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Abstract 

Refining and natural gas processing industries are among the most carbon-intensive sectors due to energy-intensive 

operations and widespread reliance on fossil-based hydrogen and combustion systems. Achieving deep 

decarbonization in these facilities requires technically feasible and economically viable solutions that can be deployed 

at scale without disrupting operational reliability. This review examines carbon capture, utilization, and storage 

(CCUS) and blue hydrogen as integrated pathways for reducing CO2 emissions in refineries and gas processing plants. 

Key CO2 emission sources and stream characteristics are analyzed to identify priority capture opportunities, followed 

by a comparative assessment of major capture technologies, including post-combustion, pre-combustion, and oxy-fuel 

systems. The role of blue hydrogen produced via steam methane reforming and autothermal reforming with CO2 

capture is evaluated as a low-carbon fuel and feedstock capable of anchoring early CCUS deployment. CO2 utilization 

and geological storage options, along with associated transport infrastructure, regulatory frameworks, and economic 

considerations, are reviewed to assess large-scale implementation potential. Lessons learned from industrial pilots and 

case studies are synthesized to highlight integration challenges, cost drivers, and scalability constraints. Finally, a 

phased decarbonization roadmap is proposed, outlining near-, mid-, and long-term strategies that combine CCUS, blue 

hydrogen, electrification, and efficiency improvements. The analysis demonstrates that integrated CCUS and blue 

hydrogen systems offer a pragmatic and scalable transition pathway toward net-zero emissions in refining and gas 

processing industries. 

Keywords: Industrial decarbonization, Hydrogen production systems, Carbon management technologies, Refinery 

process integration, Low-carbon energy transition. 

1. Introduction 

Global efforts to mitigate climate change have intensified the pressure on carbon-intensive industries to adopt practical 

and scalable decarbonization strategies [1]. Among these sectors, refining and natural gas processing remain 

significant contributors to industrial CO2 emissions due to their dependence on fossil-based feedstocks, energy-

intensive unit operations, and complex process configurations [2]. As nations commit to net-zero pathways and 

increase regulatory and societal expectations for cleaner energy systems, refineries and gas processing plants face the 

dual challenge of maintaining operational reliability while substantially reducing their carbon footprint [3]. Within 

this evolving landscape, carbon capture, utilization, and storage (CCUS) and blue hydrogen production have emerged 

as pivotal transitional solutions capable of delivering meaningful emission reductions without compromising process 

continuity or product quality [4]. 
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CCUS offers a technologically mature approach for capturing CO2 from high- and medium-concentration process 

streams prevalent in refining operations, especially those associated with hydrogen production units, fired heaters, and 

catalytic processes [5]. When integrated effectively, CCUS can address a significant share of site-wide emissions and 

create opportunities for downstream utilization or secure long-term geological storage [6]. At the same time, the 

demand for hydrogen in refineries  used extensively in hydrotreating and hydrocracking  continues to grow as cleaner 

fuels and stricter product specifications become the norm. This trend elevates the importance of blue hydrogen, 

produced via reforming technologies coupled with CO2 capture, as a pragmatic low-carbon alternative that can be 

deployed at scale with relatively lower cost and faster timelines compared to green hydrogen [7]. 

The integration of CCUS and blue hydrogen not only reduces direct emissions but also transforms the refinery into a 

more flexible, future-ready energy system [8]. By leveraging shared CO2 handling infrastructure and aligning 

hydrogen production with decarbonization priorities, these technologies provide synergistic pathways that enhance 

overall process efficiency and accelerate progress toward net-zero objectives. Despite these advantages, deployment 

is often constrained by economic, technical, regulatory, and operational challenges that must be addressed before 

widespread adoption is feasible [9, 10]. 

This review article examines the key emission sources in refining and gas processing, assesses the technological 

readiness and integration potential of major carbon capture approaches, and evaluates the role of blue hydrogen as a 

low-carbon fuel and feedstock. It further explores CO2 utilization and storage options, economic and policy drivers, 

and lessons learned from industrial case studies. Through this analysis, the paper aims to provide a comprehensive 

understanding of how CCUS and blue hydrogen can jointly support a phased and realistic decarbonization pathway 

for refining and gas processing industries. 

Table 1 provides a high-level comparison of key decarbonization pathways for refining and gas processing, 

highlighting their relative technology maturity, cost, scalability, and potential for CO₂ emissions reduction. 

Table 1 Comparison of Decarbonization Pathways for Refining and Gas Processing [11-14]. 

Decarbonization 

Pathway 

Technology Readiness 

Level 

Relative Cost Scalability Typical CO2 

Emissions 

Reduction 

Potential 

CCUS (Carbon 

Capture, Utilization, 

and Storage) 

High (commercially 

deployed in industrial 

settings) 

Medium–High 

(capture, 

compression, 

transport, storage) 

High for point sources 

with concentrated CO₂ 

streams 

~50–90% reduction 

at targeted units 

(e.g., SMR, FCC, 

AGR) 

Blue Hydrogen 

(SMR/ATR + CCUS) 

High–Medium 

(commercial to early 

large-scale 

deployment) 

Medium (lower than 

green hydrogen, 

higher than grey) 

High (leverages existing 

gas and hydrogen 

infrastructure) 

~60–90% reduction 

in hydrogen-related 

emissions 



Green Hydrogen 

(Electrolysis + 

renewables) 

Medium (rapidly 

advancing, limited 

large-scale industrial 

use) 

High (electrolyzers + 

renewable electricity) 

Medium (constrained by 

renewable power 

availability and cost) 

~90–100% 

reduction (near-zero 

direct emissions) 

Electrification (e-

heaters, electric drives) 

Medium 

(demonstration to early 

commercial) 

Medium–High 

(equipment and 

power infrastructure) 

Medium (limited by 

high-temperature heat 

demand and grid 

capacity) 

~30–70% reduction 

depending on 

electricity carbon 

intensity 

Energy Efficiency & 

Process Optimization 

Very High (widely 

implemented best 

practice) 

Low–Medium (often 

cost-effective) 

High (applicable across 

all facilities) 

~5–20% site-wide 

reduction 

 

2. CO2 Emission Sources in Refineries and Gas Processing Plants 

Refineries and natural gas processing facilities are inherently energy-intensive operations characterized by numerous 

combustion-driven and process-related emission sources [15]. These emissions arise from both direct fuel combustion 

and chemical conversion pathways, making the sector one of the largest contributors to global industrial CO2 output 

[16]. A significant portion of refinery emissions originates from stationary combustion units, such as fired heaters, 

boilers, and furnaces, which supply the high-temperature heat required for distillation, cracking, reforming, and other 

thermally demanding processes [17]. These units typically rely on natural gas or refinery fuel gas and generate large 

volumes of flue gas with relatively low CO2 concentrations, posing challenges for cost-effective capture [18]. In 

natural gas processing plants, similar heater systems are employed for dehydration, regeneration, and gas sweetening 

processes, forming an important fraction of the site-wide carbon footprint. 

Another dominant emission source is the production of hydrogen, primarily through steam methane reforming (SMR) 

or autothermal reforming (ATR) [19]. Hydrogen units are among the most carbon-intensive operations in a refinery 

because the reforming reactions inherently release CO2, in addition to the combustion emissions from reformer heaters 

[20]. The process gas from SMR contains CO2 at significantly higher concentrations than typical flue gas, making it 

a more attractive candidate for carbon capture, yet hydrogen demand continues to rise due to stricter fuel specifications 

and expanded hydrotreating capacity [21]. This trend places hydrogen production at the center of refinery 

decarbonization strategies [13]. 

Refineries also generate CO2 from fluid catalytic cracking (FCC) regenerators, where coke deposited on catalyst 

surfaces is burned off, producing a concentrated CO2 stream mixed with nitrogen and flue gases [22]. Although the 

FCC regenerator contributes a relatively smaller share of total emissions compared to combustion units or hydrogen 

plants, its high CO2 concentration stream is of strategic interest due to its capture potential [23]. Additional emissions 

arise from amine-based acid gas removal (AGR) and sulfur recovery units (SRUs), where CO2 is co-produced during 

the removal of H2S from natural gas or refinery off-gases [24, 25]. These streams can vary in concentration depending 

on feed composition and operating conditions, adding complexity to capture system integration [26]. 

In gas processing plants, acid gas removal systems used for treating sour natural gas are among the most consistent 

point sources of process CO2  [27]. The regeneration of solvents (such as MEA, MDEA, or hybrid solvents) releases 



CO2-rich gas streams that may be vented or directed to sulfur recovery units [28]. Depending on reservoir conditions 

and gas composition, these emissions can be substantial. Plants also rely on compression, dehydration, and 

liquefaction systems, which require significant power, often supplied by gas turbines or engines that add further 

combustion-related CO2 emissions [29]. 

Overall, the emission profile of refineries and gas processing plants is diverse, comprising both concentrated and dilute 

CO2 streams [30]. Concentrated sources  such as SMR syngas, FCC regenerator off-gas, and amine regeneration vents  

present clear opportunities for efficient carbon capture [12]. In contrast, dilute and distributed sources, especially 

combustion flue gases, remain more technically and economically challenging [31]. Understanding the relative 

contribution of each emission source is essential for designing an optimized carbon mitigation strategy that integrates 

capture technologies with minimal disruption to plant operations. As the industry moves toward net-zero objectives, 

prioritizing high-purity CO2 streams while advancing technologies for lower-concentration sources becomes a critical 

step in achieving meaningful emissions reductions [32]. 

Table 2 summarizes the typical CO2 concentrations, operating conditions, and capture potential of major emission 

streams in refinery and gas processing facilities. 

Table 2 CO2 Concentrations and Flow Characteristics of Key Process Streams in Refineries and Gas [33-35]. 

Process Stream Typical CO2 

Concentration 

(vol%) 

Temperature 

Range (°C) 

Pressure 

Range (bar) 

Capture Potential 

SMR Syngas 15–25% 200–400 15–30 Very High – high CO2 partial pressure 

and stable flow make it highly suitable 

for pre-combustion capture 

CCR/FCC 

Regenerator Off-

Gas 

10–20% 650–750 ~1–2 High – relatively concentrated CO2 

stream, though high temperature and 

particulates require conditioning 

Flue Gas from 

Heaters and Boilers 

3–8% 120–250 ~1 Moderate – dilute CO2 concentration 

leads to higher capture cost and energy 

penalty 

Amine 

Regeneration Vents 

(AGR) 

5–15% 90–120 ~1–2 High – consistent, moderately 

concentrated CO2 stream well suited for 

post-combustion capture 

Gas Turbine 

Exhaust 

3–5% 450–550 ~1 Low–Moderate – low CO2 concentration 

and high exhaust temperature challenge 

economic capture 

Note: Actual CO2 concentrations and flow conditions vary with feedstock composition, operating severity, and plant 

design. High-pressure and high-concentration streams such as SMR syngas and amine regeneration vents generally 

offer the most cost-effective capture opportunities, while combustion-based sources remain more challenging. 

Figure 1 shows the main CO2 emission sources in refinery and gas processing facilities, highlighting the contrast 

between concentrated process streams and dilute combustion-related emissions. 



 

Fig. 1 Schematic of CO2 emission sources in refinery & gas processing facilities. 

