoring, and verification data. 

The techno-economic assessment is based on the best available technologies (BATs) with high technology readiness levels. Capital, operation, and maintenance (O&M) and miscellaneous costs of the CCS system determine the levelized cost. For example, the capital cost of pipeline projects is divided into five categories: right-of-way (ROW), equipment and materials, civil engineering, labor, and miscellaneous expenses 
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32, 34
. O&M costs include daily maintenance, fuel, steam, electricity consumption, salary, monitoring and verification, risk management, and other expenses 
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34, 35
. 
The key technical feature of the full-chain CCUS project is that low-concentration CO2 is captured using an amine-based capture technology from a low-concentration CO2 stream and directly linked to high-concentration CO2 from an industrial separation system. The captured CO2 is then compressed and transported via a pipeline network or single pipeline to selected sites or storage hubs for CO2 utilization and storage36. The techno-economic model of full-chain CCUS technology is shown in Fig.S2.  

[image: image2]
Fig.S2 Techno-economic model of full-chain CCUS technology
The key technical parameters and cost components of the full-chain CCUS project37 are shown in Table S1. CO2 capture for low-concentration and high-concentration CO2 streams is performed by amine-based absorption and direct compression technology, and the CO2 pass-through rate is set as 90% and nearly 100%, respectively. Among various capture technologies, the amine-based capture technology is compatible and suitable for low- and medium-concentration CO2 streams, such as those from coal-fired power plants, cement production, flue gas burning, coking, and other sources. The capture equipment follows the traditional amine-based capture system. The key technical and economic parameters of the absorption solvent-based (primarily amine-based) CO2 capture system are presented in the paper by Wei 
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37-39
. As to various concentrations of CO2 stream (10-30%) emitted from different processes, the following simplified expressions can extend the capital expenditure (CAPEX), and operation and maintenance (O&M) costs as functions of CO2 concentration ([image: image4.png]Xco2
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) for computation efficiency 7:
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 are model parameters for capture technologies. This paper's capture equipment follows the traditional amine-based capture system, including CO2 absorber and stripper columns, blowers, pumps, and ductwork 40. The principal parameters of the CO2 capture system are shown in Table S1. The compression process can be achieved using a multi-stage CO2 compressor and a one-stage CO2 pump. The technical parameters and performance models of booster stations follow the metrics and models by McCollum and Ogden 41. The major technical parameters for CO2 compression are shown in Table S1-3.
A supercritical or dense-phase CO2 pipeline is used for large-scale transport 32. A five-stage compressor and a one-stage booster pump are used for CO2 compression (shown in Table S1 ). CCUS technology adopts CO2-EWR technology or a combination of CO2-EOR and CO2-EWR technology, although CO2-EOR technology is preferred (as shown in Table S3). A five-point method is selected for the well-site layout, and injection conditions are determined based on basin-scale site characterization data. A multi-injection and multi-production wells (pressure mitigation or risk management wells) scheme is used for large-scale CO2 injection. The saline water produced by the CO2-EWR process is transported for further desalination and industrial use. The key parameters are listed in Table S3. In the current environment of CCUS commercialization in China, no supportive policies, such as incentives, subsidies, or tax breaks, are considered in this evaluation 42.
Table S1. Key technical parameters of CO2 capture and compression

	Parameter
	Value range Unit]
	Cost component 

	Vapor pressure into the CO2 absorber
	300 [kPa]
	1.1 CAPEX [USD]

· Capture devices: CO2 absorber and stripper, fans, pumps, piping systems, etc.

· Compressor and compression pump

· Construction and installation

· Land expropriation

1.2 O&M costs [USD/year]

· Electricity and steam consumption 
· Absorbent consumption

· Water consumption and pollutant treatment
· Labor costs

· Other O&M costs, such as equipment

	Final CO2 pressure
	30 [kPa]
	

	SO2 content in flue gas
	10-100 [ppm]
	

	CO2 throughput rate
	90 %
	

	SO2 removal rate
	99.5 %
	

	Pressure of adsorbent regenerators
	200 [kPa]
	

	Temperature of adsorbent regenerators
	110-130 [℃]
	

	Concentration of absorbent
	30 [wt%]
	

	Regeneration heat of the absorbent
	2.4 GJ/tCO2
	

	Pump efficiency
	75 %
	

	Capacity factor
	90 %
	

	Inlet pressure of the compression station
	0.15 [MPa]
	

	Outlet pressure of the compression station
	12 [MPa]
	

	The average temperature of the CO2 outlet during compression
	40 [℃]
	


Table S2. Key technical parameters of the CO2 pipeline
	Parameter
	Value range Unit]
	Cost component 

	Inlet pressure 
	12-15 [MPa]
	2.1 CAPEX [USD]

· Pipe materials: pipe, anti-corrosion coating, insulation, transportation, etc.

· Civil construction and installation: civil construction, pipeline installation, geotechnical protection, cathodic protection, pipe fittings and valves installation, clean-up tests, etc.

· Land expropriation

· Other costs: route selection survey and evaluation, monitoring and risk assessment

2.2 O&M [USD/year]

· Labor costs; maintenance costs

· Other operating and maintenance costs, management fees

	Outlet pressure
	9 [MPa]
	

	Source–sink distance or pipeline parameter
	By ITEAM-CCUS, [km]
	

	Average CO2 temperature
	40 [℃]
	

	Average ground temperature
	10 [℃]
	

	CO2 compression factor
	PVT data obtained by the P.R. method
	

	CO2 density
	PVT data obtained by the P.R. method, [kg/m3]
	

	Pipeline diameter
	Iterative computations, [mm]
	

	Yield stress of pipes
	X70 steel 483, [MPa]
	


Table S3. Key technical parameters and cost components of CO2 geological storage
	Parameter
	Value range Unit]
	Cost component 

	Net thickness of the reservoir
	Determined by basin data, 50-500 [m]
	4.1 CAPEX [USD]

· Site survey and evaluation: cost of equipment, construction, and data interpretation

· Ground and underground equipment: injection equipment, CO2 pipe network, and other costs 

· Drilling and construction: costs of drilling, completion, logging, and cementing

· Monitoring system

4.2 O&M [USD/year]

· Maintenance and operating costs: routine maintenance of drilling, consumables, ground equipment, maintenance of downhole equipment, wages and benefits, etc.

· CO2 warming and pressurization

· Monitoring costs

· The cost of water desalination is not evaluated for complex water quality at various sites. 

