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Abstract 

The global deployment of Carbon Capture, Utilization, and Storage (CCUS) infrastructure stands 

at a critical junction. While technological innovations in asset-level capture chemistry and 

geological reservoir characterization have advanced rapidly, midstream transport design remains 

bound to legacy engineering concepts. Traditional CCUS deployment relies on point-to-point 

gaseous pipeline grids that link individual emitting facilities directly to regional trunklines or 

terminal storage sinks. In regions characterized by dispersed industrial clusters, complex multi-

jurisdictional land use, and high legal barriers to linear right-of-way (RoW) acquisition, this rigid 

physical layout introduces severe vulnerabilities. Projects that appear technically sound and 

commercially viable during initial engineering studies frequently face financial or regulatory 

gridlock on the ground. 

This vulnerability represents Architectural Risk—the systemic probability that an infrastructure 

network will lose long-term value, suffer from stranded assets, or experience operational 

constraints because its physical configuration cannot efficiently adapt to evolving commercial 

patterns, shifting volumes, or regional expansion. 

To structurally isolate and mitigate this risk, the Hub-Only Pipeline Topology Architecture 

Standard (HOPT-AS), developed by Novonanmek Material Sciences Private Limited, offers a 

fundamental paradigm shift. HOPT-AS legally and physically excludes industrial emitting 

facilities from the high-pressure gaseous pipeline network. Emitters participate exclusively by 

capturing carbon in a stable, ambient solid-bound form utilizing regenerable oxide carriers (such 

as Calcium Looping cycles) and moving them via standard road, rail, or barge freight. High-

pressure gaseous release, conditioning, and compression occur solely at centralized 

Regeneration Hubs. By examining the complete nomenclature of global CCUS 

configurations—moving from conventional point-to-point lines to practical stewarded meshes—

this framework demonstrates why HOPT-AS serves as the global benchmark architecture for 

bankable carbon management. 

The Complete CCUS Structural Architecture Nomenclature 

To properly benchmark system risk, infrastructure developers, institutional lenders, and 

sovereign entities must evaluate the full spectrum of structural configurations: 
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Tier I: Single Emitter Configurations (Baseline Point-to-Point) 

 Case 1: Single emitter – on-site storage/utilization (no transport infrastructure). 

 Case 2: Single emitter – dedicated pipeline to single storage/utilization site. 

 Case 3: Single emitter – dedicated pipeline to multiple storage/utilization sites. 

Tier II: Multiple Emitters via Direct Gaseous Pipelines (Conventional Grids) 

 Case 4: Multiple emitters – shared pipeline to single storage/utilization site. 

 Case 5: Multiple emitters – shared pipeline to multiple storage/utilization sites. 

 Case 6: Multiple emitters – dedicated pipelines to central hub where CO₂ is 

Stored/Utilized. 

 Case 7: Multiple emitters – dedicated pipelines to central hub, then dedicated pipeline to 

single storage/utilization site. 

 Case 8: Multiple emitters – dedicated pipelines to central hub, then pipelines to multiple 

storage/utilization sites. 

Tier III: Multi-Hub Gaseous Trunkline Networks (Conventional Macro-Grids) 

 Case 9: Multiple hubs feeding a shared trunk pipeline to a single storage/utilization site. 

 Case 10: Multiple hubs feeding a shared trunk pipeline to multiple storage/utilization 

sites. 

Tier IV: Solid Logistics & Gated Hub Frameworks (Early Solid Transitions) 

1. Case 11: Multiple emitters send CO₂ via regenerable solid carriers to a central hub where 

CO₂ is released and stored/utilized at the hub. 

2. Case 12: Multiple emitters send CO₂ via regenerable solid carriers to a central hub; 

released CO₂ transported via dedicated pipeline to a single storage/utilization site. 

3. Case 13: Multiple emitters send CO₂ via regenerable solid carriers to a central hub; 

released CO₂ transported via diverging pipeline network to multiple storage/utilization 

sites. 

4. Case 14: Multiple hubs receiving CO₂ via solid logistics inject CO₂ into a shared trunk 

pipeline to a single storage/utilization site. 

5. Case 15: Multiple hubs receiving CO₂ via solid logistics inject CO₂ into a shared trunk 

pipeline to multiple storage/utilization sites. 