3. Carbon Capture Technologies: Applicability and Integration 

Carbon capture technologies have evolved significantly over the past two decades, offering a diverse suite of solutions 

capable of addressing the wide range of CO2 concentrations present in refineries and natural gas processing plants. 

These technologies are broadly classified into post-combustion, pre-combustion, and oxy-fuel methods, each with 

distinct operating principles, technical maturity levels, and integration requirements. Among these, post-combustion 

capture remains the most widely deployed in industrial decarbonization due to its compatibility with existing 

combustion-based infrastructure [36]. These systems typically employ chemical solvents  such as amines, ammonia, 

or emerging non-aqueous blends  to selectively absorb CO2 from flue gas streams [37]. Their ability to retrofit onto 

diverse emission points makes them a flexible option for refineries; however, the relatively low CO2 concentration of 

flue gas increases energy consumption for solvent regeneration, contributing to the overall energy penalty of capture 

[38]. 

Pre-combustion capture, by contrast, targets CO2 before combustion occurs and is particularly well-suited for 

processes involving synthesis gas production, such as SMR, ATR, and gasification. In these systems, CO2 is removed 

from a high-pressure, high-concentration syngas mixture using physical solvents or adsorption-based technologies, 

resulting in more efficient and cost-effective capture compared to post-combustion methods. This makes pre-

combustion capture a strategic lever in facilities with large hydrogen production units, where integrating CO2 removal 

from process gas can significantly reduce the carbon intensity of hydrogen  forming the basis of blue hydrogen 

pathways. Moreover, because capture occurs upstream of combustion, the resulting fuel  typically hydrogen  can then 

be used in low-carbon energy systems across the refinery [36]. 

Oxy-fuel combustion represents another pathway in which fuel is burned in nearly pure oxygen instead of air, resulting 

in a flue gas stream composed mainly of CO2 and water vapor. Although this simplifies downstream CO2 separation, 

the technology is less commonly applied in refineries due to the high capital cost and energy requirements of air 

separation units [39]. Nevertheless, oxy-fuel systems remain of interest for certain process heaters and FCC units 



where streamlined CO2 separation could justify the investment, particularly when integrated with broader facility 

electrification strategies [40]. 

In parallel with these established methods, emerging capture technologies  including advanced polymeric and inorganic 

membranes, solid sorbents, ionic liquids, and cryogenic separation systems  are being developed to improve efficiency, 

reduce energy consumption, and lower overall costs [41]. Membrane-based capture, for example, offers a compact 

and modular option ideal for process gas streams with elevated CO2 concentrations, though performance limitations 

at low partial pressures remain a challenge. Solid sorbents and metal–organic frameworks (MOFs) present 

opportunities for high-selectivity, low-energy CO2 capture, while cryogenic systems may provide competitive 

solutions for natural gas processing applications where low temperatures are already integral to operations [42]. 

Integrating carbon capture technologies into refinery and gas processing plant operations involves careful 

consideration of energy balance, equipment layout, and process interactions. Capture systems increase overall energy 

demand, often requiring additional steam, electricity, or heat, which can alter utility configurations and necessitate 

new low-carbon energy sources. Space constraints within existing units can limit the feasibility of large capture 

installations, especially in older facilities with tightly packed process areas. Additionally, the introduction of CO2 

compression, dehydration, and transportation systems requires coordination with downstream infrastructure for 

pipeline or storage integration. Despite these challenges, successful deployment of capture technologies can 

significantly reduce facility-wide emissions, especially when prioritized for high-purity process streams such as 

hydrogen reformer syngas, FCC regenerator off-gas, and amine regeneration vents [43]. 

Ultimately, the selection and integration of carbon capture technologies must balance technical feasibility, cost-

effectiveness, energy impacts, and alignment with long-term decarbonization strategies. As innovations continue to 

reduce energy penalties and enhance capture efficiency, the compatibility of these systems with existing refinery and 

gas processing operations will strengthen, enabling wider adoption and accelerating the transition toward low-carbon 

industrial systems. 

Table 3 compares major carbon capture technologies in terms of efficiency, energy demand, cost, maturity, and 

suitability for different refinery and gas processing emission streams. 

Table 3 Comparison of Carbon Capture Technologies for Refining and Gas Processing Applications [44-46]. 

Capture 

Technology 

Capture 

Efficiency 

Energy 

Requirement 

Integration 

Complexity 

Typical Cost 

Range 

(USD/tCO2) 

Technology 

Maturity 

Suitable 

Emission 

Streams 

Post-

combustion 

(Chemical 

Absorption – 

Amines) 

High (85–

95%) 

High (solvent 

regeneration) 

Medium–High 

(retrofit 

challenges, 

utilities demand) 

~50–120 Commercial Flue gas from 

heaters, boilers, 

gas turbines 

Pre-

combustion 

(Physical 

Solvents / Shift 

+ Capture) 

Very High 

(90–95%) 

Medium Medium (best 

integrated with 

reforming units) 

~30–70 Commercial SMR/ATR 

syngas, 

hydrogen 

production units 



Oxy-fuel 

Combustion 

Very High 

(>95%) 

Very High (air 

separation 

unit) 

High (major 

process 

modification) 

~70–150 Demonstration–

Early 

commercial 

Heaters, FCC 

units (select 

applications) 

Membrane 

Separation 

Medium–

High (60–

90%) 

Low–Medium Low–Medium 

(modular 

design) 

~40–90 Pilot–Early 

commercial 

Syngas, high-

pressure process 

gas 

Solid Sorbents 

/ Adsorption 

High (80–

95%) 

Medium–Low Medium ~40–100 Pilot–

Demonstration 

Flue gas, 

process vents 

Cryogenic 

Separation 

Very High 

(>95%) 

High (cooling 

demand) 

High ~60–130 Pilot High-CO2 

natural gas, 

low-temperature 

process streams 

Note: Cost ranges and performance depend strongly on CO2 concentration, pressure, scale, energy prices, and 

integration level. In refinery and gas processing applications, pre-combustion capture is generally the most cost-

effective for hydrogen units, while post-combustion capture offers the greatest retrofit flexibility. 

Figure 2 illustrates the main carbon capture technology pathways in refinery applications, comparing post-combustion, 

pre-combustion, and oxy-fuel combustion in terms of capture location and energy requirements. 

 

Fig. 2 Comparison of carbon capture technologies in refinery applications. 

4. Blue Hydrogen as a Low-Carbon Fuel and Feedstock 

The growing emphasis on decarbonizing industrial sectors has positioned blue hydrogen  produced from fossil fuels 

with integrated carbon capture  as a central component of low-carbon strategies for refineries and natural gas 

processing plants. Hydrogen has long played a critical role in refining operations, particularly in hydrotreating and 

hydrocracking units that remove sulfur, saturate aromatics, and upgrade heavy fractions into lighter, cleaner fuels. As 

energy transition policies tighten fuel specifications and demand for low-emission products increases, hydrogen 



consumption within refineries continues to rise. However, conventional hydrogen production through SMR or ATR 

remains carbon-intensive due to both process-related emissions and combustion requirements. Blue hydrogen 

pathways mitigate these emissions by integrating CO2 capture into hydrogen production systems, thereby significantly 

lowering the carbon intensity of an essential industrial feedstock [47]. 

SMR-based blue hydrogen typically leverages two main CO2 capture points: the high-concentration syngas stream 

leaving the reformer and the lower-concentration flue gas from reformer heaters. Capturing CO2 from syngas is 

generally more efficient due to its elevated pressure and higher CO2 content, allowing for the use of physical solvents 

or advanced capture technologies with lower energy consumption. ATR-based blue hydrogen offers an even more 

favorable configuration because it produces a syngas stream with higher CO2 partial pressure and reduced dependency 

on fired heaters, resulting in a more capture-friendly process layout [48]. These features have elevated as a preferred 

technology for large-scale blue hydrogen projects, especially in regions prioritizing deep decarbonization [49, 50]. 

Comparatively, grey hydrogen  produced without any CO2 capture  remains the most carbon-intensive and is 

increasingly incompatible with long-term emissions reduction goals. Green hydrogen, produced via electrolysis 

powered by renewable energy, offers a near-zero-carbon alternative but currently faces economic and scalability 

constraints due to high capital costs, variable renewable energy availability, and the need for substantial grid or 

renewable energy expansion [51, 52]. Blue hydrogen therefore occupies a pragmatic middle ground, providing 

substantial emissions reductions while leveraging existing natural gas supply chains and reforming infrastructure [53]. 

This balance makes it particularly attractive for refineries and gas processing plants seeking low-carbon solutions that 

can be deployed within short to medium timeframes [54]. 

Beyond its use as a feedstock, blue hydrogen can also serve as a low-carbon fuel within refineries, replacing natural 

gas and refinery fuel gas in fired heaters, boilers, and other combustion systems [55]. While challenges remain  

including burner retrofits, flame stability, NOₓ emissions control, and hydrogen distribution infrastructure  this fuel-

switching strategy offers a promising pathway to reduce combustion-related emissions, which represent a considerable 

portion of refinery CO2 output. Additionally, blue hydrogen aligns naturally with CCUS deployment, as the CO2 

captured from hydrogen production can be routed into shared compression, transportation, and storage infrastructure, 

enhancing economies of scale and reducing project-level costs [4]. 

The synergistic relationship between hydrogen demand and carbon capture infrastructure strengthens the case for blue 

hydrogen as an enabling technology for refinery decarbonization. By anchoring early CCUS investments, hydrogen 

production can provide consistent, high-purity CO2 streams that justify the development of broader CO2 pipeline and 

storage networks. In turn, these networks can later support additional capture projects across other refinery units or 

neighboring industrial facilities, accelerating regional decarbonization. This interoperability positions blue hydrogen 

not only as a fuel and feedstock solution but also as a strategic foundation for long-term low-carbon industrial 

ecosystems [56]. 

Nevertheless, the deployment of blue hydrogen is not without challenges. High capital costs, energy penalties 

associated with capture and compression, uncertainties in natural gas pricing, and evolving policy frameworks all 

influence project viability [57, 58]. Ensuring that methane leakage throughout the natural gas supply chain remains 

minimal is also essential for blue hydrogen to deliver genuine climate benefits. Despite these hurdles, continued 



technological advancements, supportive policies, and economies of scale are expected to strengthen the 

competitiveness of blue hydrogen and secure its role as a cornerstone of near-term refinery and gas processing 

decarbonization efforts [59, 60]. 

Table 4 compares SMR-CCUS and ATR-CCUS blue hydrogen systems, highlighting differences in capture 

configuration, efficiency, carbon intensity, and integration characteristics. 

Table 4 Key Parameters for SMR-CCUS and ATR-CCUS Blue Hydrogen Systems [61, 62]. 

Parameter SMR-CCUS ATR-CCUS 

Reformer Type Steam Methane Reformer with fired tubular 

reactor 

Autothermal Reformer with partial 

oxidation 

Typical Hydrogen Output Medium–High (widely used in refineries) High (suited for large-scale hydrogen 

production) 

Main CO₂ Capture Points Syngas CO2 + reformer flue gas Syngas CO2 (single, high-concentration 

stream) 

Typical CO₂ Capture Rate 60–90% (higher with dual-point capture) 90–95% 

Resulting Hydrogen Carbon 

Intensity 

~2–5 kg CO2/kg H₂ ~1–3 kg CO2/kg H₂ 

Energy Requirement High (steam generation + fired heaters) Medium (reduced external firing) 

Integration Complexity Medium–High (multiple capture units, 

retrofits) 

Medium (simpler capture configuration) 

Scalability High (established technology base) Very High (favored for hydrogen hubs) 

Typical Applications Existing refineries and gas processing 

plants 

New-build or large-scale blue hydrogen 

projects 

Note: Actual capture rates and carbon intensities depend on natural gas composition, methane leakage, capture scope 

(process-only vs. full-system), and downstream CO2 transport and storage infrastructure. 