	Average effective porosity of the reservoir
	Determined by basin data, 0.125-0.35
	

	Permeability coefficient of the reservoir
	Determined by basin data, 1-150 [mD]
	

	Total dissolved solids in saline water
	Determined by basin data, 25000-45000 [ppm]
	

	Wellfield type
	Five-spot well pattern with a strategy of injection-production balance
	

	Heterogeneity coefficient
	Determined by basin data, 0.7-0.9
	

	Well spacing
	Calculated by site assessment, [m]
	

	Average well depth of the reservoir
	Determined by basin data, 1000-3000 [m]
	

	Reservoir temperature
	Determined by reservoir depth and basin data, 40-70 [℃]
	

	Saltwater displacement rate
	The average value of 1.5, 1.0 - 2.0
	


Based on the existing data and project stage level, the budgetary model is utilized for the full-chain CCUS techno-economic model 
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32, 43, 44
. The cost of each CCUS link is divided into capital expenditure (CAPEX) and operation and maintenance (O&M) costs, and each fee is calculated using the comprehensive unit price method 45. Other economic parameters required for CCUS project implementation are shown in Table S4. The levelized cost and levelized avoided reduction cost of CCUS are calculated as: 
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 denotes the energy consumption resulting from the full-chain CCUS system (MW/h), including electricity and equivalent electricity resulting from thermal consumption. This study's cost parameters and values used provincial prices in China in 2022.
Table S4. Vital economic parameters of the full-chain CCUS

	Parameter
	Value

	Full-chain CCUS project life
	20 years, ranging from 20 to 30 years

	Discount rate
	5.9%, range from 2% to 10%

	Crude oil wellhead price
	70 USD/bbl, ranging from 40 USD/bbl to 100 USD/bbl

	Electricity price
	0.038-0.092 USD/kWh, provincial coal electricity grid price in 2022

	Coal price
	40-107.7 USD/t, provincial coal prices in 2022


2.3 Source-sink matching algorithms
In CCUS source-sink pairing, two strategies emerge from CO2 source screening and geological storage site selection: point-to-point (P2P) projects and integrated CCUS hubs wiht multiple sources and sinks (M2M). In P2P scenarios, point-to-point pipeline connections are established between sources and candidate sinks, with techno-economic modeling selecting the lowest levelized cost pairing. The resulting cost curve encapsulates emission reduction metrics, project locations, and enterprise details for each feasible match. For multi-source-multi-sink (M2M) hubs, tree-type pipeline topologies—generated by pipeline generation algorithms—integrate CO2 capture from industrial clusters (e.g., power plants, steel mills) and transport via shared infrastructure to centralized sink hubs. This hub model optimizes economies of scale for large-scale deployment, particularly in regions with concentrated emitters or integrated geological sink utilization. 

CCUS hubs integrate multi-source CO2 capture, pipeline networks, and storage infrastructure—encompassing surface utilization (e.g., biomass/chemical utilization technologies) and underground formations (depleted reservoirs, saline aquifers). A typical CCUS cluster comprises three core components: capture hubs housing CO2 separation facilities (with shared utilities like electricity and steam among sources), pipeline networks serving as transport arteries, and sink hubs enabling multi-faceted utilization. Sink hubs integrate chemical/biological technologies with underground storage options, prioritizing CO2-EWR in deep saline aquifers over scale-constrained CO2-EOR/EGR. Pipeline networks form the critical linkage, balancing technical feasibility and economic viability to underpin efficient source-sink integration.
2.4 Budgetary-type techno-economic model of pipe segments
From the perspective of pipeline network design and synthesis, it is a complex system engineering that integrates CO2 source characteristics, transportation process requirements, geological storage site conditions, and regional topography. It involves the comprehensive design and optimization of pipeline routes, pipe diameters, pressure systems, cost distribution, and supporting facilities to form a scientifically and reasonably designed pipeline network system, ensuring the safe, reliable, and efficient transportation of CO2 from the capture point to the injection point of the geological storage site.
The techno-economic model is the core of source-sink matching and pipeline network generation. Various techno-economic models have been widely reviewed and used to estimate the costs of different components of an integrated carbon capture, utilization, and storage (CCUS) system 
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46-55
. Their techno-economic models, such as the International Energy Agency (IEA) model, the Battelle CO2-geographic information system (GIS) model by the Pacific Northwest National Laboratory, the SIM-CCS, NETL cost model, and the Integrated Environmental Control Model 
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13, 14, 31-33
, and others, are available for cost evaluation of a single CCUS project with different focuses on specific technical components. The technical models can be classified into increasing complexity and precision, empirical, semi-empirical, analytical, numerical simulation, and technical design. The capital expenditure (CAPEX), operation and maintenance (O&M), and miscellaneous costs of the CCUS system determine the levelized cost. Techno-economic models can be classified by increasing complexity, data requirements, and precision, ranging from empirical models to semi-analytical models, analytical models, reduced-order models, and numerical simulations, culminating in technical design 13. The budgetary-type techno-economic model of full-chain CCUS projects follows the model by Wei, Jiao, Ellett, Ku, Liu, Middleton and Li 13. For example, the capital cost of pipeline projects is divided into five categories: right-of-way (ROW), equipment and materials, civil engineering, labor, and miscellaneous expenses 
 ADDIN EN.CITE 

32, 34
. O&M costs include daily maintenance, fuel, steam, electricity consumption, salary, monitoring and verification, risk management, and other expenses 
 ADDIN EN.CITE 

34, 35
. The technical model of a pipeline is described as follows. 
2.4.1 Technical parameters of pipe segments 
The technical parameters of the pipeline determine pipeline cost. These specialized parameters include pressure drop, flow velocity, operating pressure, temperature, compressibility factor, roughness height, inlet and outlet pressures, and CO2 density 56. Among these parameters, the pipe diameter is crucial in existing techno-economic models. All the technical characteristics of CO2 pipeline projects show strong relationships with the pipe diameter. Pipeline diameter can be determined through various equations and parameters, including velocity-based, hydraulic, and extensive hydraulic equations, as well as the iterative method presented by McCoy and Rubin 51.
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In Equation 3, [image: image66.png]


is the design mass flow [kg/s], [image: image68.png]


 and [image: image70.png]PO’LLf



 are the inlet and outlet pressures [Pa], respectively, [image: image72.png]


 is the inner diameter of pipe [ m], [image: image74.png]


 is the friction coefficient[-],[image: image76.png]


 is the molecular weight of CO2 [g/mol],[image: image78.png]hO’LLf



 and [image: image80.png]


 are the pipeline outlet and inlet altitudes [m], respectively, [image: image82.png]Zave



 is the average CO2 compression factor [-],[image: image84.png]


 is the universal gas constant[-], [image: image86.png]Tave



 is the average temperature [K], Pave is the average pressure [Pa], and [image: image88.png]


 is the length of the pipe segment [m]. The Colebrook–White equation or other equations can be used to calculate the hydraulic friction coefficient. 
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where [image: image94.png]Re