Tier V: Networked Web Architectures (The HOPT-AS Global Benchmark) 

 Case 16 (The HOPT-AS Benchmark Web): Multiple hubs receiving CO₂ via closed-

loop solid logistics from assigned emitter clusters, interconnected via a networked web of 

hub-to-hub pipelines with distributed tap-outs for localized regional storage or utilization. 
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1. The Restructured HOPT-AS Risk Mitigation Matrix 

Before analyzing numeric scores, stakeholders must understand the functional layout 

mechanisms through which architecture impacts system variables. The table below breaks down 

the technical mitigation boundaries grouped directly by structural category tier against the top 4 

investor and government risks. 

CCUS 

Architecture 

Category Tier 

1. Asset 

Stranding & 

Volumetric 

Counterparty 

Risk 

2. Capital 

Drawdown J-

Curve Risk 

3. Permitting & 

Right-of-Way 

(RoW) Gridlock 

4. Systemic 

Liability & 

Contamination 

Risk 

Tier I & II: 

Single 

Emitter / 

Direct 

Pipeline 

Gaseous 

Grids (Cases 

1–8) 

Severe. 
Midstream 

revenues are 

locked to a 

specific physical 

factory link. An 

emitter default 

leaves the 

physical line 

stranded. 

Severe. Full 

physical 

pipeline grids 

must be 

constructed and 

pressurized 

upfront before a 

single ton of 

carbon 

generates 

revenue. 

Severe. Direct 

high-pressure 

pipeline routing 

over public and 

private lands 

triggers intense 

regulatory 

resistance. 

High. Multiple 

individual facilities 

inject gas directly 

into shared lines, 

meaning one 

contamination 

source 

compromises the 

whole stream. 

Tier III: 

Multi-Hub 

Gaseous 

Trunkline 

Networks 
(Cases 9–10) 

Moderate. 
Aggregating 

multiple hubs 

buffers individual 

factory failures, 

but midstream 

pipelines remain 

rigidly static. 

Severe. Massive 

cross-country 

gaseous 

trunklines 

require 

enormous 

upfront capital 

outlays long 

before realizing 

operations. 

Severe. Multi-

jurisdictional 

trunkline paths 

cross heavy land-

use boundaries, 

creating 

extensive right-

of-way 

bottlenecks. 

High. An off-spec 

gas purity spike or 

pressure event at 

any single hub 

node risks shutting 

down the entire 

trunk line. 

Tier IV: Solid 

Logistics & 

Gated Hub 

Frameworks 
(Cases 11–15) 

Low Upstream / 

High 

Downstream. 
Emitters switch 

hubs via logistics, 

but hubs are 

completely tied to 

a single terminal 

trunk line. 

Moderate. 
Emitter-side gas 

infrastructure is 

eliminated, but 

the massive 

main trunk 

pipeline still 

demands heavy 

upfront capital. 

Moderate. 
Upstream lines 

are replaced by 

freight, but the 

final midstream 

trunkline faces 

long linear 

environmental 

clearances. 

Low on Emitters. 
Impurities are 

isolated within the 

hub boundary, but 

a central 

processing defect 

still stalls the main 

trunkline. 
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Tier V: 

Networked 

Web 

Architectures 
(Case 16 - 

HOPT-AS 

Benchmark) 

Absolute Safety. 
Upstream loads 

adapt via flexible 

freight routing, 

while downstream 

hub-to-hub 

pipelines permit 

dynamic tap-outs 

if a target sink 

fails. 

Highly 

Optimized. 
Eliminates long-

distance trunk 

lines. Capital 

deploys in short, 

bite-sized hub 

links as regional 

volume 

warrants. 

Minimal 

Footprint. High-

pressure gaseous 

processing is 

confined to tight 

industrial 

corridors, moving 

volume over pre-

existing road/rail. 

Absolute 

Isolation. Legally 

and physically 

bans gas 

operations from 

emitter properties, 

stripping linear 

risk away from 

participants. 

2. The Restructured Global Quantitative Scoring Matrix 

Using the grouped categories defined above, the table below converts structural characteristics 

into direct comparative scores. Tier V (Case 16) serves as the definitive global benchmark 

standard, establishing the baseline maximum score of 10 / 10 across all parameters. Tiers I 

through IV are mathematically evaluated against it to isolate their deficiencies. 