Figure 3 illustrates an integrated decarbonization framework for refineries and gas processing plants, combining 

CCUS with blue hydrogen production and shared CO₂ transport and storage infrastructure. 



 

Fig. 3 Integrated decarbonization system using CCUS and blue hydrogen. 

5. CO2 Utilization and Storage Options 

The successful implementation of carbon capture technologies in refineries and gas processing plants depends not 

only on the ability to capture CO2 efficiently but also on the availability of viable pathways for its utilization or long-

term storage. Once captured, CO2 can be routed toward utilization, where it serves as a feedstock in industrial 

processes, or toward geological storage, where it is sequestered in subsurface formations for permanent removal from 

the atmosphere. Each pathway presents distinct opportunities and challenges, and selection often depends on regional 

infrastructure, regulatory frameworks, and market conditions [63]. 

CO2 utilization has gained considerable attention as a means of transforming captured CO2 into valuable products, 

thereby offsetting some capture and compression costs. In the oil and gas sector, enhanced oil recovery (EOR) remains 

the most mature utilization pathway. EOR operations inject CO2 into depleted oil reservoirs to mobilize residual 

hydrocarbons, improving extraction efficiency while storing a portion of the injected CO2 underground. Although 

EOR can provide near-term economic incentives, its deployment is geographically constrained to regions with suitable 

reservoirs and may be viewed as counterproductive to long-term climate goals due to the additional oil produced [64]. 

Beyond EOR, emerging utilization routes include methanol synthesis, urea production, carbonation of industrial 

wastes, and mineralization for concrete curing. These processes demonstrate potential for integrating captured CO2 

into chemical and building material value chains; however, their global scale remains limited compared to the volume 

of CO2 generated by refineries and gas plants, making them complementary rather than comprehensive solutions [65-

67]. 

Given the limited capacity of utilization markets, geological storage is expected to play a dominant role in large-scale 

decarbonization efforts. Suitable storage formations include deep saline aquifers, depleted oil and gas reservoirs, and 

unmineable coal seams [68]. Saline aquifers  in particular  offer vast storage potential and broad geographic availability, 

positioning them as the backbone of long-term CO2 sequestration strategies [69, 70]. Safe and effective storage 

requires careful site selection, reservoir characterization, and long-term monitoring to ensure containment integrity 

and mitigate risks of leakage. Regulatory frameworks governing CO2 injection wells, environmental impact 



assessments, and pore space ownership vary across jurisdictions, influencing project timelines and permitting 

complexity [71]. Despite these challenges, successful commercial-scale storage projects have demonstrated the 

technical feasibility and long-term reliability of geological CO2 sequestration [72]. 

Transport infrastructure represents an essential link between capture sites and utilization or storage facilities [73]. CO2 

can be transported via pipelines, shipping, or truck-based systems, with pipelines being the most efficient option for 

continuous high-volume flows [74]. Developing CO2 pipeline networks involves substantial capital investment and 

regulatory review but provides the backbone for regional industrial decarbonization hubs [75]. In many regions, shared 

CO2 transportation corridors are being proposed to reduce costs and enable multiple emitters to access storage sites 

[76]. Shipping offers a flexible alternative for long-distance or offshore transport, especially where pipeline routes are 

impractical. However, liquefaction, port infrastructure, and logistics requirements can increase overall system 

complexity [77]. 

The integration of CO2 utilization and storage pathways strengthens the feasibility of CCUS at refineries and gas 

processing plants by ensuring that captured CO2 has a reliable and economically viable destination. While utilization 

pathways may evolve as new markets and technologies emerge, geological storage will remain central to achieving 

meaningful global CO2 reductions due to its scalability and permanence. As CCUS deployment grows, coordinated 

development of capture technologies, transportation infrastructure, regulatory frameworks, and storage capacity will 

be essential to support sustained decarbonization across the refining and gas processing sectors. 

Table 5 compares major CO2 utilization routes based on their maturity, scale potential, economic value, and suitability 

for refinery and gas processing CO2 streams. 

Table 5 Comparison of CO2 Utilization Routes Relevant to Refining and Gas Processing [78-80]. 

CO2 Utilization 

Route 

Technology 

Readiness Level 

(TRL) 

Scale Potential Typical CO2 

Consumption 

Rate 

Economic 

Value 

Applicability to 

Refinery CO2 Streams 

Enhanced Oil 

Recovery (EOR) 

High 

(Commercial) 

High (regional, 

reservoir-

dependent) 

High (0.3–0.6 t 

CO2/bbl oil) 

High (oil 

revenue) 

High – compatible with 

large, continuous CO2 

flows 

Methanol 

Synthesis 

Medium–High Medium Moderate (1.4–1.6 

t CO2/t methanol) 

Medium Moderate – requires 

high-purity CO2 and 

hydrogen 

Urea Production High 

(Commercial) 

Medium High (0.7–0.8 t 

CO2/t urea) 

Medium Moderate – limited by 

ammonia demand and 

market size 

Mineralization / 

Carbonation 

Medium Low–Medium Low–Moderate Low–

Medium 

Low – better suited for 

niche or local 

applications 



Synthetic Fuels 

(Power-to-Liquids) 

Low–Medium Low (early-

stage) 

Moderate Low (high 

cost) 

Low – constrained by 

hydrogen availability 

and cost 

Note: While CO2 utilization can provide economic benefits and support early CCUS deployment, its overall capacity 

is limited relative to refinery-scale CO2 emissions, making geological storage essential for large-scale decarbonization. 

Figure 4 illustrates the CO2 utilization and storage pathways following capture, highlighting compression, transport, 

industrial utilization options, and long-term geological sequestration. 

Figure 5 shows the schematic of CO2 injection and long-term storage in a deep saline aquifer with caprock containment 

and monitoring. 

 

Fig. 4 CO2 capture, transport, utilization, and storage pathways in refinery and gas processing decarbonization. 

 

Fig. 5 Geological CO₂ storage in a deep saline aquifer showing plume migration and caprock containment. 

6. Economic, Policy, and Regulatory Landscape 



The economic feasibility of deploying CCUS systems and blue hydrogen production in refineries and gas processing 

plants is shaped by a complex interplay of capital costs, operational expenditures, energy requirements, and evolving 

policy incentives. CCUS projects typically involve substantial upfront investment for capture units, CO2 compression, 

transportation, and storage infrastructure. Operating costs are heavily influenced by energy consumption  particularly 

for solvent regeneration and CO2 compression  which can significantly affect the marginal cost of captured CO2. The 

resulting levelized cost of CO₂ abatement varies widely depending on the concentration of CO2 sources, plant 

configuration, regional energy prices, and integration opportunities [81]. Blue hydrogen economics similarly depend 

on reformer efficiency, natural gas pricing, and the cost and scale of CO2 capture systems [82]. Despite these costs, 

CCUS and blue hydrogen often remain among the most cost-effective pathways for reducing emissions in hard-to-

abate industries, especially when compared to deeper structural changes such as full electrification or rapid green 

hydrogen substitution. 

Policy mechanisms play a critical role in improving CCUS and blue hydrogen project viability by addressing economic 

barriers and creating long-term investment certainty [83]. Carbon pricing instruments  such as emissions trading 

systems, carbon taxes, or performance-based standards  directly influence the competitiveness of CCUS by increasing 

the cost of emitting CO2 [84]. In regions with stringent carbon pricing, investment in capture technologies becomes 

increasingly attractive as companies seek to minimize compliance costs. Beyond carbon pricing, government 

incentives and subsidies have emerged as powerful drivers of deployment. For example, the U.S. federal 45Q tax 

credit provides substantial financial support for each tone of CO2 stored or utilized, dramatically improving the 

economics of large-scale CCUS installations [85, 86]. Similar mechanisms are being implemented globally, including 

contracts for difference (CfDs), low-carbon hydrogen production credits, and capital grants supporting early-stage 

infrastructure development [87]. These policies form the backbone of market creation for low-carbon hydrogen by 

narrowing the cost gap between blue, grey, and green hydrogen pathways. 

Regulatory frameworks surrounding CCUS and hydrogen infrastructure significantly affect project timelines, risk 

profiles, and investor confidence. Permitting requirements for CO2 injection wells, subsurface storage, and pipeline 

construction involve rigorous environmental assessments, long-term monitoring plans, and demonstration of 

geological integrity [88]. These regulatory processes, while essential for ensuring safety and environmental protection, 

can extend project development cycles and introduce uncertainty. In addition, policies governing pore space 

ownership, liability for long-term CO2 storage, and financial responsibility for post-closure monitoring vary across 

jurisdictions, influencing the attractiveness of CCUS investments. For blue hydrogen, regulations concerning 

hydrogen purity standards, safety codes for high-pressure storage and transport, and certification schemes for “low-

carbon” labeling are still evolving, which can create ambiguity for producers and end users. 

Market structure and infrastructure readiness also shape the deployment landscape. Regions with existing CO2 

pipelines, favorable geology, and supportive policy frameworks are better positioned to develop CCUS hubs that 

aggregate emissions from multiple industrial sites. These hubs reduce transportation and storage costs through 

economies of scale and foster cross-sector collaboration [89]. Likewise, the emergence of hydrogen hubs  regions 

where hydrogen production, distribution, and consumption are co-located  supports the commercialization of blue 



hydrogen by providing reliable demand and reducing logistical challenges. However, in regions lacking these shared 

infrastructures, standalone projects may face higher costs and greater financial risk. 

Despite clear progress, a number of challenges persist. Uncertainty in long-term carbon pricing, variability in policy 

support across regions, and public perception concerns surrounding geological CO2 storage can limit deployment [90]. 

Moreover, global inconsistencies in hydrogen certification standards may impede market harmonization and 

international trade of low-carbon hydrogen [91]. Addressing these barriers requires coordinated action from 

policymakers, industry stakeholders, and regulatory agencies to establish predictable frameworks that support 

investment, streamline permitting, and create robust markets for low-carbon products. 

Overall, the economic, policy, and regulatory landscape plays a decisive role in enabling the large-scale adoption of 

CCUS and blue hydrogen technologies. With well-designed incentives, stable regulations, and coordinated 

infrastructure development, these solutions can become integral components of cost-effective decarbonization 

strategies for refineries and gas processing facilities. 

Table 6 presents a comparison of the levelized cost of CO2 abatement for major decarbonization options in refineries, 

highlighting relative cost-effectiveness and deployment readiness. 

Table 6 Levelized Cost of Abatement for Major Decarbonization Options in Refineries [11, 12, 92]. 