 is the Reynolds number [-], [image: image96.png]


 is the gas's dynamic viscosity, [Pa.s], and [image: image98.png]


 is the internal pipeline's roughness, considered 0.05 mm. Pipe diameter can be calculated using Eqs. (1) and (2). Pipe diameter can be further optimized through the economic trade-off between investment and operating costs, cost minimization, energy minimization, and other constraints. 
Wall thickness is strongly affected by the maximum pressure and steel grade. Existing CO2 pipelines in the U.S. are generally made of X65/X70 steel with a yield strength of 448–484 MPa and a thickness of approximately 10 mm. The American Petroleum Institute (API) also suggests using X60/X80 grade steel 57. According to pipeline standards in China 58, the wall thickness of straight pipes can be calculated using the following equation:
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is the pipe wall thickness [mm]; [image: image104.png]


 is the pipe design pressure [Pa], which is related to [image: image106.png]
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, e.g., [image: image110.png]Pi:(zpin+Paut)/3; Og



 is the yield stress of steel used [Pa]; [image: image112.png]


 is the weld factor (1.0 is chosen for new welding technologies); [image: image114.png]


 is the safety factor, which varies in different regions; and [image: image116.png]fr



 is the factor for temperature, corrosion, and other factors. The pipe type is chosen based on Sinopec's diameter and wall thickness. The additional wall thickness, crack arrestors, or other apparatuses that control crack propagation should be designed based on related theories and standards.  
2.4.2 Budgetary-type cost model for pipe segments   
The technical aspects of constructing the CO2 pipeline and booster station are similar to those of the natural gas pipeline, from which the existing guidelines and standards of the CO2 pipeline are derived. A booster station is essential for maintaining the CO2 state (supercritical or liquid) and avoiding an extremely high-pressure drop (or choking condition), especially for long-distance pipeline transportation. A single-stage centrifugal pump is commonly used to counter the pressure drop 59. The CO2 pipeline project cost is determined by capital, operational, and maintenance (O&M) costs of the pipeline and booster stations. The capital cost of pipeline projects is generally divided into five categories: materials, civil engineering, right of way (ROW), labor, and miscellaneous expenditure34. Materials include the pipeline itself, pipe coating, and, if applied, cathodic protection. Civil engineering encompasses the installation and maintenance of the pipeline, as well as other ancillary projects. ROW cost includes land acquisition and compensation. Labor costs include salary, welfare, personal safety, and health insurance. O&M costs include electricity, equipment, pipe maintenance, labor, monitoring and evaluation, risk prediction, and management costs. Finally, miscellaneous costs include site surveys, design, evaluation, administrative approval, engineering and construction, supervision, contingencies, and allowances. The following sections elaborate on the capital, operating, and maintenance (O&M) costs of pipeline and booster stations.

Constructing the pipeline project involves selecting the pipe route according to actual situations, acquiring land rights of way (ROW), performing civil engineering tasks (including earthwork, pipe installation, booster station installation, ground equipment installation, and land reclamation), and other construction components 34. The capital cost of pipelines primarily consists of materials, civil engineering, land acquisition, right-of-way (ROW), communication, evaluation, route survey, project design, and other miscellaneous expenses 34. The diameter, length, operating pressures, materials, and terrain determine pipeline construction costs. Other factors, including climate, labor costs, degree of competition among contracting companies, safety regulations, population density, and ROW, may cause construction costs to vary significantly from region to region. The number of stations will mainly determine the investment costs for booster stations, installed capacity, unit capacity, terrain, fuel type (electricity, natural gas, gasoline, and other fuels), distance to the electricity grid (or fuel supplier), and transportation factors, among others 56.   
2.4.3 Simplified engineering-cost model for pipe segments     
A flow-tube flow model was used to analyze the CO2 flow in the pipe. For the "cost-flow coupling model," two methods are proposed: "the first is to establish the cost model and pipe flow model, and then use the iterative method"; the second is to correct the cost coefficient (cost) through the cost surface, and introduce the "equivalent permeability coefficient" or cost-flow relationship coefficient so that the cost-pipe flow model as the "flow" - "cost" including the cost. The critical question for this new "cash flow" system is determining the "equivalent cash permeability coefficient," containing the cost or price. 
Due to the physical properties of CO2 changing with the pressure in the pipeline, the CO2 is simplified as constant in each pipe segment during the pipeline network optimization process to accelerate the pipeline optimization process. For a given pipe segment and constant properties of CO2 in the pipe segment, the relation between pressure and flow rate spatially can be simplified as follows (shown in Fig.S3,
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Where [image: image128.png]


 is the length of the pipe segment[m]; [image: image130.png]


 is the inner diameter of the pipe [m]; [image: image132.png]


 is the fluid pressure [MPa];  [image: image134.png]


 is the hydrodynamic viscosity of the fluid [Pa.s]; [image: image136.png]


is the flow rate (t/s). 
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Fig.S3 Parameters of the pipe segment and pipeline network
The simplified function for each pipe segment can be used to obtain the physical flow more efficiently. Due to the complexity and diversity of constraints in the piping system, achieving a feasible layout takes time and effort. Simplified models can obtain results more efficiently. The techno-economic model can follow the previous models. 
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Where [image: image143.png]


 is the levelized cost of CO2 pipeline transportation [USD/t]; [image: image145.png]


 is the flow rate in the pipe segment [ t/s]. Considering these major economic parameters, the budgetary model can obtain the levelized cost and variations of the expenses in each pipe segment. This equation and exponent values provide a simple means of estimating the levelized cost of the pipeline project across different regions based on the CO2 mass flow rate and pipeline length typically used in a simplified model 34.   
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Where [image: image153.png]


 is the cost efficiency factor, e.g., 0.0005~0.0010 USD/t/km for plain condition and 0.001~0.0030 USD/t/km for offshore pipeline [USD/t/km]; [image: image155.png]


 is the cost efficiency factor for transportation scale, e.g., -0.6~-0.8 [-]; [image: image157.png]


 is the cost efficiency factor for pipeline length, e.g., 1.0~1.1 [-]; [image: image159.png]


 is the flow rate in pipe segment [ t/s]. This equation and the exponent values provide a simple means of assessing the costs of the pipeline project across different regions in China based on the CO2 flow rate and pipeline length typically used in a simplified model.       
2.5 Pipeline network generation algorithms
Fluid commonly flows through the porous medium via preferential flow pathways formed by physical or chemical reactions, resulting in nonuniform and less-resistant flow paths in soil or rock material 60. In other words, the piping effect and preferential flow pathways can decrease the pressure difference and energy loss between sources and sinks, ultimately realizing energy minimization optimization through the natural process. The economic model [image: image161.png]q = feost(C)



 shares a similar equation style with that of pipeline flow [image: image163.png]q= f;;hysic (p)



; the difference is the driving forces are pressure and cost gradients, respectively. Therefore, the pipeline generating algorithm can mimic the piping process or preferential flow process of cost flow in a pipeline system to decrease the cost differences and the preferential flow process of fluid to decrease the pressure difference in the porous medium; meanwhile, the computation tools in fluid flow can be adapted into the economic field. Take the piping process in porous media as an example; water continuously flows through the less resistance pathway (high porosity and permeability regions) or high-pressure gradient pathway, and then the piping effect generates the preferential paths; on the other way, the fewer flow zones will become a "dead zone" for geofluid flow and solute transport 61, ultimately realizing energy minimization optimization through the natural piping process via physic and economic iteration. Similarly, pipe routes prefer to select the less resistant pathway (cells with lower costs or connecting with low-cost regions) or a higher cost gradient pathway for cost-saving and overall cost optimization. 