Scoring Scale: 1 = Severe Risk / Inefficient Configuration; 10 = Benchmark Standard / Optimal 

Efficiency. 

Risk Evaluation 

Metric 

Tier I & 

II: 

Gaseous 

Grids 

(Cases 

1–8) 

Tier III: 

Gaseous 

Trunklines 

(Cases 9–

10) 

Tier 

IV: 

Gated 

Solid 

Trunk 

(Cases 

14–15) 

Tier V: 

HOPT-AS 

Benchmark 

Web (Case 

16) 

Grouped 

Comparative 

Scoring 

Justification 

Volumetric Debt 

Insulation 

2 / 10 5 / 10 7 / 10 10 / 10 Tiers I-III freeze 

pipeline 

amortization cash 

flows if physical 

source lines drop. 

Tier IV de-risks 

upstream inputs, 

but Tier V achieves 

the benchmark 

standard by 

isolating both 

upstream and 

downstream legs. 
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Target Sink Risk 

Isolation 

2 / 10 2 / 10 3 / 10 10 / 10 Tiers I-IV tunnel 

carbon directly into 

fixed geological 

reservoirs. Tier V 

bypasses single 

points of reservoir 

failure completely 

by allowing 

localized gas tap-

outs mid-transit. 

Capital J-Curve 

Mitigation 

1 / 10 1 / 10 4 / 10 10 / 10 Conventional 

gaseous networks 

require massive 

upfront capital 

before achieving 

revenue. Tier V 

permits modular 

hub-to-hub 

tranches that scale 

alongside proven 

volume growth. 

Permitting Speed 

Index 

1 / 10 1 / 10 3 / 10 10 / 10 Linear right-of-way 

delays halt direct 

pipeline grids. Tier 

V achieves a 

perfect score by 

confining gaseous 

operations to tight 

industrial paths and 

moving regional 

supply via freight. 

Contamination 

Mitigation 

3 / 10 3 / 10 6 / 10 10 / 10 Upstream facility 

impurity spikes 

compromise shared 

gaseous pipelines. 

Tier V establishes 

absolute quality 

control by isolating 

compression within 

hubs. 
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SME Market 

Inclusivity 

2 / 10 2 / 10 8 / 10 10 / 10 Multimillion-dollar 

onsite multi-stage 

compression blocks 

mid-market 

factories. Tier V 

provides an open, 

uniform solid 

interface utilizing 

standard freight 

networks. 

Anti-Drift Ledger 

Control 

1 / 10 1 / 10 5 / 10 10 / 10 Ad-hoc physical 

grid sprawl triggers 

severe architectural 

drift. Tier V 

secures a clean 

audit trail via 

mandatory 

compliance layers 

enforced by an 

active steward. 

COMPOSITE 

NOMENCLATURE 

SCORE 

1.71 / 10 2.14 / 10 5.14 / 

10 

10.00 / 10 The Final Verdict: 
Conventional 

physical networks 

are structurally un-

bankable. Tier V 

(Case 16) serves as 

the definitive 

structural blueprint 

for modern carbon 

management. 

 

Financial and Sovereign Risk De-Risking 

For project finance syndicates and infrastructure funds, the pure HOPT-AS networked web (Case 

16) alters the risk profile of midstream carbon assets. In conventional pipeline models, debt 

amortization depends on a rigid physical asset chain. If an anchor emitter suffers a structural 

shutdown or an operational outage, the cash flows dedicated to servicing the pipeline's debt 

decline immediately. HOPT-AS solves this vulnerability by transitioning carbon transport into 

the logistical domain. Because volumes move via transport carriers rather than permanent 

physical lines, the underlying revenue model is protected by operational flexibility. If an 

industrial counterparty defaults, the Hub Operator can reallocate the regional solid carrier 
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logistics to alternative industrial facilities within the same cluster, preserving volumetric 

throughput at the hub and protecting the system's cash flow. 

Furthermore, HOPT-AS addresses the high upfront capital expenditures that distort the J-curve 

of large-scale infrastructure projects. Instead of requiring massive capital deployment to build 

out long linear trunklines before achieving operational status, a HOPT-AS networked web scales 

incrementally. Capital is allocated in modular phases: first to solid-looping capture installations 

and localized hub nodes, and subsequently to interconnecting hub-to-hub lines as verified 

regional volume warrants expansion. This structural adaptability reduces early-stage capital 

exposure and improves internal rates of return (IRRs) for project sponsors. 