Decarbonization 

Option 

Typical Abatement 

Cost (USD/tCO2) 

Cost Drivers Technology 

Maturity 

Deployment Outlook 

CCUS on SMR 

(Process Gas Capture) 

~30–70 High CO2 concentration, 

compression, storage 

access 

Commercial Highly attractive for 

near-term deployment 

CCUS on Flue Gas 

(Heaters/Boilers) 

~60–120 Low CO2 concentration, 

energy penalty 

Commercial Moderate, dependent 

on carbon pricing 

Blue Hydrogen 

(SMR/ATR + CCUS) 

~40–90 Natural gas price, capture 

scope, scale 

Commercial–Early 

large-scale 

Strong near- to mid-

term option 

Green Hydrogen 

(Electrolysis) 

~100–250 Electricity cost, 

electrolyzer CAPEX 

Early commercial Long-term potential as 

costs declines 

Energy Efficiency 

Upgrades 

~0–40 Retrofit scope, operational 

optimization 

Very high First priority, limited 

total impact 

Table 7 summarizes key regional regulatory requirements governing CO2 transport and storage, including permitting 

processes, monitoring obligations, liability arrangements, and pore space ownership. 

Table 7 Regulatory Requirements for CO2 Transport and Storage Across Regions [93-95]. 

Region CO2 Transport Permitting Monitoring 

Duration 

Long-Term Liability Pore Space 

Ownership 

United States Federal & state permits 

(e.g., Class VI wells) 

20–50 years post-

closure 

Transfer to state after 

closure (varies) 

Generally surface 

owner 



European 

Union 

EU CCS Directive + 

national permits 

≥20 years (site-

specific) 

Operator initially, 

potential state transfer 

State-owned or 

regulated 

United 

Kingdom 

North Sea Transition 

Authority (NSTA) 

Decades, risk-based Government after transfer Crown/state 

ownership offshore 

Canada Provincial regulation (e.g., 

Alberta) 

Long-term, defined 

by regulator 

Liability transfer to 

province 

Crown ownership 

Middle East 

(GCC) 

Emerging frameworks Case-by-case Typically, state-owned State ownership 

 

7. Case Studies and Industrial Pilots 

Industrial case studies and pilot projects provide critical insights into the practical implementation of CCUS and blue 

hydrogen systems, demonstrating both the feasibility and challenges of integrating these technologies into complex 

refinery and gas processing operations. Across the globe, several pioneering initiatives have shown how large-scale 

CO2 capture and low-carbon hydrogen production can be successfully executed when supported by adequate 

infrastructure, technical expertise, and policy frameworks. These real-world examples serve as benchmarks for future 

deployments and illustrate the lessons learned from early adopters. 

One of the most notable examples is ExxonMobil’s Baytown CCS initiative in the United States, which has explored 

capturing CO2 from hydrogen production units within one of the largest integrated refining and petrochemical 

complexes in the world. The project highlights the potential of targeting concentrated CO2 streams from SMRs, where 

capture efficiency is high and integration with existing hydrogen production infrastructure is relatively 

straightforward. Lessons from Baytown emphasize the importance of careful heat integration, optimization of steam 

supply, and rigorous assessment of CO2 compression and pipeline design. The initiative has also contributed to the 

conceptual development of large-scale industrial CO2 hubs along the U.S. Gulf Coast, demonstrating how anchor 

projects in the refining sector can catalyze broader regional CCUS deployment [96]. 

In Europe, Equinor, Shell, and TotalEnergies have advanced blue hydrogen production through the Refhyne and 

broader Northern Lights/Longship initiatives, which form part of Norway’s flagship national decarbonization strategy. 

These projects integrate large-scale electrolyzers and reforming units with CO2 transport and offshore geological 

storage. Although Refhyne is primarily focused on green hydrogen, it provides essential operational experience related 

to hydrogen integration into refinery processes, which directly informs the design of blue hydrogen systems. 

Meanwhile, the Northern Lights project represents one of the world’s first open-access CO2 transport and storage 

networks, offering a scalable model for regional CO2 handling infrastructure [97]. The initiative demonstrates how 

coordinated policy support and public-private partnerships can overcome early-stage financial risks and facilitate 

multi-industry decarbonization. 

In the Middle East, the Al Reyadah project in the United Arab Emirates  developed by ADNOC and Masdar  stands out 

as the first commercial-scale CCUS project in the region capturing CO2 from a steel production facility and integrating 

it into EOR operations [98].   Although not refinery-based, Al Reyadah provides valuable lessons on CO2 capture from 

high-purity industrial streams, large-scale compression and dehydration systems, and long-distance CO2 transport. Its 

success demonstrates the viability of CCUS in regions with strong EOR demand and suitable geological reservoirs, 



paving the way for future refinery-specific applications across the Gulf region. ADNOC is currently expanding CCUS 

deployment to its gas processing operations, showing how captured CO2 from amine regeneration units can be 

efficiently routed into regional sequestration networks [99]. 

Other notable industrial pilots  including Canada’s Shell Quest CCS project, the Port Arthur hydrogen capture system, 

and various refinery-scale pilot plants in Asia  underscore the importance of long-term monitoring, solvent 

management, operational reliability, and the need for skilled workforce training. These pilots have consistently shown 

that targeting high-purity CO2 sources yields the most cost-effective capture performance, while retrofitting distributed 

combustion sources remains technically feasible but economically challenging [100]. They also highlight the 

significance of modular system design, adaptability to varying CO2 load conditions, and the benefits of digital 

monitoring tools for predictive maintenance and process optimization. 

Collectively, these case studies illustrate that the technology for CCUS and blue hydrogen is commercially available 

and capable of integrating into existing refinery and gas processing systems. However, their success depends heavily 

on supportive government policies, robust CO2 transport and storage infrastructure, and long-term economic certainty. 

The lessons learned from these early deployments provide invaluable guidance for scaling up CCUS and blue 

hydrogen across the global refining sector and help refine best practices for future large-scale decarbonization projects. 

Table 8 summarizes key lessons from industrial CCUS and hydrogen pilot projects, highlighting integration 

challenges, performance outcomes, cost drivers, and scalability considerations. 

Table 8 Key Lessons Learned from Industrial CCUS and Hydrogen Pilot Projects [8, 101, 102]. 

Aspect Key Lessons Learned Implications for Future Deployment 

Integration with Existing 

Units 

Retrofit complexity is high, particularly in space- 

and utility-constrained refineries 

Early integration planning and modular 

designs are critical 

CO2 Capture 

Performance 

High-purity, high-pressure streams consistently 

achieve the highest capture efficiencies 

Prioritizing SMR syngas and AGR vents 

improves cost-effectiveness 

Capital and Operating 

Costs 

Energy demand for capture and compression 

dominates operating costs 

Access to low-carbon energy and heat 

integration is essential 

Operational Reliability Solvent management and corrosion control are key 

to long-term stability 

Robust materials selection and monitoring 

reduce downtime 

CO2 Transport and 

Storage Interface 

Lack of shared infrastructure limits scalability Industrial hubs and common pipelines 

enable economies of scale 

Hydrogen System 

Performance 

Blue hydrogen systems show strong reliability at 

scale 

ATR-based systems favor large, hub-based 

deployment 

Scalability and 

Replication 

Pilot success does not automatically translate to 

rapid scale-up 

Standardization and policy support are 

required for replication 

8. Challenges and Research Gaps 

Despite the growing momentum behind CCUS and blue hydrogen deployment, several technical, economic, and 

societal challenges continue to impede large-scale adoption within refineries and gas processing plants. These facilities 



possess complex, highly integrated systems that require careful coordination when introducing new technologies, and 

the resulting constraints often influence both operational feasibility and project economics. Understanding these 

barriers  and the research gaps that must be addressed  is essential for enabling the next generation of low-carbon 

industrial solutions. 

One of the most significant challenges is the high capital and operating cost associated with CO2 capture systems. 

Energy penalties for solvent regeneration, CO2 compression, and reformer integration remain substantial, often 

requiring upgrades to utility systems or the addition of new low-carbon energy sources to avoid offsetting emissions 

reductions [103]. These energy requirements not only increase operating expenses but also complicate heat integration 

efforts within refineries, where utility systems are already tightly optimized. Research is therefore needed to develop 

low-energy solvents, advanced sorbents, and high-selectivity membranes that can provide effective separation at lower 

thermal and electrical loads. Additionally, improved process intensification methods  such as catalytic membrane 

reformers and electrified reforming technologies  hold promise for reducing the overall energy footprint of blue 

hydrogen production [104]. 

Operational integration poses another set of challenges, particularly in older refineries with constrained layouts, legacy 

equipment, and limited space for additional infrastructure [47]. Retrofitting existing units with capture technology 

requires detailed engineering to ensure compatibility with flue gas conditions, utility demands, and safety requirements 

[105]. Variability in refinery operating conditions  driven by changes in crude feedstocks, product slates, and 

throughput  adds further complexity to designing capture systems that can maintain stable performance. Research in 

dynamic process modeling, flexible solvent systems, and adaptive control strategies is essential to address these real-

world operational uncertainties. 

From a systems perspective, the availability and reliability of CO2 transport and storage infrastructure remain major 

bottlenecks. Many regions lack dedicated CO2 pipeline networks or accessible geological storage sites, which limits 

the feasibility of stand-alone CCUS projects. Developing shared transport and storage hubs requires significant upfront 

investment and long-term policy coordination, yet these hubs are critical for enabling economies of scale. Moreover, 

long-term storage introduces technical uncertainties related to reservoir behavior, monitoring technologies, and the 

management of potential leakage risks. Research into subsurface modeling, real-time monitoring techniques, and risk 

assessment frameworks is vital to strengthen confidence in long-term storage integrity. 

Environmental and societal considerations also present important challenges. Ensuring low methane leakage across 

the natural gas supply chain is essential for blue hydrogen to deliver meaningful climate benefits [106]. Public 

acceptance of CO2 storage  particularly concerns surrounding induced seismicity, leakage, and long-term liability  can 

hinder project development despite strong technical foundations [107]. Addressing these concerns requires transparent 

communication, robust regulatory frameworks, and continued research into environmental impact assessment and 

community engagement strategies. 

Lastly, the refinement of techno-economic analyses, policy mechanisms, and market structures remains a critical 

research gap. Uncertainties around future carbon pricing, taxation policies, hydrogen certification standards, and 

international trade rules can limit investment in CCUS and blue hydrogen. Advanced economic modeling tools that 



capture dynamic energy markets, evolving regulatory environments, and cross-sectoral interactions are needed to 

guide decision-making at both project and policy levels [108]. 

In summary, while CCUS and blue hydrogen technologies are technically viable and increasingly demonstrated at 

commercial scale, numerous challenges still constrain their widespread adoption. Addressing these research gaps  

through advancements in capture technologies, system integration, storage reliability, environmental safeguards, and 

policy frameworks  will be essential for enabling robust, cost-effective, and socially acceptable decarbonization 

pathways for the refining and gas processing industries. 

9. Future Outlook and Strategic Recommendations 

The transition toward low-carbon refining and gas processing will rely heavily on the coordinated advancement of 

CCUS and blue hydrogen technologies, both of which are poised to play foundational roles in near- and mid-term 

decarbonization strategies [109]. Looking ahead, the integration of these technologies is expected to evolve from 

discrete, project-level deployments to system-wide decarbonization frameworks embedded across industrial clusters 

and regional energy networks. This shift will be driven by technological innovation, supportive policy environments, 

and growing demand for low-carbon fuels and products. As these pressures intensify, refineries and gas processing 

plants will need to adopt flexible, scalable solutions that balance operational reliability with ambitious emissions-

reduction targets. 