In biological systems, this process is mediated by synaptic plasticity, most notably through structural and strength modifications of synapses, such as long-term potentiation (LTP). These changes establish physically optimized neural circuits as the substrate for learning, memory, and cognition. Informed by the generation process of preferential pathways in porous media and principles of neural network reinforcement, this study presents a biomimetic adaptive pipeline network method based on grid-wide pathway strengthening and weakening. This approach reshapes pipeline network generation patterns, deviating from conventional computational methodologies. The framework dynamically modulates pathway connectivity by emulating biological adaptation mechanisms, offering a paradigm shift in optimizing pipeline infrastructure for enhanced efficiency and scalability.

Based on the integration of techno-economic characteristics of the pipeline, spatial distribution of cost factors or cost parameters, and all possible pipe segments or flow paths, this algorithm uses iterative calculations of the physical flow process and cost flow process to generate the optimal flow network or pipeline network. A schematic figure of the pipeline network generation algorithm is shown in Fig.S4. The iteration between the engineering model (relations among pipe diameter, pressure, flow rate, and others) and the cost model (relations among levelized cost, length, flow rate, and others) are the core parts of this algorithm, and finding the lowest cost and lowest pressure difference routes simultaneously, and then generate preferential flow automatically in the pipeline network, finally form the tree-shape pipeline network connecting all kind of sources and sinks; the last step is to assess the techno-economic feature of the resulted pipeline network via the budgetary-type model to obtain techno-economic results with high precision. 
This algorithm mimics the basics of hydrologic modeling using a pipe network analysis software based on MATLAB. For example, water continuously flows through the less resistance pathway or high-pressure gradient pathway, causing less energy loss during flow and seepage processes; when the piping effect happens, which increases the permeability in the preferential path, the geofluid will Chanelle through the piping or preferential flow paths; on the other way, the less and average permeable zone will become a “dead zone” for porous flow and solute transport 61. Based on the integration of techno-economic characteristics of the pipeline, cost surface, and all possible pipe segments, the fundamental equation shares similar characteristics. This means that the cost flow process can mimic the process of fluid piping and preferential flow in a porous medium (generated by iterative calculation of pipe flow and cost analysis) and forms the optimal pipe network through repeated iterations of the pipeline engineering model and economic model. The iteration between hydraulic-flow modeling (relations among pipe diameter, pressure, flow rate, and others) and cash flow or cost field modeling (relations among pipe diameter, pipe length, flow rate, levelized cost, and others) is the critical part of this algorithm, and finding the lowest cost route simultaneously (as shown in Fig.S4).  
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Fig.S4 Schematic figure for the pipeline network generation algorithm 
A flow-tube flow model was used to analyze the CO2 flow in the pipe. For the "cost-flow coupling model," two methods are proposed: "the first is to establish the cost model and pipe flow model, and then use the iterative method"; the second is to correct the cost coefficient (cost) through the cost surface, and introduce the "equivalent permeability coefficient" or cost-flow relationship coefficient so that the cost-pipe flow model as the "flow" - "cost" including the cost. The critical question for this new "cash flow" system is determining the "equivalent cash permeability coefficient," containing the cost or price. 
2.1.1 Simplified physical flow and cost flow models for pipeline network 
Due to the physical properties of CO2 changing with the pressure in the pipeline, the CO2 is simplified as constant in each pipe segment during the pipeline network optimization process to accelerate the pipeline optimization process. For a given pipe segment and constant properties of CO2 in the pipe segment, the relation between pressure and flow rate spatially can be simplified as follows,
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Where [image: image176.png]


 is the length of the pipe segment[m]; [image: image178.png]


 is the inner diameter of the pipe [m]; [image: image180.png]


 is the fluid pressure [MPa];  [image: image182.png]


 is hydrodynamic viscosity of fluid [Pa.s]; [image: image184.png]


is the flow rate (t/s); The simplified function for each pipe segment can obtain physical flow more efficiently.    
The relation between levelized cost, flow rate, and pipe length can be simplified as follows 34, 
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Where [image: image196.png]


 is the levelized cost of CO2 pipeline transportation [USD/t], [image: image198.png]


 is the cost efficiency factor, 0.00056 USD/t/km for plain landform in central China, [USD/t/km]; [image: image200.png]


 is the cost efficiency factor, e.g., -0.6~-0.8 [-];[image: image202.png]


 is the flow rate in the pipe segment [ t/s or t/a].   
2.1.2 Treatment on various CO2 sources and sinks 
CO2 sources with capture and compression facilities, utilization sites, and sequestration sites can be treated as boundary conditions and integrated into a source-sink matching model for the next evaluation step in Table S5． Treatment for various sources and sinks: the various CO2 sources and sinks are treated as different boundary conditions, calculated by techno-economic models for multiple components of the CCUS system. Different sources (various types of CO2 captured from fossil-fuel-based CO2 streams, biomass-based CO2 streams, direct air capture, and others) and sinks (multiple kinds of CO2 utilization, biomass utilization, and geological storage options) can be linked with nodes or cells in the source-sink matching model via different flow rates, costs, and pressure boundaries. For example, CO2-enhanced oil recovery and aquifer storage projects can be distinguished by cost and flow rate, e.g., negative cost for CO2 sale in EOR operating or CO2 utilization projects with incomes. These boundaries in simulation can be handled as boundaries of traditional flow problems. 
Table S5. Treatment for various types of CO2 sources and sinks 
	Source-sink feature
	Boundary types 
	Equation 
	Interpretation

	CO2 emission sources

(subscript [image: image204.png]


)
	Flow rate boundary 
	[image: image205.png]Q|2 =10,




	Flow rate for various CO2 sources, e.g., 5 Mt/a [Mt/a or t/s]

	
	Pressure boundary
	[image: image206.png]P|Q =P,




	The inlet or outlet boundary for pipeline terminals near CO2 source, e.g., 12 - 15 MPa

	
	Cost boundaries
	[image: image208.png]clQ=c,



 
	Levelized cost for CO2 capture and compression.