For national governments and regulatory authorities, HOPT-AS provides an administrative 

framework to scale carbon infrastructure while avoiding public right-of-way disputes. 

Attempting to permit long networks of high-pressure gaseous CO₂ lines through populated or 

agricultural zones causes severe regulatory delays. By restricting high-pressure gaseous transport 

to short corridors between industrial hubs and utilizing pre-existing road or rail networks for 

regional collection, governments can achieve industrial decarbonization goals within compact 

regulatory footprints. 

The Definitive Blueprint for Global Carbon Networks 

When evaluated against conventional CCUS infrastructure, HOPT-AS introduces a 

fundamentally superior approach to risk allocation. The standard shifts volatile, unpredictable 

deployment risks—such as changing factory lifespans, shifting counterparty emission profiles, 

and localized site permitting—into the flexible domain of ambient solid transport logistics. 

Concurrently, it isolates high-risk, high-pressure gaseous operations within highly engineered, 

predictable, and tightly controlled centralised hub corridors. 

This design establishes a compelling case for HOPT-AS as a global benchmark standard, 

supported by three core pillars: 

1. It Solves the "Capital Fragility" of Project Finance: Traditional CCUS project finance 

models suffer from a high degree of physical and economic rigidity. If a lender finances a 

direct pipeline connecting a specific cement plant to a specific geological reservoir, the 

entire capital structure is exposed to two fatal single points of failure: the counterparty 

credit risk of that single factory and the geological injectivity risk of that single well. By 

replacing direct emitter-to-pipeline links with flexible solid logistics, HOPT-AS 

structurally decouples the investment. Sorbents can be dynamically rerouted via existing 

road or rail networks to alternative hubs or processing facilities. This flexibility insulates 

cash flows, minimizes asset stranding, and transforms midstream carbon transport from a 

speculative gamble into a predictable, utility-grade infrastructure asset class. 
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2. It Provides an Immediate Regulatory Pathway for Governments: Securing thousands 

of kilometers of linear right-of-way (RoW) for high-pressure gaseous CO₂ pipelines is 

one of the greatest policy bottlenecks globally. It triggers immense environmental, cross-

border, and public resistance. HOPT-AS addresses this political and regulatory challenge 

by shrinking the high-pressure pipeline footprint down to short corridors connecting 

heavy industrial hub nodes. By leveraging safe, stable, ambient solid chemical carriers 

(like Calcium Looping cycles) for regional volume collection over pre-existing freight 

transit systems, governments can bypass multi-decade permitting delays and accelerate 

national industrial decarbonization. 

3. It Prevents Systemic "Architectural Drift": Large-scale infrastructure systems rarely 

remain static; they evolve over decades as new actors enter the network. In traditional 

uncoordinated systems, this gradual expansion leads to fragmented, overlapping, and 

incompatible networks that are highly complex to verify, manage, or monitor. HOPT-AS 

introduces an institutional governance layer through Dynamic Compliance and the role of 

the Cluster Architecture Steward. By continuously auditing physical asset changes and 

volumetric movements against non-negotiable topology rules, it ensures that no matter 

how much the network scales over a 30-year lifecycle, its risk-mitigated structural 

integrity remains intact. This continuous preservation gives international carbon registries 

and sovereign carbon accounting frameworks absolute confidence in the system's 

tracking and Measurement, Reporting, and Verification (MRV) data. 

Concluding Verdict 

Ultimately, a global benchmark must be highly scalable, commercially bankable, and politically 

viable. Traditional gaseous architectures achieve only one or two of these goals, while imposing 

severe capital and legal liabilities. By combining an open, flexible logistical framework on the 

emitter side with a rigid, highly protected hub-to-hub pipeline web with distributed tap-outs, 

HOPT-AS provides a practical, auditable, and resilient blueprint for global industrial 

decarbonization. 

The structural evolution from raw point-to-point lines to a managed network mesh proves that 

midstream capital efficiency is a direct byproduct of layout design. For institutional investors 

requiring rigorous insulation against asset stranding, and for sovereign states seeking rapid net-

zero pathways without linear permitting gridlocks, the verdict is absolute: the pure, stewarded 

Tier V (Case 16) network web represents the definitive global benchmark for industrial 

carbon management infrastructure. 
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