A key element of future decarbonization will involve the development of hybrid systems that combine CCUS, blue 

hydrogen, and renewable energy integration [110]. For example, leveraging renewable electricity to partially 

complement or displace steam and power demands can reduce the energy penalty traditionally associated with solvent 

regeneration and CO2 compression [111]. Similarly, blending blue and green hydrogen enables refiners to 

progressively reduce carbon intensity while preparing for broader adoption of renewable hydrogen as costs decline. 

In parallel, the electrification of refinery heaters, compressors, and auxiliary systems  paired with low-carbon hydrogen 

for high-temperature duties  can support a phased approach to decarbonization that optimizes both technical feasibility 

and cost-effectiveness [112]. 

At the infrastructure level, the emergence of CO₂ transport and storage hubs will be vital for enabling widespread 

CCUS deployment. These shared backbone networks reduce costs through economies of scale and open participation 

to smaller emitters who would otherwise face prohibitive barriers to entry. Refinery-based CO2 capture projects, 

particularly from hydrogen units and amine regeneration systems, can serve as anchor loads that justify investment in 

new pipeline systems and geological storage developments. Over time, these hubs can expand to incorporate multiple 

sectors  such as cement, steel, and power generation  creating integrated industrial ecosystems that steadily decarbonize 

entire regions. 

Policy frameworks will continue to play an indispensable role in shaping the pace and scope of CCUS and blue 

hydrogen adoption [113]. Clear, stable long-term carbon pricing mechanisms, hydrogen certification standards, and 

permitting processes are essential to stimulating investment and reducing uncertainty. Financial incentives, such as 

tax credits, capital grants, and contracts for difference, will remain critical tools for bridging cost gaps during the early 

phases of deployment. International cooperation will also become increasingly important as cross-border hydrogen 

trade expands and global markets for low-carbon products emerge. Ensuring consistent carbon accounting 



methodologies and emissions verification standards will help avoid market fragmentation and strengthen investor 

confidence. 

From a research and innovation standpoint, continued progress is needed in advanced capture technologies, low-

energy separation methods, and novel reactor designs that improve the overall efficiency of blue hydrogen production. 

Digitalization  including machine learning, real-time optimization, and predictive maintenance  will play a growing 

role in enhancing operational performance and reducing downtime [114]. In addition, research into the long-term 

behavior of geological formations, enhanced monitoring technologies, and risk mitigation methods will further 

reinforce public trust in CO2 storage as a safe and permanent solution. 

Strategically, refineries and gas processing plants must adopt a phased decarbonization roadmap that prioritizes high-

purity CO2 sources, aligns investments with evolving policies, and prepares infrastructure for future scaling [115]. 

Early adoption of CCUS on hydrogen production and gas processing units will deliver significant early emissions 

reductions, while broader deployment across combustion-based systems can follow as technologies mature and 

infrastructure expands. Collaboration among industry stakeholders, policymakers, technology developers, and 

research institutions will be essential to overcoming shared barriers and accelerating innovation [116]. 

Overall, the future of decarbonization in the refining and gas processing sectors will be defined by integrated, flexible, 

and forward-looking strategies that combine CCUS, blue hydrogen, and renewable energy solutions. As these 

technologies mature and supportive market conditions strengthen, they will form the backbone of a resilient and 

sustainable industrial energy system capable of meeting global climate goals while maintaining the essential role of 

refineries and gas processing plants in the energy landscape. 

Figure 6 presents a phased refinery decarbonization roadmap, illustrating short-, medium-, and long-term deployment 

of CCUS, blue hydrogen, and complementary low-carbon technologies. 

 

Fig. 6 Strategic roadmap phased refinery decarbonization (CCUS & blue Hydrogen). 

10. Conclusion 

The refining and natural gas processing industries face mounting pressure to reduce greenhouse gas emissions as 

global commitments to net-zero targets continue to strengthen. Within this context, CCUS and blue hydrogen 

production have emerged as pragmatic, scalable, and technologically mature pathways capable of delivering 



substantial near- and mid-term emission reductions. Together, these solutions address both process-related and 

combustion-related CO2 sources, offering a comprehensive approach to lowering the carbon intensity of essential 

industrial operations without requiring wholesale transformation of existing infrastructure. The analysis presented in 

this review illustrates that when strategically integrated, CCUS and blue hydrogen can play complementary and 

reinforcing roles in refineries and gas processing plants, enabling meaningful progress toward decarbonization while 

maintaining operational continuity and economic viability. 

Capture technologies  whether post-combustion, pre-combustion, or emerging alternatives  provide flexible options for 

targeting the diverse CO2 concentration streams found across industrial sites. Blue hydrogen, in particular, offers a 

low-carbon pathway for meeting the ever-increasing hydrogen demand in refineries, while simultaneously serving as 

a low-carbon fuel source for heaters and boilers. The synergies enabled by shared CO2 handling infrastructure and 

hydrogen production create a strong foundation for multi-unit decarbonization and can catalyze the development of 

broader regional CCUS networks [95]. Likewise, CO2 utilization pathways and geological storage provide the 

essential downstream components needed to ensure that captured CO2 is managed safely, reliably, and sustainably. 

Despite the clear potential of these technologies, significant challenges remain. High capital and operating costs, 

integration complexities, infrastructure limitations, regulatory uncertainties, and public acceptance issues must be 

addressed before large-scale deployment can be fully realized. The case studies highlighted in this review demonstrate 

that while early projects have validated the technical feasibility of CCUS and blue hydrogen, broader adoption will 

require continued innovation, policy support, and coordinated development of shared transportation and storage 

systems. Investments in research  particularly in low-energy capture systems, flexible integration strategies, and 

advanced monitoring technologies  will be crucial to overcoming existing barriers and improving system-level 

performance. 

Looking forward, CCUS and blue hydrogen are poised to become central pillars in the decarbonization strategies of 

carbon-intensive industries. Their deployment offers a realistic and actionable pathway for achieving substantial 

emission reductions while bridging the transition toward a more renewable-energy-dominated future. By adopting 

phased implementation roadmaps, leveraging cross-sector collaboration, and aligning with evolving policy and market 

frameworks, refineries and gas processing plants can transform their operations to meet climate objectives while 

maintaining their vital role in global energy and materials supply chains. Ultimately, the integration of CCUS and blue 

hydrogen represents not only a technical solution but also a strategic opportunity to enable a more resilient, sustainable, 

and low-carbon industrial future. 

Abbreviation 

Abbreviation Full form 

CCUS Carbon Capture, Utilization, and Storage 

SMR Steam Methane Reforming 

ATR Autothermal Reforming 

FCC Fluid Catalytic Cracking 

AGR Acid Gas Removal 

SRU Sulfur Recovery Unit 

MEA Mono-ethanolamine 

MDEA Methyl-diethanolamine 

MOF Metal-Organic Framework 



NOx Nitrogen Oxides 

EOR Enhanced Oil Recovery 

CfD Contract for Diffrence 

 

11. References 

1. Net, I. E. A. (2021). Zero by 2050: a roadmap for the global energy sector. Int Energy Agency, 224. 

2. Balcombe, P., Anderson, K., Speirs, J., Brandon, N., & Hawkes, A. (2017). The natural gas supply chain: the 

importance of methane and carbon dioxide emissions. ACS Sustainable Chemistry & Engineering, 5(1), 3-

20. https://doi.org/10.1021/acssuschemeng.6b00144 

3. Glavič, P., Pintarič, Z. N., Levičnik, H., Dragojlović, V., & Bogataj, M. (2023). Transitioning towards net-

zero emissions in chemical and process industries: a holistic perspective. Processes, 11(9), 2647. 

https://doi.org/10.3390/pr11092647 

4. Baliga, U. B. (2024, April). The Role of Carbon Capture and Hydrogen in the Energy Transition. In Offshore 

Technology Conference (p. D021S028R001). OTC. https://doi.org/10.4043/35414-MS 

5. Nurdiawati, A., & Urban, F. (2022). Decarbonising the refinery sector: a socio-technical analysis of advanced 

biofuels, green hydrogen and carbon capture and storage developments in Sweden. Energy Research & Social 

Science, 84, 102358. https://doi.org/10.1016/j.erss.2021.102358 

6. Bai, Z., Hou, X., Li, X., Wang, Z., Zhang, C., Gui, C., & Zuo, X. (2024). Hydrogeochemical Characteristics 

and Sulfate Source of Groundwater in Sangu Spring Basin, China. Water, 16(20), 2884. 

https://doi.org/10.3390/w16202884 

7. Ahlström, E., & Hult, O. (2023). Hydrogen production for a net zero refinery. 

http://hdl.handle.net/20.500.12380/306149 

8. Sovacool, B. K., Del Rio, D. F., Herman, K., Iskandarova, M., Uratani, J. M., & Griffiths, S. (2024). 

Reconfiguring European industry for net-zero: a qualitative review of hydrogen and carbon capture utilization 

and storage benefits and implementation challenges. Energy & Environmental Science, 17(10), 3523-3569. 

DOI: 10.1039/D3EE03270A 

9. Rui, Z., Zeng, L., & Dindoruk, B. (2025). Challenges in the large-scale deployment of CCUS. Engineering, 

44, 17-20. https://doi.org/10.1016/j.eng.2024.11.031 

10. Storrs, K.D.P., I. Lyhne, and R.J.I.J.o.G.G.C. Drustrup, A comprehensive framework for feasibility of CCUS 

deployment: A meta-review of literature on factors impacting CCUS deployment. 2023. 125: p. 103878. 

Storrs, K. D. P., Lyhne, I., & Drustrup, R. (2023). A comprehensive framework for feasibility of CCUS 

deployment: A meta-review of literature on factors impacting CCUS deployment. International Journal of 

Greenhouse Gas Control, 125, 103878. 

11. Byrum, Z., Pilorgé, H., & Wilcox, J. (2021). Technological pathways for decarbonizing petroleum refining. 

World Resources Institute: Washington, DC, USA. 

12. Sun, P., Cappello, V., Elgowainy, A., Vyawahare, P., Ma, O., Podkaminer, K., ... & Melaina, M. (2023). An 

analysis of the potential and cost of the US refinery sector decarbonization. Environmental Science & 

Technology, 57(3), 1411-1424. https://doi.org/10.1021/acs.est.2c07440 

13. de Maigret, J., Viesi, D., Mahbub, M. S., Testi, M., Cuonzo, M., Thellufsen, J. Z., ... & Crema, L. (2022). A 

multi-objective optimization approach in defining the decarbonization strategy of a refinery. Smart Energy, 

6, 100076. https://doi.org/10.1016/j.segy.2022.100076 

14. Alizadeh, S. M., Khalili, Y., Hantoush, K. O., & Ahmadi, M. (2025, April). Leveraging Machine Learning to 

Model Hydrocarbon-CO2 Solubility Behavior. In SPE Gas & Oil Technology Showcase and Conference (p. 