	
	Combinations
	[image: image210.png]Q2 <Q,



 & [image: image212.png]clQ=c,




	Combinations of cost and flow rate boundaries

	CO2 sinks for CO2 utilization and storage
 (subscript [image: image214.png]


)
	Flow rate boundary 
	[image: image215.png]Q|2 =10,




	Flow rate for CO2 storage site [image: image217.png]


, e.g., 5 Mt/a [Mt/a or t/s]

	
	Pressure boundary
	[image: image218.png]P|Q =P,




	The inlet or outlet boundary for pipeline terminal nearby storage sites, e.g., 9 - 15 MPa 

	
	Cost boundaries
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 or 
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	Levelized cost for CO2 storage or utilization, e.g., 12 USD/t

	
	Combinations
	[image: image223.png]Q2 <Q,



 & [image: image225.png]clQ=c,
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	Combinations of cost and flow rate boundaries

Combinations of pressure and flow rate boundaries
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 are levelized costs from CO2 sources (capture and compression cost), pipelines (transportation cost), and utilization and geological storage (storage cost) [USD/t], respectively.  [image: image235.png]


and [image: image237.png]


  the variable costs from processes of CO2 capture, pipeline transportation, and storage [USD/t], respectively;[image: image239.png]q’,9



 , and [image: image241.png]


 are flow rates from various CO2 sources, pipelines, and storage, respectively [t/a]; Subscripts [image: image243.png]


, and [image: image245.png]


 are the indexes for CO2 emission sources, sinks, and pipe segments, respectively. Capital symbols mean the summary of all cost components. The overall cost of the CCUS cluster system can be as follows, 
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The summary revenue or income for the CCUS cluster (USD/t/a) is as follows, 
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 are the overall cumulative cost of CO2 total cost, capture and compression cost, pipeline transportation, and CO2 utilization and storage cost. [image: image257.png]P carbon



, and [image: image259.png]


 are the total carbon income and total revenue of the CCUS hub annually. 
2.1.3 Pipeline conductivity created by neural pathway plasticity
Adaptive information processing in biological and artificial neural networks fundamentally hinges on the dynamic reinforcement of signal pathways—a principle deeply rooted in “use-dependent optimization.” This evolutionary trait, conserved across biological systems and replicated in computational architectures, underpins the emergence of functional connectivity, which is crucial for learning, memory, and task execution.​

In biological neural networks, synaptic plasticity is the molecular and cellular machinery for pathway modulation. Long-term potentiation (LTP), a prototypical form of synaptic plasticity, exemplifies this process through structural and functional remodeling of synapses. When pre- and postsynaptic neurons fire in temporal synchrony, calcium-dependent signaling cascades trigger the insertion of AMPA receptors into the postsynaptic membrane, thereby strengthening synaptic efficacy—a manifestation of Hebb’s postulate, “neurons that fire together, wire together.” Conversely, infrequently activated synapses undergo long-term depression (LTD), leading to synaptic pruning and circuit refinement. This bidirectional regulation of synaptic strength sculpts physically optimized neural circuits, forming the anatomical substrate for cognitive functions.​

Artificial neural networks (ANNs) mirror this biological paradigm through algorithmic weight tuning. Gradient descent, a cornerstone optimization algorithm, drives the iterative adjustment of synaptic weights (represented as matrices) to minimize prediction errors. In deep learning architectures, backpropagation enables the efficient computation of gradients, which are then used to update weights along successful signal pathways. For instance, in convolutional neural networks (CNNs) trained for image recognition, weights associated with feature-extracting convolutional filters are reinforced when they contribute to accurate classification. At the same time, those linked to less discriminative features are attenuated. This mathematical optimization process indirectly constructs computationally optimal signal routes, emulating the biological principle of reinforcing “useful” connections and weakening redundant ones.​

Despite their ontological differences—biological networks rely on electrochemically mediated synaptic plasticity, whereas ANNs operate on numerical computations—the convergence of these two systems highlights a universal design principle. Both leverage feedback-driven mechanisms to prioritize frequently traversed signal pathways: biological networks through calcium-sensitive biochemical pathways and artificial neural networks (ANNs) via error-driven gradient calculations. This cross-domain parallelism advances our understanding of neural information processing. It inspires the development of bio-inspired computing paradigms, such as neuromorphic chips that mimic biological plasticity at the hardware level.

Table S6. Mapping Principles: Neural Networks to Pipe Networks  
	Neural Network Element
	Pipe Network Analogue
	Functional Correspondence

	Neuron
	Junction (flow-mixing node)
	Integrates and propagates signals (analogous to fluid flow), enabling input-output transformation.

	Synaptic strength
	Adjustable pipe diameter
	Determines signal transmission efficiency: wider diameters reduce resistance, enhancing flow (analogous to strengthened synaptic weights).

	Signal frequency/strength
	Fluid flow rate/pressure gradients/and cost gradients
	Represents neuronal activation level; high pressure/flow simulates frequent or intense signal transmission.

	Plasticity (LTP/LTD)
	Diameter adaptation (expand/narrow)
	Activity-dependent remodeling: frequent and effective flow expands pipes, while rare and ineffective flow narrows them, mirroring synaptic potentiation and depression.

	Feedback (biological/algorithmic)
	Pressure and cost gradient control principles
	Drives diameter adjustments: biological systems use neurotransmitter-mediated feedback; artificial systems use pressure and cost gradient-based optimization to control flow rate in each pipe segment. (e.g., 10 - 20 kPa/km, 0.01-0.03 USD/t/km)


The core regulatory logic of the adaptive pipeline network generation algorithm are: 1) Hebbian Analogy: Pipes co-activated (simultaneous flow) undergo coordinated expansion ("flows together, widens together"), emulating synaptic reinforcement via co-firing; 2) Flow rate or Gradient-based Tuning: pipe diameters act as "smart valves," expanding paths that reduce gradients (practical routes) and narrowing those that increase them (wasteful routes), aligning with gradient-based optimization; 3) Homeostatic Balance: System-wide flow conservation prevents monopolization by single paths, mirroring biological synaptic homeostasis and artificial weight regularization (e.g., dropout, L2 penalty). This framework bridges biological wetware and artificial computation, illustrating how adaptive connectivity via "use-dependent remodeling"—whether through synaptic plasticity or algorithmic weight tuning—optimizes information processing across scales.
2.6 Discretization for pipeline network 
Discretization is the process of transforming continuous physical and cost models into discrete counterparts, allowing for numerical analysis and simulation. The physical properties of CO2 are simplified and steady incompressible flow with constant properties in each pipe segment, and the pressure equation of incompressible fluid can be simplified in each pipe segment and node, 
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For pipe [image: image269.png]
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Where [image: image273.png]


 is the length of the pipe segment [image: image275.png]