D032S004R001). SPE. https://doi.org/10.2118/224577-MS 

15. Jing, L., El-Houjeiri, H. M., Monfort, J. C., Brandt, A. R., Masnadi, M. S., Gordon, D., & Bergerson, J. A. 

(2020). Carbon intensity of global crude oil refining and mitigation potential. Nature climate change, 10(6), 

526-532. https://doi.org/10.1038/s41558-020-0775-3 

16. Kohse-Höinghaus, K. (2023). Combustion, chemistry, and carbon neutrality. Chemical Reviews, 123(8), 

5139-5219. https://doi.org/10.1021/acs.chemrev.2c00828 

17. Robert, K., Bernard, W., David, L., & Joseph, R. (2017). Assessing the Methane Emissions from Natural 

Gas-Fired Power Plants and Oil Refineries. https://doi.org/10.1021/acs.est.6b05531 

18. Luan, H., Wu, C., Xiu, G., Ju, F., Ling, H., & Pan, H. (2022). Study on emission factors of FCC flue gas 

pollutants in petroleum refineries. Environmental Science and Pollution Research, 29(22), 33400-33410. 
https://doi.org/10.1007/s11356-021-16767-1 

https://doi.org/10.1021/acssuschemeng.6b00144
https://doi.org/10.3390/pr11092647
https://doi.org/10.4043/35414-MS
https://doi.org/10.1016/j.erss.2021.102358
https://doi.org/10.3390/w16202884
http://hdl.handle.net/20.500.12380/306149
https://doi.org/10.1039/D3EE03270A
https://doi.org/10.1016/j.eng.2024.11.031
https://doi.org/10.1021/acs.est.2c07440
https://doi.org/10.1016/j.segy.2022.100076
https://doi.org/10.2118/224577-MS
https://doi.org/10.1021/acs.chemrev.2c00828
https://doi.org/10.1021/acs.est.6b05531


19. Oni, A. O., Anaya, K., Giwa, T., Di Lullo, G., & Kumar, A. (2022). Comparative assessment of blue hydrogen 

from steam methane reforming, autothermal reforming, and natural gas decomposition technologies for 

natural gas-producing regions. Energy Conversion and Management, 254, 115245. 

https://doi.org/10.1016/j.enconman.2022.115245 

20. Ishaq, H., & Crawford, C. (2025). Towards less carbon-intensive blue hydrogen: Integrated natural gas 

reforming and CO2 capture approach. Journal of Environmental Chemical Engineering, 13(2), 115043. 
https://doi.org/10.1016/j.jece.2024.115043 

21. Slavin, B., Wang, R., Roy, D., Ling-Chin, J., & Roskilly, A. P. (2024). Techno-economic analysis of direct 

air carbon capture and hydrogen production integrated with a small modular reactor. Applied Energy, 356, 

122407. https://doi.org/10.1016/j.apenergy.2023.122407 

22. Güleç, F., Meredith, W., & Snape, C. E. (2020). Progress in the CO2 capture technologies for fluid catalytic 

cracking (FCC) units—a review. Frontiers in Energy Research, 8, 62. 

https://doi.org/10.3389/fenrg.2020.00062 

23. Selalame, T. W., Patel, R., Mujtaba, I. M., & John, Y. M. (2022). A review of modelling of the FCC unit–part 

I: The riser. Energies, 15(1), 308. https://doi.org/10.3390/en15010308 

24. Mohamadi-Baghmolaei, M., Hajizadeh, A., Zendehboudi, S., Duan, X., Shiri, H., & Cata Saady, N. M. 

(2021). Exergy and exergoeconomic assessment of an acid gas removal unit in a gas refinery plant. Industrial 

& Engineering Chemistry Research, 60(40), 14591-14612. https://doi.org/10.1021/acs.iecr.1c02499 

25. Meshram, R. B., Yadav, G. D., Marathe, K. V., & Sahoo, K. L. (2024). Evaluating the carbon footprint of 

sulphur recovery unit: A comprehensive analysis. Journal of Environmental Chemical Engineering, 12(2), 

111916. https://doi.org/10.1016/j.jece.2024.111916 

26. Ling, J., Ntiamoah, A., Xiao, P., Webley, P. A., & Zhai, Y. (2015). Effects of feed gas concentration, 

temperature and process parameters on vacuum swing adsorption performance for CO2 capture. Chemical 

Engineering Journal, 265, 47-57. https://doi.org/10.1016/j.cej.2014.11.121 

27. Amhamed, A., & Abotaleb, A. (2019). Novel AGR-EOR compression integration for process optimization. 

SPE Production & Operations, 34(02), 421-428. https://doi.org/10.2118/195569-PA  

28. Sanni, S. E., Agboola, O., Fagbiele, O., Yusuf, E. O., & Emetere, M. E. (2020). Optimization of natural gas 

treatment for the removal of CO2 and H2S in a novel alkaline-DEA hybrid scrubber. Egyptian Journal of 

Petroleum, 29(1), 83-94. https://doi.org/10.1016/j.ejpe.2019.11.003 

29. Anisi, H., Shahhosseini, S., & Fallah, A. (2022). Performance optimization of an industrial natural gas 

dehydration process to reduce energy consumption and greenhouse gases (GHGs) emission. The Canadian 

Journal of Chemical Engineering, 100(3), 476-490. https://doi.org/10.1002/cjce.24146 

30. Marx, A., Dusek, J., Jankovec, J., Sanda, M., Vogel, T., van Geldern, R., ... & Barth, J. A. C. (2017). A review 

of CO2 and associated carbon dynamics in headwater streams: A global perspective. Reviews of Geophysics, 

55(2), 560-585. https://doi.org/10.1002/2016RG000547 

31. Nemitallah, M. A., Abdelhafez, A. A., Ali, A., Mansir, I., & Habib, M. A. (2019). Frontiers in combustion 

techniques and burner designs for emissions control and CO2 capture: A review. International Journal of 

Energy Research, 43(14), 7790-7822. https://doi.org/10.1002/er.4730 

32. Saxena, A., Prakash Gupta, J., Tiwary, J. K., Kumar, A., Sharma, S., Pandey, G., ... & Raghav Chaturvedi, K. 

(2024). Innovative pathways in carbon capture: Advancements and strategic approaches for effective carbon 

capture, utilization, and storage. Sustainability, 16(22), 10132. https://doi.org/10.3390/su162210132 

33. Kahlke, S. L., Pumpa, M., Schütz, S., Kather, A., & Rütters, H. (2020). Potential dynamics of CO2 stream 

composition and mass flow rates in CCS clusters. Processes, 8(9), 1188. https://doi.org/10.3390/pr8091188 

34. Ghader Zahiri, M., Akbari, M., & Khalili, Y. (2025). Integrating Bioenergy with Advanced Thermodynamic 

Cycles for Net-Negative Emission Power Generation: A Pathway Toward Sustainable Green Energy Systems. 

Journal of Green Energy Research and Innovation, e732369. DOI: 10.61186/jgeri.2025.2076054.1084 

35. Khalili, Y., Abassi, S., & Bagheri, M. (2025). Integrated Enhanced Gas and Oil Recovery with Carbon 

Capture and Storage: Technical, Economic, Social, and Environmental Insights for Net-Zero Transition. 

Journal of Green Energy Research and Innovation, e729881. DOI: 10.61186/jgeri.2025.2070165.1076 

36. Kheirinik, M., Ahmed, S., & Rahmanian, N. (2021). Comparative techno-economic analysis of carbon 

capture processes: Pre-combustion, post-combustion, and oxy-fuel combustion operations. Sustainability, 

13(24), 13567. https://doi.org/10.3390/su132413567 

37. Wu, X., Yu, Y., Qin, Z., & Zhang, Z. (2014). The advances of post-combustion CO2 capture with chemical 

solvents: review and guidelines. Energy Procedia, 63, 1339-1346. 

https://doi.org/10.1016/j.egypro.2014.11.143 

https://doi.org/10.1016/j.enconman.2022.115245
https://doi.org/10.1016/j.jece.2024.115043
https://doi.org/10.1016/j.apenergy.2023.122407
https://doi.org/10.3389/fenrg.2020.00062
https://doi.org/10.3390/en15010308
https://doi.org/10.1021/acs.iecr.1c02499
https://doi.org/10.1016/j.jece.2024.111916
https://doi.org/10.1016/j.cej.2014.11.121
https://doi.org/10.2118/195569-PA
https://doi.org/10.1016/j.ejpe.2019.11.003
https://doi.org/10.1002/cjce.24146
https://doi.org/10.1002/2016RG000547
https://doi.org/10.1002/er.4730
https://doi.org/10.3390/su162210132
https://doi.org/10.3390/pr8091188
https://doi.org/10.3390/su132413567
https://doi.org/10.1016/j.egypro.2014.11.143


38. Wang, M., Lawal, A., Stephenson, P., Sidders, J., & Ramshaw, C. (2011). Post-combustion CO2 capture with 

chemical absorption: A state-of-the-art review. Chemical engineering research and design, 89(9), 1609-1624. 
https://doi.org/10.1016/j.cherd.2010.11.005 

39. Chorowski, M., & Gizicki, W. (2015). Technical and economic aspects of oxygen separation for oxy-fuel 

purposes. Archives of thermodynamics, 157-170. 

40. Kotowicz, J., Michalski, S., & Brzęczek, M. (2019). The characteristics of a modern oxy-fuel power plant. 

Energies, 12(17), 3374. https://doi.org/10.3390/en12173374 

41. Rafique, A., Akram, A., Iqbal, S., Abbas, S., Yousaf, S., Ullah, S., ... & Ullah, M. K. (2024). A Review on 

Nano Filtration System. International Journal of Environmental Chemistry, 10(1), 1-4p.  

42. Wu, H., Reali, R. S., Smith, D. A., Trachtenberg, M. C., & Li, J. (2010). Highly selective CO2 capture by a 

flexible microporous metal–organic framework (MMOF) material. Chemistry–A European Journal, 16(47), 

13951-13954. https://doi.org/10.1002/chem.201002683 

43. Rong, Y. (2009). FCC Regeneration Process Design for CO2 Emissions Reduction. The University of 

Manchester (United Kingdom). 

44. Yao, Y., Marano, J., Morrow III, W. R., & Masanet, E. (2018). Quantifying carbon capture potential and cost 

of carbon capture technology application in the US refining industry. International Journal of Greenhouse 

Gas Control, 74, 87-98. https://doi.org/10.1016/j.ijggc.2018.04.020 

45. Olabi, A. G., Wilberforce, T., Elsaid, K., Sayed, E. T., Maghrabie, H. M., & Abdelkareem, M. A. (2022). 

Large scale application of carbon capture to process industries–a review. Journal of Cleaner Production, 362, 

132300. https://doi.org/10.1016/j.jclepro.2022.132300 

46. Young, B., Krynock, M., Carlson, D., Hawkins, T. R., Marriott, J., Morelli, B., ... & Skone, T. J. (2019). 

Comparative environmental life cycle assessment of carbon capture for petroleum refining, ammonia 

production, and thermoelectric power generation in the United States. International Journal of Greenhouse 

Gas Control, 91, 102821. https://doi.org/10.1016/j.ijggc.2019.102821 

47. Alizadeh, S. M., Khalili, Y., & Ahmadi, M. (2024). Comprehensive review of carbon capture and storage 

integration in hydrogen production: opportunities, challenges, and future perspectives. Energies, 17(21), 

5330. https://doi.org/10.3390/en17215330 

48. Khalili, Y., Yasemi, S., Bagheri, M., & Sanati, A. (2025). Advancements in hydrogen storage technologies: 

Integrating with renewable energy and innovative solutions for a sustainable future. Energy Geoscience, 

100408. https://doi.org/10.1016/j.engeos.2025.100408 

49. Wu, W., Zhai, H., & Holubnyak, E. (2024). Technological evolution of large-scale blue hydrogen production 

toward the US Hydrogen Energy Earthshot. Nature Communications, 15(1), 5684. 

https://doi.org/10.1038/s41467-024-50090-w 

50. Udemu, C., & Font-Palma, C. (2024). Potential cost savings of large-scale blue hydrogen production via 

sorption-enhanced steam reforming process. Energy Conversion and Management, 302, 118132. 

https://doi.org/10.1016/j.enconman.2024.118132 

51. Curcio, E. (2025). Techno-economic analysis of hydrogen production: Costs, policies, and scalability in the 

transition to net-zero. International Journal of Hydrogen Energy, 128, 473-487. 

https://doi.org/10.1016/j.ijhydene.2025.04.013 

52. Vives, A. M. V., Wang, R., Roy, S., & Smallbone, A. (2023). Techno-economic analysis of large-scale green 

hydrogen production and storage. Applied energy, 346, 121333. 

https://doi.org/10.1016/j.apenergy.2023.121333 

53. Mac Dowell, N., Sunny, N., Brandon, N., Herzog, H., Ku, A. Y., Maas, W., ... & Shah, N. (2021). The 

hydrogen economy: A pragmatic path forward. Joule, 5(10), 2524-2529. 

54. Tetteh, D. A., & Salehi, S. (2023). The blue hydrogen economy: A promising option for the near-to-mid-term 

energy transition. Journal of Energy Resources Technology, 145(4), 042701. 

https://doi.org/10.1115/1.4055205 

55. Novotny, V. (2023). Blue hydrogen can be a source of green energy in the period of decarbonization. 

International Journal of Hydrogen Energy, 48(20), 7202-7218. 

https://doi.org/10.1016/j.ijhydene.2022.11.095 

56. Boretti, A., & Pollet, B. G. (2024). Hydrogen economy: Paving the path to a sustainable, low-carbon future. 

International Journal of Hydrogen Energy, 93, 307-319. https://doi.org/10.1016/j.ijhydene.2024.10.350 

57. Ueckerdt, F., Verpoort, P. C., Anantharaman, R., Bauer, C., Beck, F., Longden, T., & Roussanaly, S. (2024). 

On the cost competitiveness of blue and green hydrogen. Joule, 8(1), 104-128. DOI: 

10.1016/j.joule.2023.12.004 

https://doi.org/10.1016/j.cherd.2010.11.005
https://doi.org/10.3390/en12173374
https://doi.org/10.1002/chem.201002683
https://doi.org/10.1016/j.ijggc.2018.04.020
https://doi.org/10.1016/j.jclepro.2022.132300
https://doi.org/10.1016/j.ijggc.2019.102821
https://doi.org/10.3390/en17215330
https://doi.org/10.1016/j.engeos.2025.100408
https://doi.org/10.1016/j.enconman.2024.118132
https://doi.org/10.1016/j.ijhydene.2025.04.013
https://doi.org/10.1016/j.apenergy.2023.121333
https://doi.org/10.1115/1.4055205
https://doi.org/10.1016/j.ijhydene.2022.11.095
https://doi.org/10.1016/j.ijhydene.2024.10.350
https://doi.org/10.1016/j.joule.2023.12.004


58. Fazeli, R., Longden, T., & Beck, F. J. (2025). Dynamics of price-based competition between blue and green 

hydrogen with net zero emissions targets. Renewable and Sustainable Energy Reviews, 210, 115244. 

https://doi.org/10.1016/j.rser.2024.115244 

59. Davids, D., Grant, N., Mittal, S., Hawkes, A., & Oluleye, G. (2025). Impact of methane leakage rate and 

carbon capture rate on blue hydrogen sustainability using combined warming index. Applied Energy, 394, 

125888. https://doi.org/10.1016/j.apenergy.2025.125888 

60. Romano, M. C., Antonini, C., Bardow, A., Bertsch, V., Brandon, N. P., Brouwer, J., ... & Wiley, D. (2022). 

Comment on “How green is blue hydrogen?”. Energy Science & Engineering, 10(7), 1944-1954. 

https://doi.org/10.1002/ese3.1126 

61. Elhefnawy, W., Gad, F. K., Shazly, M., & Nemitallah, M. A. (2025). Production Technology of Blue 

Hydrogen with Low CO2 Emissions. Processes, 13(11), 3498. https://doi.org/10.3390/pr13113498 

62. Kumar, D. (2024). Hydrogen Production in Wyoming's Energy Transition: An Integrated Assessment of 

Levelized Costs of Hydrogen Incorporating CO2 Emissions. University of Wyoming. 

63. Bashir, A., Ali, M., Patil, S., Aljawad, M. S., Mahmoud, M., Al-Shehri, D., ... & Kamal, M. S. (2024). 

Comprehensive review of CO2 geological storage: Exploring principles, mechanisms, and prospects. Earth-

Science Reviews, 249, 104672. https://doi.org/10.1016/j.earscirev.2023.104672 

64. Núñez-López, V., & Moskal, E. (2019). Potential of CO2-EOR for near-term decarbonization. Frontiers in 

Climate, 1, 5. https://doi.org/10.3389/fclim.2019.00005 

65. Zajac, M., Skocek, J., Ben Haha, M., & Deja, J. (2022). CO2 mineralization methods in cement and concrete 

industry. Energies, 15(10), 3597. https://doi.org/10.3390/en15103597 

66. Pérez-Fortes, M., Schöneberger, J. C., Boulamanti, A., & Tzimas, E. (2016). Methanol synthesis using 

captured CO2 as raw material: Techno-economic and environmental assessment. Applied energy, 161, 718-

732. https://doi.org/10.1016/j.apenergy.2015.07.067 

67. Devkota, S., Karmacharya, P., Maharjan, S., Khatiwada, D., & Uprety, B. (2024). Decarbonizing urea: 

Techno-economic and environmental analysis of a model hydroelectricity and carbon capture based green 

urea production. Applied Energy, 372, 123789. https://doi.org/10.1016/j.apenergy.2024.123789 

68. Taghizadeh-Hesary, F., Vandercamme, L., & Phoumin, H. (2024). Enhancing the economic feasibility of 

carbon capture, utilisation, and storage (CCUS) projects. Journal of Environmental Assessment Policy and 

Management, 26(01), 2350024. https://doi.org/10.1142/S1464333223500242 

69. Lagneau, V., Pipart, A., & Catalette, H. (2005). Reactive transportmodelling and long term behaviour of CO2 

sequestration in saline aquifers. Oil & Gas Science and Technology, 60(2), 231-247. 

https://doi.org/10.2516/ogst:2005014  

70. De Silva, P. N. K., & Ranjith, P. G. (2012). A study of methodologies for CO2 storage capacity estimation of 

saline aquifers. Fuel, 93, 13-27. https://doi.org/10.1016/j.fuel.2011.07.004 

71. De Coninck, H. C., Groenenberg, H., Anderson, J., Curnow, P., Flach, T., Flagstad, O. A., ... & Shackley, S. 

(2006). Acceptability of CO2 capture and storage. A review of legal, regulatory, economic and social aspects 

of CO2 capture and storage. 

72. Gollakota, S., & McDonald, S. (2014). Commercial-scale CCS project in Decatur, Illinois–construction status 

and operational plans for demonstration. Energy Procedia, 63, 5986-5993. 

https://doi.org/10.1016/j.egypro.2014.11.633 

73. Svensson, R., Odenberger, M., Johnsson, F., & Strömberg, L. (2004). Transportation systems for CO2––

application to carbon capture and storage. Energy conversion and management, 45(15-16), 2343-2353. 

https://doi.org/10.1016/j.enconman.2003.11.022 

74. Zhang, Z. X., Wang, G. X., Massarotto, P., & Rudolph, V. (2006). Optimization of pipeline transport for CO2 

sequestration. Energy Conversion and Management, 47(6), 702-715. 

https://doi.org/10.1016/j.enconman.2005.06.001 

75. Costa, I., Rochedo, P., Costa, D., Ferreira, P., Araújo, M., Schaeffer, R., & Szklo, A. (2019). Placing hubs in 

CO2 pipelines: An application to industrial CO2 emissions in the Iberian Peninsula. Applied Energy, 236, 

22-31. https://doi.org/10.1016/j.apenergy.2018.11.050 

76. Derpich, I., Duran, C., Carrasco, R., Moreno, F., Fernandez-Campusano, C., & Espinosa-Leal, L. (2024). 

Pursuing optimization using multimodal transportation system: A strategic approach to minimizing costs and 

CO2 emissions. Journal of Marine Science and Engineering, 12(6), 976. 

https://doi.org/10.3390/jmse12060976 

77. Bjerketvedt, V. S., Tomasgard, A., & Roussanaly, S. (2022). Deploying a shipping infrastructure to enable 

carbon capture and storage from Norwegian industries. Journal of Cleaner Production, 333, 129586. 

https://doi.org/10.1016/j.jclepro.2021.129586 

https://doi.org/10.1016/j.rser.2024.115244
https://doi.org/10.1016/j.apenergy.2025.125888
https://doi.org/10.1002/ese3.1126
https://doi.org/10.3390/pr13113498
https://doi.org/10.1016/j.earscirev.2023.104672
https://doi.org/10.3389/fclim.2019.00005
https://doi.org/10.3390/en15103597
https://doi.org/10.1016/j.apenergy.2015.07.067
https://doi.org/10.1016/j.apenergy.2024.123789
https://doi.org/10.1142/S1464333223500242
https://doi.org/10.2516/ogst:2005014
https://doi.org/10.1016/j.fuel.2011.07.004
https://doi.org/10.1016/j.egypro.2014.11.633
https://doi.org/10.1016/j.enconman.2003.11.022
https://doi.org/10.1016/j.enconman.2005.06.001
https://doi.org/10.1016/j.apenergy.2018.11.050
https://doi.org/10.3390/jmse12060976
https://doi.org/10.1016/j.jclepro.2021.129586


78. Turakulov, Z., Kamolov, A., Norkobilov, A., Variny, M., Díaz‐Sainz, G., Gómez‐Coma, L., & Fallanza, M. 

(2024). Assessing various CO2 utilization technologies: a brief comparative review. Journal of Chemical 

Technology & Biotechnology, 99(6), 1291-1307. https://doi.org/10.1002/jctb.7606 

79. Dimitriou, I., García-Gutiérrez, P., Elder, R. H., Cuéllar-Franca, R. M., Azapagic, A., & Allen, R. W. (2015). 

Carbon dioxide utilisation for production of transport fuels: process and economic analysis. Energy & 

Environmental Science, 8(6), 1775-1789. 

80. Khalili, Y., Yasemi, S., Abdi, M., Ghasemi Ertian, M., Mohammadi, M., & Bagheri, M. (2025). A Review of 

Integrated Carbon Capture and Hydrogen Storage: AI-Driven Optimization for Efficiency and Scalability. 