 [m]; [image: image277.png]


 is the inner diameter of the pipe segment [image: image279.png]


 [m]; [image: image281.png]


 is the pressure difference between the inlet and outlet of the pipe segment [image: image283.png]


 [MPa]; [image: image285.png]Ui



 is hydrodynamic viscosity of fluid [Pa.s]; [image: image287.png]dx



 is the flow rate in pipe [image: image289.png]


 (t/s); subscript [image: image291.png]


 is the pipe segment index; [image: image293.png]


 is the judge value whether pipe segment [image: image295.png]


 connects node [image: image297.png])



. The optimization of the pipeline network becomes the optimization of the overall cost. 
The levelized cost and overall cash flow of CO2 pipeline transportation can be obtained by annualized capital and O&M costs (shown in SI information). It can also be simplified as a function of flow rate [image: image299.png]dx



 and pipe length [image: image301.png]


 in each pipe segment and node.
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Where [image: image309.png]Ck



 is the overall levelized cost in pipe [image: image311.png]


 [USD/t ]; [image: image313.png]ACk



 is the levelized cost difference in pipe [image: image315.png]


 [USD/t.s]. For a given pipeline network, the resulted flow rate of pipe [image: image317.png]


 by economic evaluation is as follow,  
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Where [image: image331.png]dx



 is the flow rate in pipe [image: image333.png]


 [t/s]; [image: image335.png]


is the cumulative CO2 flow rate of CCUS annually [t/a]; [image: image337.png]CP



 is the cumulative cost for pipeline transportation annually [USD/a]. When [image: image339.png]CP



 is the maximum or minimum value of cost summary. The resource can use discrete methods for high-resolution evaluation by dividing the pipeline into pipe segments, e.g., pipe length of 500 m or 100 m.
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Fig.S5 Relation between pipe segments and nodes 
When modeling the flow in a complex pipeline network with millions or billions of pipe segments, the discretization process is crucial in accurately representing the physical flow dynamics and cash flow and optimizing computational efficiency. The FDM is a powerful numerical technique used to discretize the continuous domain of a pipeline network into smaller pipe elements or pipe segments, enabling the formulation of equations that govern the flow behavior within the network. The pipeline network is a complex interconnected system of pipe segments, junctions, and boundary conditions that govern the CO2 flow in the CO2 pipeline. The FDM is used to build the physical flow and cost matrix for the pipe segment [image: image342.png]


; the equations in the discretization type are shown as follows: 
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In Fig.S6, the pressure difference can be written as,
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For each cell ( for sources and sinks) or connected node (pressure and cost field), the summary flow rate at node [image: image352.png]@n,



the summary of all flow rates of pipe segments [image: image354.png]


 and all flow rates [image: image356.png]


 including sources and sinks within node [image: image358.png]@5



equal zero.
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 is the pipe segment index; subscript [image: image370.png]
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 are the index for sinks and sources, respectively.  [image: image374.png]


 , [image: image376.png]i,j



 and [image: image378.png]i,j



 are the judge values whether pipe segment [image: image380.png]
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, respectively. Integrate all pipes and boundary conditions into a matrix. Then, the pipe network's pressure distribution, cost distribution, and other pipeline properties can be solved using mature equation solvers.
Similar to the large-scale solver for the FDM equation, the large-scale equation for pipeline still faces several problems: mesh generation or pipeline segment generation, nonlinear effects (the physical and cash flow rates have a nonlinear relation with pipe diameters), and numerical stability. Creating a suitable mesh for the network with millions of pipe segments requires careful consideration to accurately capture the physical and cash flow dynamics (figures of regular and pre-selected pipe segments are illustrated in Fig.S6). Using the FDM algorithm, the discretization equations for pipeline network flow with millions or billions of pipe segments involve formulating and solving equations representing the network's mass flow and cash flow principles. By discretizing the continuous domain into more minor elements and applying appropriate source-sink conditions and solver strategies, engineers can accurately model and analyze the flow and cost distribution in the pipeline networks, facilitating informed decision-making in designing, operating, and optimizing fluid transportation systems(figures of regular and pre-selected pipe segments are illustrated in Fig.S7).
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Fig.S6 Regular and pre-selected pipe segments for pipeline network generation
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Fig.S7 Route generation process for a free node network with a regular grid   
2.7 Cost surface for pipeline projects   
Route selection is a critical step for pipeline projects. Massive pipeline route data must be collected and evaluated during route screening and selection. Site investigation data include geological setting, landform, geography, population distribution, nature preservation resource, national park, vegetation distribution, and the data mentioned in the general principles of route selection. 
Conducting a techno-economic evaluation for each pipe segment is time-consuming; the cost surface is a transparent way to select the pipeline route. Constructing weighted cost surfaces includes various factors, e.g., land cover, slopes, sides, population density, protected land, rivers, roads, railways, and pipeline networks. The cost factor considers the actual pipeline construction cost in different terrains and geomorphological conditions and compares the reference pipeline cost ratio in similar landform conditions. Then, the cost surface is rasterized into the pipeline optimization calculation. The techno-economic model presented above can obtain each pipe segment's capital and O&M (operating and maintenance) and levelized costs. One way to save computation time during the source-sink matching process is to use linear methods with reference cost and cost factors in the cost map to evaluate the cost. Calculating each [image: image390.png]a=a"fi



 for node [image: image392.png])