Sustainability, 17(13), 5754. https://doi.org/10.3390/su17135754 

81. Baker, E. D., & Khatami, S. N. (2019). The levelized cost of carbon: a practical, if imperfect, method to 

compare CO2 abatement projects. Climate Policy, 19(9), 1132-1143. 

https://doi.org/10.1080/14693062.2019.1634508 

82. Li, Y., Ren, J., Ma, H., & Campbell, A. N. (2024). Technical and economic performance assessment of blue 

hydrogen production using new configuration through modelling and simulation. International Journal of 

Greenhouse Gas Control, 134, 104112. https://doi.org/10.1016/j.ijggc.2024.104112 

83. Fazioli, R., & Pantaleone, F. (2021). Macroeconomic factors influencing public policy strategies for blue and 

green hydrogen. Energies, 14(23), 7938. https://doi.org/10.3390/en14237938 

84. Digitemie, W. N., & Ekemezie, I. O. (2024). Assessing the role of carbon pricing in global climate change 

mitigation strategies. Magna Scientia Advanced Research and Reviews, 10(2), 022-031. 

85. Gilmour, J. (2023). 45Q: Toward a stronger federal carbon capture tax credit. Environmental Claims Journal, 

35(3), 235-253. https://doi.org/10.1080/10406026.2023.2252375 

86. Esposito, R. A., Kuuskraa, V. A., Rossman, C. G., & Corser, M. M. (2019). Reconsidering CCS in the US 

fossil‐fuel fired electricity industry under section 45Q tax credits. Greenhouse Gases: Science and 

Technology, 9(6), 1288-1301. https://doi.org/10.1002/ghg.1925 

87. Ason, A., & Dal Poz, J. (2024). Contracts for difference: the instrument of choice for the energy transition 

(No. 34). OIES Paper: ET. 

88. Deel, D., Mahajan, K., Mahoney, C. R., McIlvried, H. G., & Srivastava, R. D. (2007). Risk assessment and 

management for long-term storage of CO2 in geologic formations-United States Department of Energy R&D. 

Systemics, Cybernetics and Informatics, 5(1), 79-84. 

89. Oh, S., & Al-Juaied, M. (2024). Decarbonizing industrial hubs and clusters: Towards an integrated framework 

of green industrial policies. Energy Research & Social Science, 118, 103777. 
https://doi.org/10.1016/j.erss.2024.103777 

90. Tokushige, K., Akimoto, K., & Tomoda, T. (2007). Public perceptions on the acceptance of geological storage 

of carbon dioxide and information influencing the acceptance. International Journal of Greenhouse gas 

control, 1(1), 101-112. https://doi.org/10.1016/S1750-5836(07)00020-5 

91. White, L. V., Fazeli, R., Cheng, W., Aisbett, E., Beck, F. J., Baldwin, K. G., ... & O’Neill, L. (2021). Towards 

emissions certification systems for international trade in hydrogen: The policy challenge of defining 

boundaries for emissions accounting. Energy, 215, 119139. https://doi.org/10.1016/j.energy.2020.119139 

92. Chattopadhyaya, S., Gandhi, R., Grossmanna, I. E., & Torres, A. I. (2024). Optimization of Retrofit 

Decarbonization in Oil Refineries. Systems and Control Transactions, 3, 426-433. 

93. Gola, S., & Noussia, K. (2022). From CO2 sources to sinks: Regulatory challenges for trans-boundary trade, 

shipment and storage. Resources, Conservation and Recycling, 179, 106039. 

https://doi.org/10.1016/j.resconrec.2021.106039 

94. Zakkour, P., & Haines, M. (2007). Permitting issues for CO2 capture, transport and geological storage: a 

review of Europe, USA, Canada and Australia. International Journal of Greenhouse Gas Control, 1(1), 94-

100. https://doi.org/10.1016/S1750-5836(06)00008-9 

95. Zhang, H. (2021). Regulations for carbon capture, utilization and storage: Comparative analysis of 

development in Europe, China and the Middle East. Resources, Conservation and Recycling, 173, 105722. 
https://doi.org/10.1016/j.resconrec.2021.105722 

96. Grant, T., Morgan, D. J., Cunha, L. B., Vactor, R. T., & Hoffman, H. E. (2024, April). CCS Opportunity Along 

the Gulf Coast Corridor. In Offshore Technology Conference (p. D021S018R002). OTC. 

https://doi.org/10.4043/35130-MS  

97. Furre, A. K., Meneguolo, R., Ringrose, P., & Kassold, S. (2019). Building confidence in CCS: from Sleipner 

to the Northern Lights project. First Break, 37(7), 81-87. https://doi.org/10.3997/1365-2397.n0038 

https://doi.org/10.1002/jctb.7606
https://doi.org/10.3390/su17135754
https://doi.org/10.1080/14693062.2019.1634508
https://doi.org/10.1016/j.ijggc.2024.104112
https://doi.org/10.3390/en14237938
https://doi.org/10.1080/10406026.2023.2252375
https://doi.org/10.1002/ghg.1925
https://doi.org/10.1016/j.erss.2024.103777
https://doi.org/10.1016/S1750-5836(07)00020-5
https://doi.org/10.1016/j.energy.2020.119139
https://doi.org/10.1016/j.resconrec.2021.106039
https://doi.org/10.1016/S1750-5836(06)00008-9
https://doi.org/10.1016/j.resconrec.2021.105722
https://doi.org/10.4043/35130-MS
https://doi.org/10.3997/1365-2397.n0038


98. Sheikh, F. (2021, December). Commercialization of Al Reyadah–World's 1st Carbon Capture CCUS Project 

from Iron & Steel Industry for Enhanced Oil Recovery CO2-EOR. In Abu Dhabi International Petroleum 

Exhibition and Conference (p. D021S058R001). SPE. https://doi.org/10.2118/207676-MS  

99. Alqaydi, M., Almazrouei, A., & Alameri, A. (2024, September). Comprehensive Study of Carbon Capture, 

Utilization, and Storage (CCUS) in the UAE: A Step Towards Sustainable Future. In SPE International 

Conference and Exhibition on Health, Safety, Environment, and Sustainability? (p. D021S009R004). SPE. 

100. Murugan, A., Brown, R. J., Wilmot, R., Hussain, D., Bartlett, S., Brewer, P. J., ... & Finlayson, A. J. (2020). 

Performing quality assurance of carbon dioxide for carbon capture and storage. C, 6(4), 76. 

https://doi.org/10.3390/c6040076 

101. Reyes-Lúa, A., & Jordal, K. (2020). Industrial CO₂ capture projects: Lessons learned and needs for 

progressing towards full-scale implementation. Changes, 1, 10. 

102. Wang, N., Akimoto, K., & Nemet, G. F. (2021). What went wrong? Learning from three decades of carbon 

capture, utilization and sequestration (CCUS) pilot and demonstration projects. Energy Policy, 158, 112546. 

https://doi.org/10.1016/j.enpol.2021.112546 

103. Alivand, M. S., Mazaheri, O., Wu, Y., Stevens, G. W., Scholes, C. A., & Mumford, K. A. (2020). Catalytic 

solvent regeneration for energy-efficient CO2 capture. ACS Sustainable Chemistry & Engineering, 8(51), 

18755-18788. https://doi.org/10.1021/acssuschemeng.0c07066 

104. Herdem, M. S., Sinaki, M. Y., Farhad, S., & Hamdullahpur, F. (2019). An overview of the methanol reforming 

process: Comparison of fuels, catalysts, reformers, and systems. International Journal of Energy Research, 

43(10), 5076-5105. https://doi.org/10.1002/er.4440 

105. Zhang, C., Shao, Y., Shen, W., Li, H., Nan, Z., Dong, M., ... & Cao, X. (2023). Key technologies of pure 

hydrogen and hydrogen-mixed natural gas pipeline transportation. Acs Omega, 8(22), 19212-19222. 

https://doi.org/10.1021/acsomega.3c01131 

106. Yasemi, S., Khalili, Y., Sanati, A., & Bagheri, M. (2023). Carbon capture and storage: Application in the oil 

and gas industry. Sustainability, 15(19), 14486. https://doi.org/10.3390/su151914486 

107. Oltra, C., Upham, P., Riesch, H., Boso, À., Brunsting, S., Dütschke, E., & Lis, A. (2012). Public responses 

to CO2 storage sites: lessons from five European cases. Energy & Environment, 23(2-3), 227-248. 

https://doi.org/10.1260/0958-305X.23.2-3.227 

108. Morris, J. F., Reilly, J. M., & Chen, Y. H. H. (2019). Advanced technologies in energy-economy models for 

climate change assessment. Energy Economics, 80, 476-490. https://doi.org/10.1016/j.eneco.2019.01.034 

109. Fortunate, E. I., Aanuoluwapo, O. O., & Elegbeleye, F. A. (2025). The Role of Carbon Capture, Utilization, 

and Storage (CCUS) Technologies and Artificial Intelligence (AI) in Achieving Net-Zero Carbon Footprint: 

Advances, Implementation Challenges, and Future Perspectives. Technologies, 13(11), 509. 

110. Garcia, J. A., Villen-Guzman, M., Rodriguez-Maroto, J. M., & Paz-Garcia, J. M. (2024). Comparing CO2 

storage and utilization: enhancing sustainability through renewable energy integration. Sustainability, 16(15), 

6639. https://doi.org/10.3390/su16156639 

111. Anderson, D., & Leach, M. (2004). Harvesting and redistributing renewable energy: on the role of gas and 

electricity grids to overcome intermittency through the generation and storage of hydrogen. Energy policy, 

32(14), 1603-1614. https://doi.org/10.1016/S0301-4215(03)00131-9 

112. Dickel, R. (2020). Blue hydrogen as an enabler of green hydrogen: the case of Germany (No. 159). OIES 

Paper: NG. 

113. Jiang, K., Ashworth, P., Zhang, S., Liang, X., Sun, Y., & Angus, D. (2020). China's carbon capture, utilization 

and storage (CCUS) policy: A critical review. Renewable and Sustainable Energy Reviews, 119, 109601. 

https://doi.org/10.1016/j.rser.2019.109601 

114. Du, X., Gao, S., & Yang, G. (2025). Machine Learning Applications in Gray, Blue, and Green Hydrogen 

Production: A Comprehensive Review. Gases, 5(2), 9. https://doi.org/10.3390/gases5020009 

115. Rockström, J., Gaffney, O., Rogelj, J., Meinshausen, M., Nakicenovic, N., & Schellnhuber, H. J. (2017). A 

roadmap for rapid decarbonization, 490 Science, 355, 1269–1271. 

116. Tang, H., Chen, W., Zhang, S., & Zhang, Q. (2023). China’s multi-sector-shared CCUS networks in a carbon-

neutral vision. Iscience, 26(4). DOI: 10.1016/j.isci.2023.106347 

 

https://doi.org/10.2118/207676-MS
https://doi.org/10.3390/c6040076
https://doi.org/10.1016/j.enpol.2021.112546
https://doi.org/10.1021/acssuschemeng.0c07066
https://doi.org/10.1002/er.4440
https://doi.org/10.1021/acsomega.3c01131
https://doi.org/10.3390/su151914486
https://doi.org/10.1260/0958-305X.23.2-3.227
https://doi.org/10.1016/j.eneco.2019.01.034
https://doi.org/10.3390/su16156639
https://doi.org/10.1016/S0301-4215(03)00131-9
https://doi.org/10.1016/j.rser.2019.109601
https://doi.org/10.3390/gases5020009
https://doi.org/10.1016/j.isci.2023.106347