, and then the levelized cost can follow a simplified equation as
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. If the computational resource is scarce, the pipe route can be selected according to general principles and other criteria integrated by the selection tools based on the Geographic Information System (GIS) or dataset, considering key features of the pipeline.  
2.7.1 Key features and general principles of cost map generation       
Route selection is crucial for ensuring the safety and cost-effectiveness of pipeline projects. According to the Oil Pipeline Engineering Design Standard and the Gas Pipeline Engineering Design Standard. The general principles of route selection are as follows:
1)
Population density distribution: CO2 long-term geological storage has certain uncertainties and risks due to the limitations of underground spatial geological conditions. A leakage will cause severe effects and consequences, especially in densely populated areas. Therefore, high-cost parameters are assigned to densely populated areas to minimize the need for transporting CO2.
2)
Nature reserves: In a poor global environment, nature reserves play a vital and irreplaceable role in society and the ecosystem. Moreover, due to national policies, CO2 cannot be transported in nature reserves, resulting in high-cost parameters.
3)
Land use types: cultivated land, forest, grassland, shrubland, water body, wetland, artificial cover, bare land, permanent snow cover, and other styles. Forest, marsh, and water resources are more valuable, and their utilization costs are relatively high. Long-term ice-covered areas are usually high-altitude areas, and it is impossible to lay pipes. Different land types give different grades of cost parameters.
4) Cross (railway, river, and road): Manufactured coverage includes towns and other residential areas, industry, mining, transportation facilities, etc. When choosing pipeline transportation, CO2 should try to follow the existing highway or railway as much as possible and avoid crossing the traffic network.
5)
Surface slope: The surface slope also affects CO2 transportation. A high slope usually means that the ridge or cliff cannot provide CO2 standard transportation, while a flat surface is suitable for CO2 transportation. Therefore, different cost parameters are assigned according to varying slopes.
6) High susceptibility to geological disasters: The pipeline laying risk is very high, so it is necessary to mitigate the high vulnerability to geological disasters and assign high-cost parameters. 
These are the underlying principles of route selection or weighted cost factors. Generating weighted cost surfaces involves laying a grid on the modeling domain and determining the cost from one cell to adjacent cells based on these underlying principles. 
2.7.2 Cost map generation 
Generating cost maps using multiple geological GIS layers is a fundamental aspect of spatial analysis and decision-making in various fields such as route planning, risk mitigation, and making informed decisions aligned with sustainable development goals. To create cost maps based on simplified methods and multiple geological GIS layers, various factors must be considered and weighted to accurately represent the costs associated with different features across the landscape. Integrating geological information layers such as water bodies, roads, railways, landforms, landscapes, cities, industrial parks, natural preservation parks, and more is crucial in calculating cost surfaces that aid in informed decision-making processes. Generating cost maps based on multiple geological GIS layers involves integrating, analyzing, and synthesizing diverse spatial data to derive valuable insights into a comprehensive cost map that reflects the spatial distribution of costs or constraints. Normalize the attributes of each GIS layer to ensure consistency on the same scale and units. Assign weights to different geological features based on their significance in influencing costs.
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Where [image: image402.png]


is the value for the cost factor component [image: image404.png]
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is the weight value for the component [image: image408.png]


 [-]. These factors include proximity to water bodies (e.g., flooding risks), access to roads and railways, terrain characteristics, presence of industrial parks, and proximity to natural preservation parks (as shown in Table S7). Normalize the calculated costs to a unified scale to ensure comparability across different layers with average or medium costs. In the exclusive scenario, cost factors at different priority levels can only be used once. Visualize the cost map using gradient color schemes to highlight areas of high and low value. The cost map of onshore and offshore of China is shown in Fig.S8. The value of each pixel (1 km × 1 km) is the time compared to the pipeline cost in Central China (plains without any cities or economic centers). The more data types, higher precision, and related algorithms used for cost map generation, the more precise the results will be.  
Table S7. Cost factors for different geological or geographic features
	Levels 
	Feature
	The cost factor value suggested [image: image410.png]



	Weight or level [image: image412.png]




	Level I
	Vegetables, landform, mountain
	1.0-5.0 (or calculated by budgetary-type pipeline models)
	All components scenario ranges in (0-1)  
Exclusive scenario (1 or 0)

	Level II
	Cities, Natural Preservation Park, 
Water resources 
	Water resource 30 
Cities 30
Natural Preservation Park 100
	All components scenario ranges in (0-1)  
Priority (1 or 0)

	Level III
	Road, Railway, Pipeline, waterway, and others. 
	Road 1 

Railway 10  
Water system 10 
	All components scenario ranges in (0-1)  
The highest Priority level (1 or 0)
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Fig.S8 Cost map of pipeline routes in China (1 km × 1 km resolution)
2.7.3 Route selection for minimum cost path
The cost map calculations consider different geographic features or properties. They are the fundamental variables for determining the minimum cost path. In a GIS-based system, the shortest path algorithm calculates the shortest path between nodes by minimizing the cost or weighted cost factors (as shown in Fig.S9).  

[image: image414.emf](a) Cost factors    

(b) Route selection    


Fig.S9 Factor weight and route selection 
Cost factor interpretation: (a) the weight of the building, environment, and social factors; (b)Route selection.  
The cost factor information in the GIS database is assigned a cost surface based on transportation risk and relative cost, and then gridded. The corresponding pressure-flow and cost-flow relationships are calculated using the pipeline flow mechanics and the derived cost-flow model. Finally, the optimal total cost or benefit of the whole pipe network is obtained. Point-to-point cost minimization can utilize the minimum cost path analysis tool in GIS software's spatial analysis to determine the relative cost of transmission lines with the lowest natural search resistance during the pipeline iteration process, thereby forming the optimal source combination. This is to create an initial and idealized network of pipelines between sources and sinks, unaffected by the real-world environment or social costs (as shown in Fig. S10). Fig.S11a is the cost coefficient or cost factor distribution diagram. Then, the cost minimization path algorithm is used to iteratively determine the minimum cost path between the emission source and the storage site (Fig. S11b). Take a cell with a 1×1 square kilometer area as an example; each grid represents approximately 1×1 square kilometer or nearly 0.01°×0.01° of space, and there is a value that estimates the cost of building the pipeline within that area. Finally, a subset of the lowest-cost paths was selected as a candidate pipeline route, corresponding to a set of possible pipe routes influenced by the total transportation costs. 
2.7.4 Pipe segments and generated pipe route 
Pipe segments can be generated automatically through a regular and irregular grid with all possible and preselected pipe segments. The schematic figure is shown in Fig.S10. Each node can be the center or connecting point of a pixel in the cost map, and then a pipe route can be generated through the cost map (shown in Fig.S11).
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Fig.S10 Free and pre-selected pipe segments with regular grids or pixels in the cost map   
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      (a) Cost map              (b) pipe route          (c) levelized cost distribution

Fig.S11 Selection of pipe route

Interpretation: (a) Random cost factors, (b) route with the lowest levelized cost, and (c) distribution of levelized cost  
2.7.5 Cost assessment for the whole pipeline network 
 The precise method of calculating cost map generation involves using a budgetary-type techno-economic model for pipelines or another techno-economic model for pipe segments in each cell or pixel. Each pipe segment can incur capital investment, operating and maintenance costs, and levelized costs. The total costs of the entire pipeline network can be summarized across all pipe segments. A simple way is to generate empirical parameters for different regions, as shown in equation (7). 
2.8 Paradigm shift and scientific implications of the novel algorithm
The multidimensional optimization framework quantifies trade-offs among cost, emission reduction efficiency, and infrastructure complexity, thereby defining the optimal solutions for system design. The hybrid model demonstrates the following highlights: 1) Physical realism: Incorporating Darcy-scale transport laws improves the prediction of complex dendritic topologies compared to conventional GIS-based or mixed-integer linear optimization methods on standard computing hardware. 2) Trade-off quantification: The "carbon abatement efficiency frontier" with cost curves and pipeline topology metric maps, cost, emission reduction, and infrastructure complexity, providing a decision-making tool for regional CCUS design. Below is a concise synthesis of its manifestation and scientific implications:  
1. Multi-Dimensional Coupling 
This source-sink pairing model integrates adaptive pipeline generation algorithms, incorporating geological, engineering, and economic constraints into a unified optimization model. Based on engineering aspects, cost optimization, and pipeline topology.  
 2. Spatial Heterogeneity: From Cost Surfaces to Adaptive Topology
The algorithm is operationalized through GIS-based raster modeling, which converts risks (e.g., habitat, fault zones, natural preserve parks), economic costs (unit pipeline expense), and source-sink densities into continuous "resistance surfaces." Key mechanisms include:

Cost-avoidant routing: Pipelines circumvent high-resistance zones (mountains, protected areas, water areas) and converge toward low-cost and low-pressure sinks (deep saline aquifers, depleted hydrocarbon reservoirs, and other sinks), forming dual-centroid networks (e.g., emission sources at basin margins, sinks at central depressions in the Ordos Basin).

Biomimetic algorithms: Inspired by porous media flow and Hebbian neural plasticity, these algorithms iteratively refine paths to minimize total resistance, emulating the adaptive connectivity of natural systems (e.g., root-like dendritic networks with "stem" trunklines and "root" storage clusters).

Table S8. A paradigm shift of new algorithms contrasts with traditional approaches.
	Aspect
	Conventional Methods
	Frontier Framework

	Objective
	Single-goal optimization (e.g., cost)
	Multi-objective Pareto optimization: technology, economic, CO2 reduction, 

	Spatial modeling
	Predefined route grids
	Adaptive, raster, or grid-based resistance or cost surfaces and predefined route grids with very high efficiency

	Regional specificity
	Generic parameters
	High-resolution heterogeneity (e.g., km-scale or meter-scale cost surface or cost map)

	CO2 sources and sinks
	Generic parameters or fixed assumptions 
	Engineering-based descriptions of technical and economic features 

	Policy integration
	Post-hoc assessment
	Embedded carbon pricing/subsidy variables


2.9 Data completion and quality 
During the route screening and selection, massive geological and geographic data must be collected and evaluated. Site investigation data include the geological setting, landform, geography, population distribution, nature preservation resources, national parks, vegetation distribution, and the data mentioned in the general principles of route selection. Geological models, GIS datasets, image processing tools, and data processing tools are the most efficient ways to integrate massive data. Regardless of the variety of data types and precision levels, all available geographic, geological, and economic data can be integrated into the data compilation tools for the pipeline network algorithm and source-sink matching models described above. Afterward, the pipe route is selected according to the general principles and the other criteria integrated by the selection tools based on the Geographic Information System. 
3. Example of a CCUS hub or cluster
The potential CCUS infrastructure in Ningxia province is used as an example to validate the effectiveness of the proposed algorithms and explore the possible regional layout of CCUS in this typical region, which has abundant coal reserves, fossil-based energy, and an industrial estate.
3.1 Scenarios for cost evaluation 

CO2-enhanced deep saline water recovery and storage (CO2-EWR/storage) can provide additional water resources while mitigating CO2 at scale with high Technology Readiness Levels (TRLs) and relatively low costs. The technical schemes of CCUS are as follows: The CO2 stream from emission sources is dehydrated, captured, compressed, and transported to a suitable aquifer formation for the CO2 aquifer storage project. The deep saline water produced is treated by desalination technology for further industrial utilization. The technical and economic evaluation adopts the optimal technology combination and the existing policy environment without considering future technological progress, carbon trading, and incentive policies. Table S9 describes the major technical features of CCUS projects and the key economic parameters and assessment algorithms. 
Table S9. Key technical feature of the whole-process CCUS project 
	Project period
	Capture stage
	Compression  
	Transportation
	Geological storage 

	20 years  
	Gaseous CO2 (0.10 MPa and 30 ℃);
Amine-based CO2 capture facility is used with an intermediate for a low-concentration CO2 stream.
No additional facility is required for a high-concentration CO2 stream from industrial separation
	0.10 MPa to pipe inlet pressure (12.0 MPa) by the 5-stage compressor and 1-stage pump
	Sc-CO2 pipeline connecting sources to sinks separately;

	Aquifer sites for CO2-enhanced water recovery and desalinated water for sale.


3.2 Results and Discussion

Based on the regional characteristics and CO2 source-reserve distributions in the western Ordos Basin, Ningxia province should emphasize the large-scale deployment of the CCS project. Meanwhile, industrial parks can build a backbone pipeline or CO2 capture hub to lower the cost of CO2 transportation 62. 
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Fig.S12 Pipeline route for CO2 sources and chosen sinks

Scenario analysis is conducted to evaluate the effects of various net capture rates and maximum source-sink matching distances on the levelized cost of CCUS. The pipeline route for CO2 sources and chosen sinks is generated by this model, as shown in Fig.S12. The CO2 stream can be mitigated at a levelized cost of less than $ 45/ton with $4.80/ton of pipeline transportation. Retrofitting CCUS to existing coal-based power plants can be beneficial with an incentive of $ 50/ton CO2, as per the 45Q act in the U.S. By integrating all fixed investments and pipeline operating costs, we can determine the pipeline network's investment, operating costs, and levelized costs. This process enables a comprehensive analysis of the financial aspects of pipeline infrastructure, ensuring efficient decision-making and budget planning in the long term.   
This adaptive pipeline generation algorithm and techno-economic frontier advance CCUS infrastructure design by Providing Decision support through a visualizable frontier curve for comparing scenarios. Adaptive planning: Enabling dynamic recalibration under evolving policies (e.g., rising carbon prices) via modular network design (pre-selected branch nodes for future expansion). Theoretical extension: Bridging micro-scale fluid mechanics (pore network flow), machine learning, and environmental economics to solve complex systems problems.

The techno-economic frontier redefines CCUS pipeline analysis as a science of constrained emergence, where optimal network geometries arise from the interplay of physical laws, economic incentives, and spatial heterogeneities. By transcending traditional single-objective paradigms, this framework offers a scalable, evidence-based blueprint for designing resilient and cost-effective carbon management systems, which are crucial for achieving global decarbonization targets. Its integration of microscale fluid dynamics with macroscale policy goals exemplifies the interdisciplinary rigor characteristic of Nature-class research. 
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